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Abstract

The Canadian industry is currently undertaking the development of generic Severe Accident Management Guidance. The intent is to develop a modified version of the general approach developed by the Westinghouse Owners’ Group, adapted to the three CANDU station designs implemented at four utilities, five sites and seven stations in Canada.  A number of technical issues have been identified arising from the unique aspects of the reactor and station design.  The paper discusses these issues and identifies some considerations for their resolution.

1 Introduction

The Canadian industry is currently undertaking the development of generic Severe Accident Management Guidance.  The program is being developed on behalf of the industry by the CANDU Owners’ Group (COG), through a contract with a consortium lead by Nuclear Safety Solutions Ltd. and Atomic Energy of Canada Ltd, with NNC (U.K.), NCI (South Africa) and CANDESCO (Canada) as subcontractors.   The intent is to follow a modified version of the general approach developed by the Westinghouse Owners’ Group (WOG), adapted to the three CANDU station designs implemented at four utilities, five sites and seven stations in Canada.

2 Structure of SAMG Project

An initial study was commissioned by COG and completed in 2002.  This study recommended the use of a proven approach based on that developed by the WOG, modified to suit the specific requirements of operating CANDU stations in Canada.  The project got underway in September 2003 and consists of:

· a COG Steering Committee representing the four utilities;

· a COG project manager and technical advisor;

· the Project Team, consisting of a Consortium project manager and overall technical manager provided by NSS, technical managers from the three main organizations involved and a station representative from each of the five sites.

The author is the overall technical manager for the project.  The deliverables for the project include:

· The basic set of generic SAM documentation incorporating the three basic station types; Technical Basis Documents (Volumes I and II), SACRG1 and 2, DFC, SCST, SAGs, SCGs and SAEG,

· Recommendations for design and instrumentation improvements (if any),

· 7 sets of site-specific SAMG (including one in French),

· Training material, implementation and validation plans.

The project schedule runs for about 27 months, with preliminary versions of the main technical documents to be delivered by mid-2004.  The tight schedule for the project means that there is limited time to debate technical issues, so one of the purposes of this paper is to solicit the opinions and advice of the experts gathered at this meeting.

3 CANDU Design Characteristics Relevant to SAMG

A number of previous papers, notably [1] and [2], have identified the main characteristics of CANDU severe accident progression and the basic relationship to SAM.  Some of these are highlighted in the following subsections.

3.1 Moderator as a Heatsink
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CANDU reactors, and pressure tube reactors more generally, offer the opportunity for a number of long-term stable plant states that involve different degrees of fuel damage.  These can be summarized as:

1. accidents involving fuel in a single channel (including in-core break);

2. accidents causing sheath failure in multiple channels (e.g., large LOCA);

3. accidents involving structural failure of fuel in the channels and reliance on the moderator as a heat sink (Figure 1);

4. accidents involving structural failure of many channels (Figure 2).

Analysis for the third category, moderator as a heatsink, can predict a very wide range of consequences, depending on the residual steam flow assumed in the channels.  These range from the more probable and relatively benign (limited sheath failures) to the highly unlikely but very severe (large fission product release and hydrogen production).

3.2 Reactor Cooling System (RCS) Integrity Under Loss of Heatsink Conditions

Transients involving prolonged loss of secondary side heat removal will eventually result in channel heat-up at temperatures and pressures in the range of 9 to 11MPa.  Depending upon the reactor design, deformation of pressure tubes will occur.  At these high pressures, and given the fact that there will be a significant circumferential temperature gradient around the pressure tube, local strain to failure of the pressure tube is extremely likely.  Analysis demonstrates that the first component to fail in the heat transport system due to exposure to high temperature and pressure conditions is a fuel channel.  This failure will occur well before elevated temperature conditions at the steam generator tubes will be encountered which could result in creep failure of SG 

tubes. 

The result of the rapid depressurization of the reactor cooling system (RCS) into the moderator causes the rupture discs on the calandria vessel (CV) to fail connecting the calandria to the containment atmosphere.  The outcome is that the pressure in the core, RCS and CV rapidly equalizes with that of containment.  This represents a small positive pressure relative to atmospheric for single-unit stations and a slight negative pressure for multi-unit stations.

4 Specific Technical Issues for CANDU SAMG

4.3 Transition from Emergency Operating Procedure (EOP) to SAMG Space

Use of a single unequivocal parameter such as core outlet temperature to trigger the transition to SAMG is not feasible for a pressure tube reactor.  As discussed above, some accident states involving degraded fuel cooling and limited core damage are adequately covered by existing EOPs and such events would not justify the use of SAMG.  
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In the case of events involving a LOCA and failure of ECC, a stable plant state exists with decay heat being rejected to the surrounding moderator system.  For most of the spectrum of possible outcomes, the consequence is relatively minor in terms of core damage and response with the aim focused on prevention of further degradation using EOPs is the appropriate response.  However, for a very narrow range of conditions involving continuous flow of trace amounts of steam to many channels, this event is postulated to result in significant fission product release and hydrogen production but does not necessarily involve progression to core disassembly as described in Figure 2.

The Canadian industry has specifically directed that the latter conditions be addressed by SAM, because the magnitude of fission product release and hydrogen production, and hence the issues for accident management, are more comparable to those for other severe accidents.  The definition of the transition point between EOPs and SAMG is made more complex because progression to a severe accident involving channel failures and core disassembly may occur before temperatures in the channel reach the values required to create the conditions of concern.  In addition, failure of a single fuel channel is not by itself sufficient grounds to invoke SAMG.

There are three conditions, certain combinations of which would be appropriate for moving from the preventative regime of EOPs to the mitigative SAMGs.  These are:

1) Indication of severe degradation of core cooling, and
2) Indication of a large ongoing release of fission products to containment, or
3) Uncontrolled increase in moderator temperature or reduction in moderator level.

The issue for SAMG developers is: how can a clear and unequivocal basis for transition from EOP to SAMG be defined, given that two of the three indicating parameters (1 and 2 above) are not measured directly?

4.4 Early RCS Depressurization
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Almost by definition, progression to severe accident conditions for CANDU reactors can only occur at very low RCS pressure.  The prerequisite of either an initiating or induced LOCA ensures that the RCS will be interconnected to the containment atmosphere before severe core damage can occur.  This condition has important implications for the scope of SAMG.

The first issue relates to conditions that could cause consequential containment bypass.  Low RCS pressure greatly reduces concerns regarding SG tube creep rupture.  CANDU steam generators are separated from the core by large headers to which the individual channel feeder pipes are connected.  This provides a further buffer that limits exposure of the tubes to high temperatures.   As a result, creep rupture is not considered to be a credible failure mechanism.
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The second issue concerns events initiated by a failure that involves containment bypass.  Such sequences can only develop slowly due to the limited break size but progression to severe core damage cannot be precluded.  However, under such conditions, only limited release from the RCS can occur prior to channel failure.  At that point, the release pathway is diverted to containment and release from the break effectively ceases as illustrated in Figure 3 [3].

On this basis, the issues for SAMG developers are;

· Is there any value from including a SAG related to maintaining or recovering SG level?

· Is there any value from including a SAG related to depressurizing the RCS?

The decision must bear in mind that attempts to achieve the above objectives would likely have been made in the initial response governed by EOPs.

A related issue is whether SAMG should attempt to address challenges that engineering analysis deems unrealistic.  For example, could the analysis be so in error that mitigation of creep rupture of SG tubes by means of monitoring SG level should be retained as a SAG, especially if this involves spraying cold water on to hot SG tubes?  Arguments based on “completeness” would be counteracted by the introduction of additional complexity to SAMG and possible delay in addressing other more important parameters.

5 Multi-Unit Stations

Five of the seven stations in Canada involve a multi-unit configuration with a common negative pressure containment, common safety systems and control room (e.g., Figure 4).
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The close integration of operators, systems and procedures for the four-unit stations raises some issues for SAMG development, as outlined below.

5.5 Involvement in SAMG at Non-Accident Units

Emergency procedures at multi-unit CANDU plants are unit-based but certain functions related to common systems (e.g., containment) are performed by a separate operating crew (so-called “unit 0”).  The units not immediately affected continue to operate in their existing state until direction is given to shutdown in an orderly fashion taking into account safety and grid security considerations.  Such action is necessary because shared safety systems are no longer available.

Should one unit experience an event that ultimately results in a transition to SAMG, a decision has to be made as to the status of the remaining units.  There is considerable reliance between units for support services and actual or potential interconnection of reactor buildings affords opportunities for actions to mitigate the severe accident conditions to be taken from other units.  On the other hand, these units are still under “normal” operational control so it would be difficult to justify the use of the kind of innovative system line-ups that characterize SAMG.

5.6 Negative-Pressure Containment

In the early stages of accident progression, containment pressure is maintained sub-atmospheric by means of the vacuum system. The existence of abnormal containment boundary leakage would normally be observable by an increased rate of depletion of the vacuum reserve (containment “repressurization’ indicated by upward-trending vacuum building pressure).  However, under severe accident conditions, similar behaviour (containment “pressurization”) may be observable from steaming associated with boil-off of the moderator and shield tank inventories.  

This is an example of where the appropriate response to an indication in EOP space may be different than the response to the same information in SAMG space. There is also the possibility of one phenomenon masking the presence of the other or being mistaken for the other, at least until containment pressure exceeds atmospheric.  

5.7 Loss of All Electric Power

A prolonged loss of site electric power, though unlikely, raises the possibility of severe accident progression at more than one unit in a multi-unit station more or less simultaneously.  There is considerable interconnection capability between the electrical systems of the units and a degree of commonality between the stand-by and emergency generators.  Typical features are outlined below, with some variation between stations. 

The Common and Unit Concept. 

Loads that are associated with a unit are supplied from the unit switchgear located in the unit area of the station, while loads which are common to the station are fed from common switchgear located in the common or service area of the station.

Division Separation

The design provides two electrically independent and physically separated power distribution systems in each unit area and in the common area.  One is designated odd, the other even.

Group Separation

Selected safety-related loads are divided into two groups, namely Group 1 and Group 2.  Each group is independently capable of achieving, maintaining and monitoring a safe reactor shutdown condition.  The survival of at least one group from common-mode incidents is achieved by electrical independence and physical as well as functional separation between the components of the two groups.  Group 2 power is qualified to operate following the design basis common-mode events. 

Classes of Power

There are four distinct classes of power, namely Class IV, III, II and I, as well as EPS.  Class IV, III, II and I are Group 1 supplies while EPS is Group 2. 

The Class IV power is an AC system that is supplied from the turbine generator units and/or the off-site electrical grid via the switchyard, and may be subject to relatively long interruptions.  In case of a loss of the bulk electricity system (BES, grid) the unit and the common Class IV power can be supplied via the islanded switchyard if at least one unit survives the transient. If the switchyard buses fail, each surviving unit is able to supply its own Class IV power.

Class III power is an AC system that is normally supplied from the Class IV system.  Upon loss of Class IV power it is automatically supplied from on-site gas turbine stand-by generators (SGs) under the control of the emergency transfer scheme (ETS). Each SG is capable of black starting and supplying the Class III requirements. The SGs are provided with an on-site fuel oil supply.  Uninterruptible control power required for switching and monitoring following loss of Class IV and until Class III restoration is provided from Class I and II.  

Class II and Class I are AC and DC, respectively, battery-backed uninterruptible control power systems which are normally supplied from Class III.

The Emergency Power System 

EPS is a separate power system consisting of its own on-site power generation and AC and DC power distribution, including batteries.  EPS is normally supplied from the Class III power system, which in turn is supplied from Class IV.  The purpose of EPS is to provide power to selected nuclear safety-related loads following a common-mode incident, as well as to provide an additional source of on-site power should all the Group 1 supplies fail. Two EPGs are provided, each capable of black starting and supplying the minimum power requirements for safe plant shutdown. The EPGs are required to be manually started within 30 minutes of the occurrence of a common-mode event.

This arrangement provides defense in depth with regard to power supplies, i.e.

· Two backup on-site sources, i.e., Class III and EPS, in case of a loss Class IV power incident other than those caused by common-mode events.

· At least one source of on-site power, i.e., EPS, following common-mode events.

Station Blackout Considerations for SAMG

Despite these provisions, a major common mode event such as a large high-energy pipe break in the powerhouse, coupled with an independent failure affecting emergency power, hypothetically has the potential to cause black-out at more than one unit.  To design a SAMG process to support a response at more than one unit simultaneously would add complexity to guidance for which one of the requirements is to be easy to follow during the high-stress situation of an actual or impending severe accident.  A requirement to have the capability to implement SAMG simultaneously at more than one unit would place much greater demands on staffing and training, and risk confusion and duplication during an actual event.

For station blackout, there would be a period of some hours between initial loss of power and a threat to fuel cooling as residual SG inventory is boiled off.  SAMG would only be invoked if power and core cooling could not be restored during that period and then it is likely that attention would be focussed on the protection of the common containment via the Severe Challenge Status Tree, which is independent of the number of units affected.

Thus, it can be argued that the negative impacts of trying to accommodate simultaneous multi-unit events in SAMG would outweigh the benefits.  The symptomatic nature of SAMG ensures that challenges to containment integrity would be addressed independent of the number of units affected.  Use of equipment and services from unaffected units would remain an integral part of the accident response philosophy.

6 Other Potential Scope Issues

6.8 Other Radiological Hazards

One of the main objectives of SAMG is to prevent or mitigate a large release of radioactivity. CANDU plants contain extremely large inventories of tritium, mostly in the form of tritiated water.  A release of large quantities of tritiated water could result in some of the consequences normally associated with release of fission products, namely, contamination of ground water and drinking water pathways. 

Of all the various low-level releases of radioactive products that arise during normal operation, it is tritium that evokes the strongest public concern.  From an external observer, it might be expected that mitigation of any large release should be covered by SAMG irrespective of the source and nature of the radioactive material.

While there does not appear justification to extend the scope of SAMG to deal with accidents whose only potential consequence involves tritium release, mitigative measures to minimize tritium release as a consequence of a severe core damage accident may merit consideration. 

6.9 Security Considerations

Recent events have heightened awareness of the possibility of a security-related component to circumstances under which SAMG could be initiated.  The question has been raised as to whether such circumstances should be explicitly addressed in SAMG, that is, to include some actions in SAM response to deal with plant conditions unique to security challenges.  

The alternative is to allow the symptomatic nature of SAMG to deal with the plant situation in terms of availability of equipment and information as for any other severe accident scenario.  Again, expanding the scope and complexity of SAMG risks reducing its effectiveness.

7 Considerations in Addressing Scope Issues 

Although analogies can be drawn between the various stages of severe accident progression in CANDU reactors and those for more conventional PWRs [2], the type of actions appropriate for SAMG may be different in some cases.  Limited opportunity for peer review in Canada makes it all the more important to ensure that general issues affecting scope of SAMG be discussed within the international expert community.

The paper has outlined some of the issues encountered as part of the early development of the Canadian SAMG project.  In making decisions on the treatment of these issues, the project will take into account the following considerations:

· The SAMG must remain easy to use, because the emergency technical support staff will not be trained or drilled at high frequency intervals, and therefore familiarity with the material will be (inevitably) limited. 

· Experience in developing and drilling with SAMG for the at-power initial state is desirable before considering extension of the scope to other initial plant states or conditions.

· Symptom-based procedures and guidelines are capable of addressing severe accident challenges and accommodating limitations in information and equipment availability, whatever the cause.

The experience of others in adapting the SAMG approach to different reactor designs is viewed as a valuable input to its development for the Canadian industry.  The SAMG Project Team would welcome comments and suggestions from the international community.
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