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Abstract

Probabilistic safety analyses (PSAs) of the boiling water graphite moderated pressure
tube reactors (RBMKs) have been developed only recently and they are limited to Level 1.
Activities at the IAEA were first motivated because of the difficulties to characterize core
damage for RBMK reactors. Core damage probability is used in documents of the IAEA as
a convenient single valued measure, for example for probabilistic safety criteria. The limited
number of PSAs that have been completed for the RBMK reactors have shown that several
special features of these channel type reactors necessitate revisiting of the characterization
of core damage for these reactors. Furthermore, it has become increasingly evident that
detailed deterministic analysis of DBAs and beyond design basis accidents reveal considerable
insights into RBMK response to various accident conditions. These analyses can also help in
better characterizing the outstanding phenomenological uncertainties, improved EOPs and AM
strategies, including potential risk-beneficial accident mingative backfits. The deterministic
efforts should be focused first on elucidating accident progression processes and phenomena,
and second on finding, qualifying and implementing procedures to minimize the risk of severe
accident states. The IAEA PSA procedures were mainly developed in view of vessel type
LWRs, and would therefore require extensions to make them directly applicable to channel
type reactors.

1. BACKGROUND AND SUMMARY

Probabilistic safety analyses (PSAs) of the boiling water graphite moderated pressure
tube reactors (RBMKs) have been developed only recently and they are limited to Level 1.
The limited number of PSAs that have been completed for the RBMK reactors have shown
that several special features of these channel type reactors necessitate revisiting of the
characterization of core damage for these reactors. The existing characterization of core
damage as described in the available guidelines is largely formulated in view of vessel type
light water reactors.

In RBMKs, due to their design, and depending on accident conditions, fuel damage
could remain either localized, or propagate to become reactor-wide. In addition, it appears,
that limited localized damage can be accommodated by design, and would not constitute a
large scale release of radioactivity to the reactor coolant system and the confinement building.
There would be only small environmental consequences in such cases.

The knowledge base for deterministic assessment of severe accidents in RBMKs is
fairly limited and large phenomenological uncertainties remain. It is important to elucidate
and to improve the basis for the PSA in areas such as:

Initiation, progression and propagation of fuel channel failure;

Grace time and possible emergency operating procedures (EOPs), for example for
recovery of a loss of onsite electrical power, including the use of various accident
management (AM) strategies to prevent or limit severe accident consequences (e.g.
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use of alternative, non-safety grade water sources, reactor coolant system
depressurization, etc.);

Determination of the capability of the ALS (Accident Localization System) system to
accommodate severe accident thermohydraulic and radiological loads, taking into
account bypass paths through leakage from confinement compartments to the
atmosphere. Significant backfitring o* existing confinements are planned. This
backfitting should include consideration of PSA level 1 results and analysis of severe
accidents.

The deterministic efforts should be focused first on elucidating accident progression
processes and phenomena, and second on finding, qualifying and implementing procedures
to minimize the risk of severe accident states. The IAEA PSA procedures were mainly
developed in view of vessel type LWRs, and would therefore require extensions to make them
directly applicable to channel type reactors.

2 . IAEA CONSULTANTS MEETING ON CORE DAMAGE STATES FOR NPPs
WITH RBMK REACTORS

2.1. Motivation and purpose

Probabilistic Safety Criteria (PSC) are often defined in terms of core damage.
Examples can be found in the INSAG (International Nuclear Safety Advisory Group)
document INSAG-3 [1] and in the IAEA's document on "NPPs built to earlier standards"
which is currently under preparation. Using core damage probability as risk measure for a
nuclear facility has the following advantages:

For vessel type LWRs core damage probability is widely used as risk measure and for
comparison with other plants;

For vessel type LWRs core damage probability is a single valued measure which is
easy to use and well suited for display of results;

The scope of many PSAs is limited to Level 1 (analysis of accident sequences up to
core damage).

Core damage probability as a risk measure does however not account for release,
transport and retention mechanisms of the radioactive materials in the plant. This represents
a limitation because for many of the NPPs a large part of the severe accidents are not
expected to cause major offsite releases of radioactivity due to the mitigation capacities of
plant systems and of me containment For channel type reactors core damage is more difficult
to define as a one valued measure. An issue discussed was therefore whether it is possible and
necessary to develop a single valued Level 1 PSA measure for channel reactors or whether
it is sufficient or more appropriate to formulate PSCs and make comparisons on a higher PSA
level, such as Level 2 (source terms) or Level 3 (consequences).

The primary purpose of the meeting was to discuss the meaning of the term "core
damage" for the channel type reactor of RBMK NPPs and to examine existing proposals for
the categorization of core damage states. The current definition of core damage in documents
of the Agency largely relies on the severe accident phenomenology of vessel type light water
reactors with compact cores and no major variants and levels of core damage. In contrast,
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for the RBMK cores with their large number of relatively detached individual technological
channels, there is a possibility of fuel damage in only one or a very small number of channels
while the other channels could remain unaffected.

A further purpose of the meeting was to discuss the extension of PSA to Level 2 and
related problem areas for RBMK type reactors such as analysis of accident progression in the
core region.

2.2. Activities

The document on "Core damage states for NPPs with RBMK reactors" contains the
following presentations which provided the basis for discussions and conclusions during the
meeting:

Framework for PSA Levels 1, 2, and 3, interfaces, and an overview of the present
practices in core damage definitions. Accident progression processes and phenomena
for vessel type LWRs and channel type reactors including an outline of the US N
Reactor accident sequence end states.

Overview of the Barselina Project PSA. It was pointed out that the main purpose of
a PSA is to provide the basis for investigating and implementing plant improvements
for design and operational features.

Fuel and core damage state definitions used in the Barselina Project [5] and an
updated version of the approach which includes a first effort to quantify the related
releases. The approaches largely follow the one developed for the Darlington PSA in
Canada, Ref. [3].

Processes which might lead to damage to the fuel and the core as well as the margins
which exist between the damage assumed based on design limits, and the damage
derived from realistic considerations. Technical features and phenomena which are
important for the categorization of accidents, criteria for the description of core
damage for channel type reactors.

Present practices and standards used by the regulatory organization for licensing the
RBMK NPPs. Requirements regarding consideration of beyond-design events
including the development of accident management strategies and procedures.

2.3. Issues and conclusions

2.3.1. Boundary between design basis accidents (DBAs) and beyond-design basis events

The criteria applied for the RBMK reactors to limit situations and events within the
design basis are in principle similar to the ones used in other countries for other reactor types.
For the topics considered in the discussions, the following criteria are of interest:

Safe operation limits (SOL):

Limit for the level of radioactivity in the coolant, correlated to a maximum fraction
of 1 % defective fuel pins which have a gas type leak and a maximum fraction of
0.1 % defective fuel pins which have a direct contact of the coolant and fuel.
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Maximum design limits (MDL):

MDL1: Peak cladding temperature should not exceed 1200° C.

MDL2: Peak cladding oxidation should not exceed 18% of the initial cladding wall
thickness.

MDL3: The fraction of Zirconium reacted should not exceed 1% (weight) of the
cladding of fuel pins.

The energy generated in the fuel for fast power excursions is limited (specific values
are given for the energy generated per mass of fuel).

Radiologically, the failure of one fuel channel must be accommodated by the accident
localization system (ALS). As a general criterion, all situations and events within the design
basis range must fulfill the given offsite dose-limits.

The criteria summarized above can be used to define the boundary for beyond-design
events, either by using conservatively the detailed design basis criteria or by carrying out
more realistic analyses. Regarding success end states in PSA it should be pointed out here that
the success end states in terms of PSA mean that the plant is in a safe and stable end state.

A specific feature of the RBMKs is that the core tank header plate lifts of if more than
a few (3 to 9 currently, depends on plant design) fuel channels fail under pressure, see Figure
1 for a schematic picture of the core. There is a relief pipe from the core region to the
pressure suppression system, see Figures 2 and 3 showing the two different designs for the
ALS with pressure suppression. After core tank header plate lift off, core geometry is lost.
However, for many accident sequences this could be prevented by depressurizing the cooling
system.

2.3.2. Definition of damage and accident severity

For the purpose of a Level 1 PSA, fuel and core damage for RBMKs can be defined
as accident conditions which exceed the design basis limits. This definition of fuel and core
damage is essentially the same as the one used for vessel type LWRs; however, it is
recognized that for channel type reactors (e.g. RBMKs), "core damage" does not necessarily
constitute a gross meltdown of the whole reactor core. The severity or the extent of the core
damage is expected to be defined better within PSA Level 2 studies. In the Level 2 studies
accident progression, release and transport of radioactive materials within the core, the
coolant system, confinement, plant systems and buildings are investigated in detail.

For core damage for the RBMK NPPs the following categories are suggested:

Category P: Beyond design accidents which do not lead to the category G, below;

Category G: Gross core damage which includes unrecoverable loss of core structural
integrity. The scenarios which lead to this end states are power excursions,
steam separator drum ruptures and lifting of th2 core upper cover plate.

For beyond design basis accident conditions of Category P it seems appropriate to use
"differentiated damage states" to indicate different levels of damage severity and thereby
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different radiological releases. The definitions of damage states may be plant-specific and
developed further as improvements are realized in the deterministic basis.

Since the knowledge base for deterministic assessment of severe accidents in RBMKs
and other channel type reactors is fairly limited, deterministic prediction of severe accident
progression for RBMK reactors is beyond the current state-of-the-art. Unjustified anticipation
of the results of accident progression analysis in the process of defining and developing the
damage states should therefore be avoided. The concern in this area is related to
underestimation of the extent of damages, for instance by underestimating or omitting
processes and phenomena which could cause or expand damage.

An example for the development of differentiated damage states can be found in the
N Reactor Level 1 PSA [2]. Intermediate accident sequence end states have been added to
the traditional success and complete core damage states of vessel type LWRs. It is pointed
out that these states (or bins) represent the fuel initially affected as a result of various system
failures and do not necessarily indicate what the final result of the accident will be. According
to the report this must be determined by the traditional deterministic thermal-hydraulics and
fuel-behavior computer analyses.

The following 5 end states were defined and used in the study:

Bin OK: No fuel damage

Bin W: Failure to deliver ECCS flow to any one of the 16 core inlet risers. All other
ECCs functions are successful and the graphite cooling system continues to
operate normally, limiting fuel damage within the affected riser.

Bin X: Similar to Bin W, but the graphite cooling system fails. Potential heat
removal from adjacent columns of pressure tubes in non-affected risers
is conservatively neglected.

Bin Y: Cases where all direct cooling to the fuel (from the primary system and
ECCS) is unavailable. Fuel damage is limited due to the heat removal
capability of the graphite cooling system.

Bin Z: Cases where 100% of the fuel may be affected due to a complete loss
of heat removal capability or a failure to scram. The bin is subdivided
into two states Z and Zl to account for the time course of sequences
(Zl is included to account for delayed fuel damage).

Single tube blockage events were initially examined but not retained as an explicit end
state because fuel damage is only expected if less than 1 % of the normal flow cross section
area is available and offsite radiological consequences seem to be insignificant.

Thus, the main essence of the additional accident end states for the N Reactor is
directly derived from the layout of the cooling system, in particular the inlet risers, which
have its analogy in the discharge headers (DH) and group distribution headers (GDH) of
RBMKs for example. The procedure for defining differentiated sequence end states would
therefore consist in a systematic review of plant systems and their features to identify regional
core partitions which are directly affected. The definition would consider initiating events,
immediate damage mechanisms and safety related functions, and potential interregional
influences.

I l l



2.3.3. Available studies and approaches

A few PSA projects have been carried out for NPPs with RBMK reactors. The most
comprehensive one is the "Barselina" project in which a Level 1 PSA for the Ignalina NPP
is performed in a cooperation project between Lithuania, Russia and Sweden, see Ref. [5].

A limited scope study (called Level 0 + ) for the Leningrad NPP Unit 1 was carried
out by RDIPE, the design institute for RBMK reactors, together with the Kurchatov Institute,
see Ref. [4]. An additional limited scope study (Pilot Risk Study, PRS) for the Leningrad
NPP Unit 1 was performed in the CEC sponsored project "RBMK Safety Review". This
activity has now been extended within the framework of the bilateral cooperation, which
RDIPE has with the UK, USA and Sweden.

All these studies have used a similar categorization of accident sequence end states
which has been developed following the approach used in the PSA for the Darlington NPP
[3].

For the Barselina Project the following core hazard state categories, ordered by
increasing consequences, were defined [5]:

Category S, Safe Conditions:

This category applies if:

the Safe Operation Limits (SOLs) are not exceeded,
the SOLs are exceeded in no more than 3 channels; the Maximum Design
Limits (MDL) are not exceeded in any channel (cladding temperature less than
800° C).

Category V, Violation:

Events fall in this category if:

SOLs are exceeded in more than three channels due to cladding defects or
damages, or
the MDLs are exceeded in no more than three channels.

Basically no pressure tube ruptures are assumed to occur for Category V. The
following subcategories are defined to include few channel tube rupture events:

Subcategory VI, single pressure tube rupture. This category denotes one pressure tube
rupture due to channel blockage or another reason. Exceeding of MDLs in one
channel is assumed.

Subcategory V2, ruptures of 2 to 3 pressure tubes. This category denotes rupture of
2 to 3 pressure tubes due to channel blockage or other reasons. Exceeding of MDLs
in these channels is assumed.

A violation type accident can lead to significant economical consequences in the plant.
The consequences for the environment depend on the effectiveness of the accident
localization system.
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Category D, Reactor Core Damage:

This category is characterized by severe accident conditions caused by significant
deviations from design scenarios. It is assumed that MDLs are exceeded in no less
man 3 and no more than 90 channels. These conditions may cause rupture of pressure
tubes but of no more than three tubes at high pressure (nine pressure tubes after
improvement of the reactor cavity steam relief capacity). It is assumed that the
temperature of fuel cladding in the damaged channels is higher than 800° C long
enough to meet MDL2 or MDL3, or it is higher than 1200° C (MDL1).

Category A, Severe Accident:

This category is characterized by severe accident conditions caused by significant
deviations from design scenarios and is accompanied by:

multiple pressure tube ruptures at high pressure of more than 3 channels (more
man 9 channels after improvement of the reactor cavity steam relief capacity),

exceeding MDLs and fuel damage in more than 90 channels.

One or several events are assumed to happen for this category:

pressure increase in the reactor cavity due to multiple tube ruptures resulting
in lifting the reactor upper plate,
damage (melting) of fuel of a part of the core or of the whole core,
fuel dispersion,
moderator graphite burning.

2.3.4. Further recommendations

The following further recommendations were compiled and discussed during the
meeting:

It has become increasingly evident that detailed deterministic analysis of DBAs and
beyond design basis accidents reveal considerable insights into RBMK response to
various accident conditions. These analyses can also help in better characterizing the
outstanding phenomenological uncertainties, improved EOPs and AM strategies,
including potential risk-beneficial accident mitigative backfits.

It is suggested that the IAEA considers the experience gained from the Barselina
Project PSA in anticipation of modifications or extensions of the IAEA PSA
procedures.

An international peer review of the Barselina Project PSA could be beneficial in
crossfertilization of experience between various RBMK PSA efforts.

3. SUMMARY

Accident progression and Level 2 analyses are presently not available for RBMK
reactors. Accident progression modelling for the core region will require adaptation/extension
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1 Top cover removable floor
2 Steam water pipes
3 Sand
4 Cover plate
5 Lower plate
6 Coolant inlet
7 Support structure

FIG. 1. Reactor Core

8 Helium-Nitrogen
9 Nitrogen
10 Pressure tube
11 Graphite
12 Water shield
13 Concrete shield

of existing computer codes. Experimental background regarding modelling of accident
progression in the core region might be limited. Such kind of analysis might be simpler man
for other channel reactors, as

Fuel channels are vertical and quite decoupled from each other,
Moderator material and structure looks very stable, channel tube - moderator
configuration is relatively simple,
Fuel channel failure propagation modelling does not appear too difficult.
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1 Central hall
2 Top cover
3 Fuel channel
4 Steam separation drum
5 Safety/relief valve
6 Discharge pipe from SRV

FIG. 2. Accident Localization System

7 Suction header
8MCP
9 Pressure header
10 Discharge pipe
11 Steam water pipes
12 Lower water pipes

13 Spray system
14 Condensation pools
15 Spray header
16 Discharge pipe section
17 Steam discharge pipe

Determination of the capability of the ALS (Accident Localization System) system to
accommodate severe accident thermohydraulic and radiological loads, taking into account
bypass paths through leakage from confinement compartments to the atmosphere is
recommended. Significant backfitting of existing confinements are planned. This backfitting
should include consideration of PSA level 1 results and analysis of severe accidents. For this
kind of analysis computer codes are available and applicable.
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FIG.3. Accident Localization System 1 Steam separator drums 3 MCP 5 ECCS pumps
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ABBREVIATIONS

ACS accident confinement system
ALS accident localization system
AM accident management
DBA design basis accident
DH discharge header
ECCS emergency core cooling system
EOP emergency operating procedure
GDH group distribution header
INSAG International Nuclear Safety Advisory Group
LWR light water reactor
MCP main coolant pump
MDL maximum design limit
PSA probabilistic safety assessment
PSC probabilistic safety criteria
RBMK light water cooled, graphite moderated, channel type reactor (Soviet design)
SOL safe operation limits
SRV safety/relief valve
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