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Abstract

This paper first describes the status of PSA activities for the Cernavoda NPP and the extension
of the PSA work to include Level 2 PSA. Important characteristics of this reactor type for Level 2
PSA are outlined. Due to the specific layout of the CANDU reactor the evolution of severe accidents
is considerably different to vessel type LWRs. Accidents can be roughly categorized into three
categories, "severe accidents" which lead to the loss of core structural integrity, delayed loss of core
structural integrity as a consequence of the loss of heat sinks, andfuel channel failures. The current
work for modelling accident progression in the core region is described. The elements for the Level
2 PSA including definition of PDSs, probabilistic containment logic and source term calculation are
outlined. It is pointed out that uncertainties have to be considered which are contained in the models
to bridge knowledge gaps. For this purpose sensitivity studies will be carried out for key modelling
assumptions.

1. INTRODUCTION

The commissioning phase of Cernavoda Unit 1 has been completed and the connection
to the grid for commercial operation has been performed at the beginning of December 1996.
During this year it was also decided to restart the unit 2 construction with a tentative schedule
for completion in 2000.

PSA activity for Cernavoda Nuclear Power Plant was initiated in 1988 based on the
recommendation and significant assistance of IAEA. Now, a full scope level 1 is completed and
reviewed by an IAEA IPERS mission. The implementation of review mission recommendations
as well as the updating of the study to the as-built documentation for Unit 1 are scheduled for
June 1997. During the past 2 years some activities related to PSA level 2 analysis have been
initiated.

Since 1990, the safety authority (CNCAN) adopted a specific approach on using PSA
methods for the Cernavoda NPP Unit 1 as a licensing documentation. The approach had the goal
to enhance the role of the probabilistic methods in the safety documentation in a more detailed
manner in order to be more effectively used during the Cemavoda NPP Unit 1 licensing process.

A PSA level 1 study is at present a prerequisite for Cemavoda NPP Unit 1 license renewal
after the initial 18 months of operation. In the same time, this study is used as a support
documentation in the review and assessment activities for Reliability Analysis (RA) and Safety
Design Matrices (SDM) to be issued for licensing the Cemavoda NPP Unit 1.

Detailed licensing requirements for the Cemavoda unit 2 are now under consideration and
these include the PSA level 1 and 2 analysis.
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2. STATUS OF PSA ACTIVITIES

In 1988 a limited scope Level 1 PSA (Cemavoda Probabilistic Safety Evaluation, CPSE
- Phase A) was started and carried out by the Institute for Nuclear Research (INR) in Pitesti with
the participation of the designer group represented by CITON. The study, contains 9 event trees
and fault trees for 17 systems.

Phase A was completed in 1990 and reviewed by an IAEA International Peer Review
Service (IPERS) mission, undertaken within the ROM/91003 project as part of the IAEA
Regular Program of Technical Cooperation. The IPERS review has identified a number of issues
to be considered in the next phase of the CPSE Study and provided valuable conclusions and
detailed recommendations to be followed and implemented.

The CPSE Study restarted in 1993 as a full scope Level 1 PSA, known as CPSE - Phase
B. Coordinated by RENEL, Safety and Licensing Compliance and performed by an enlarged
PSA team, including CITON Bucharest -Magurele and INR - Pitesti, this new phase of the study
benefitted by IAEA assistance under ROM/9/008 Technical Cooperation Project.

Completed in 1995 this phase of the CPSE has been reviewed by an IAEA IPERS mission
and the implementation of the review missions recommendations as well as the updating of the
study to the as-built documentation for Unit 1 are scheduled for June 1997.

Activities related to PSA level 2 analysis have been initiated in 1994 at the Institute of
Nuclear Research in Pitesti and CITON Bucharest (Renel Center for Nuclear Engineering and
Technology).

The first step was the familiarization with the Source Term Code Package (STCP),
provided by the IAEA, the implementation of the code on PC computers and running some
reference test cases.

Furthermore, development of preliminary models, specific for CANDU, and their
implementation in MARCH3 has been performed. These models includes the residual heat
transfer and cooling degradation of fuel channels, fuel channel debris thermal behavior,
moderator thermal hydraulics, and the effect of melted debris on calandria vessel wall.

Based on these models we performed some calculations of different accident scenarios.
In reference / 3 / the results of a loss of service water initiated accident are presented. The
initiated event has as consequences loss of the shutdown cooling system (SDCS), loss of cooling
to the moderator, loss of cooling to the calandria vault water, and loss of ECCS heat exchangers.
Simultaneously loss of service water, loss of class IV power and loss of steam generator heat sink
are assumed.

During 1996, the fault trees for containment systems (containment isolation system,
dousing system, reactor building air coolers and ventilation system ) have been developed.

Beginning with the next year, a systematic research activity related to hydrogen behavior
in containment is initiated. For 1997 a state of the art investigation is planned (hydrogen
generation, transport and combustion) as well as a preliminary model development for hydrogen
generation.

PSA level 2 activity is benefiting by a significant IAEA support. The fellowships carried
out at Korea Atomic Energy Research Institute provided a good level of competence necessary
for the initiation of this project. These were particularly useful for providing the technical
background necessary for performing the main tasks of the project and the familiarization with
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the computer code MAAP4 used for CANDU, as well as a specific training related to plant
models and methods for physical processes, definition of plant damage states, containment event
trees development and source term analysis familiarization.

For the next 3 years it is planned to perform a complete level 2 analysis for the Cernavoda
NPP in order to be used in licensing process of the plant and to provide a technical basis for the
evaluation and improvements of containment performance.

3. CANDU 600 SPECIFIC FEATURES

The Candu reactors are heavy water-moderated, natural uranium-fueled, and pressurized
heavy water-cooled.

Reactor and Primary Heat System

The Calandria is a horizontal cylinder. It is spanned by the fuel channels and contains the
moderator. Each fuel channel consists of a pressure tube surrounded by a calandria tube with
CO2 gap in between. Heavy water is used as the coolant and flows at high pressure through the
pressure tubes. The moderator is isolated from the hot pressure tube by means of the calandria
tube and as a result can be kept relatively cool and can act as a heat sink under certain accident
conditions. The fuel element contains natural UO2 pellets in a Zircaloy-4 sheath.

In case of simultaneous pressure tube/calandria tube rupture, the calandria has been
provided with rupture discs to adequate discharge the heavy water flow into the containment.

At each end of the calandria there is an end shield, which contains carbon steel balls and
demineralized water in order to provide biological shield and cooling. The calandria assembly
is supported by the calandria vault which is filled with light water. This water can act as a
passive heat sink. In case of an accident that leads to the corium collection in the calandria
bottom, the vault water provides the ex-calandria cooling. The end shields and calandria vault
cooling is provided by means of a system. If moderator cooling fails then this cooling system can
delay melt relocation into the calandria vault.

The primary heat transport system (PHTS) consists of two closed loops and as a
consequence in the event of a loss of coolant accident the rate of the reactor coolant blowdown
is reduced. After LOCA the loops are isolated and the intact loop inventory can be maintained.

Special Safety Systems

Emergency Core Cooling System (ECCS)

The basic function of the ECCS is to provide an alternate means of core cooling in case of an
accident which depletes the normal coolant inventory in the primary heat transport system to an
extent that fuel cooling is not assured. After LOCA, on PHTS low pressure signal (so-called
initiating signal) the loops are isolated and if one of the three conditioning signals occurs: high
containment pressure or high moderator level or sustained PHTS low pressure, ECCS is
automatically initiated by the LOCA signal. The same LOCA signal opens with a delay the main
steam safety valves to provide the steam generators crash cooldown.

ECCS consists of three stages according to the operating pressure: High, Medium and Low
Pressure Injection.
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Shutdown System (SDS)

CANDU reactors are provided with two independent shutdown systems. SDS#1 provides
shutdown of the reactor by releasing 28 gravity shutoff rods into the core. SDS#2 can do the
same thing by the rapid injection of a gadolinium solution into the bulk moderator. Both systems
are designed to have no effect in tripping the reactor in case of failure of any support system.

If failure of both SDS#1 and SDS#2 is postulated when they are needed during a transient, the
sequence would be very severe due to the CANDU characteristic of positive coolant and
moderator temperature coefficient. However, the failure probability of SDS is very low due to
the CANDU design features.

Containment Dousing System

The dousing system function is to limit the magnitude and duration of containment over-
pressure caused by a LOCA or a MSLB (main steam large break) inside the containment. The
system consists of the dousing tank (DT) located below the dome of the reactor building and six
independent spray units connected to the DT.

Reactor Building Air Coolers

One of the main functions of the reactor building cooling system is to provide a long term heat
sink (dousing system is the short term heat sink) following a LOCA or a MSLB reducing
containment pressure and temperature.

Containment Envelope

The containment envelope is designed to restrict the release of radioactivity to the environment
within the maximum permissible dose limits in the event of a radioactivity release. The
containment envelope consists of: the reactor building; the airlocks; the containment isolation
system.

Feedwater and Steam Systems

Each primary loop is provided with two steam generators. Each steam line is equipped with an
atmospheric steam discharge valve (ASDV) in order to release steam when the turbine condenser
is unavailable. Sixteen main safety valves (MSSVs) are provided to protect steam generators from
over-pressure. The condenser steam discharge valves (CSDVS) discharge the main steam directly
to the condenser avoiding the actuation of the MSSVs under severe transients.

Feedwater system supplies water from the deaerator to the boiler level control system via
the main feedwater pump lines or the auxiliary pump line in order to maintain the four boiler
at required level during various modes of operation.

4. PLANT MODELS AND METHODS FOR PHYSICAL PROCESSES

The first step in Level 2 PSA is to perform plant familiarization and to determine those
plant features most likely to impact the progression of the severe accidents. It is necessary to
review plant design information, existing CANDU PSA data and severe accident data.

The following most significant areas of the plant will be reviewed:

engineered safety features which include shutdown cooling system, emergency core cooling
system, dousing system, reactor building air coolers;
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interior design of the containment: interconnecting pathways between different
containment compartments and the location of equipment will be reviewed to determine
major heat sinks, to assess circulation flows within containment and to aid the assessment
of hydrogen burning;

containment pressure boundaries will be reviewed to assess containment failure locations
and modes.

calandria and calandria vault design including pressure relief path from calandria and/or
calandria vault and moderator/shield cooling system design.

service building design will be reviewed to assess the potential for radionuclide
attenuation following an interfacing LOCA or a containment leak/break into the service
building if the attenuation is possible.

emergency operating procedures.

All those features which are identified to be able to circumvent potential severe accident
uncertainty should be clearly described.

CANDU operation data, severe accident experimental data for CANDU and results from
specific computer codes analyses will be reviewed to get insight.

As Candu has its own specific structure the terminology used in the Level 2 PSA study is
different from that for PWR:

Severe Accident: loss of core structural integrity, and severe core melt occurrence.
Example: LOCA followed by the ECCS and moderator unavailability.

Loss of Core Structural Integrity: loss of heat sinks leading to core melt involving fuel
channels failures.

Fuel Channel Failure: simultaneous failure of the pressure tube and calandria tube.

Containment Envelope: comprises the reactor building, sealed penetrations, closed and
open penetrations.

To analyze the accident progression means to track the progression of the accident from
the onset of core melt until it is assured that no additional release of radionuclides from the
containment will occur. In order to achieve this task a plant model is necessary to be developed
to simulate the response of the CANDU plant from accident initiation to the source term models.
The code MAAP-WS developed for the Wolsong NPP includes models for thermal hydraulics,
fission products behavior in the PHTS, calandria, calandria vault and containment during severe
accidents.

Another important task is to prepare the plant data which is necessary to run the code.
The data can be categorized into generic data which is invariant among the sequences and
sequence dependent data which are in concordance with the scenario. Generic data includes
plant geometrical data, initial conditions, operational setpoints, engineering safeguard
characteristics, fission products initial inventories, etc. Sequence dependent data includes
sequence specific information such as: break size and location, what and when operator action
are taken, etc. To prepare these data, the accident sequence should be identified in plant
damage- event trees and containment event trees in advance.
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If the above tasks are done, analysis of the physical progression of an accident using
deterministic models is performed to support the following activities:

Level 1 success criteria evaluation
event timing determination
sensitivity studies to support CET development and quantification
input preparation to source term analysis.

5. PLANT DAMAGE STATES

The interface between the Level 1 system analysis and the Level 2 containment analysis
is the classification of each accident sequence into plant damage states (PDS). The purpose of
this classification is to reduce the number of the accident analyses required while retaining the
essential spectrum of probable accident progression. To group the large number of core-melt
sequences into a set of states or bins it is necessary to define a set of functional characteristics
of system operation that are important to the accident progression, containment failure and
source term analyses.

Level 1 event trees will be extended to include the status of the containment safeguards.
The quantified results of extended Level 1 event trees will be propagated through frequencies
of the PDSs.

Plant Damage State Grouping Parameters

PDSs are the entry points of the CETs. The following parameters are important for the
PDS characteristics: accident progression in the containment; time, mode and location of the
containment failure and the radionuclides source terms. The following parameters are proposed
to be selected:

Containment Bypass which divides the Level 1 sequences into by-pass and non-bypass
groups.
Containment Isolation Status which segregates the Level 1 sequences into distinct groups
based on the status of the containment building isolation at the time of core melt.
Transient or LOCA which makes distinction between transient and LOCA sequences.
Dousing Spray which determines whether the dousing spray operates.
Shield Cooling which determines whether this system operates.
Local Air Coolers which determines whether this system operates.

Plant Damage State Definition

Plant damage states are defined by combinations of the possible values for each of the
PDS parameters. These combinations are reviewed to delete combinations which are considered
not to be physically possible or are counter to other definitions used in the analysis.

The PDS logic diagram is a useful tool for combining the various grouping parameters into
unique PDSS. This diagram is constructed with PDS grouping parameters as decision branches
to aid in the assembly of specific plant damage state characteristics from the matrix of all
possible combinations allowed by the PDS grouping parameters.

6. CONTAINMENT EVENT TREES

Containment event trees (CET) are used to model the containment response by depicting
the various phenomenological processes, containment conditions and containment failure modes
that could occur during severe accidents.
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The integrity of the containment is one of the most important issues in evaluating
radioactive releases. Knowledge of performance of the containment structure to internal pressure
and temperature transients associated with the accident is essential in determining probabilities
of failure and estimating consequences of such failure. The PSA approach determines the median
internal pressure capacity at which failure of the containment will occur and the associated
variability from which the conditional probability of failure for a given level of internal pressure
can be estimated. Failure of the containment is defined as incipient leakage and release of
radioactivity material into the atmosphere.

CANDU CoDtainment Design Features

The reactor building is designed in accordance with AECL Design Guides. The containment
structure is a prestressed concrete building consisting of three structural components: abase slab,
a cylindrical wall and a spherical segmental dome.

To assist in leakage control and cleaning, the containment structure has an internal lining
comprising of a plastic coating applied to the inner surfaces of the concrete outer dome and
walls.

Beneath the outer dome there is a second dome having an opening in the crown, which
together with the perimeter wall forms a container to provide storage of water for dousing and
emergency core cooling.

Systems closed within containment, which pass through the containment boundary, and
which are open to the atmosphere outside containment, are part of the containment envelope.
Similarly a system closed outside containment, and open to the atmosphere inside containment,
is part of the containment envelope.

The containment structure is designed to withstand an internal pressure of 0.125MPa.

Method of containment ultimate capacity evaluation

The Probabilistic safety assessment approach for the containment overpressure evaluation is
based on a simplified fragility model. The tasks of a containment internal pressure fragility
evaluation consist of:

- Identification of potential failure modes

- Development of containment fragilities

- Estimation of leak areas.

Containment event tree

CETs provide a quantitative logic model for examining the spectrum of severe accident
progressions and they provide the framework for evaluating the deterministic outcomes of specific
accident progression.

The event tree technique is used in modelling containment response. The CET should be
constructed in sufficient detail to address the occurrence of various phenomenological events,
processes, and human interaction that have been determined to be important to containment
failure and source term evaluation. In order to be more scrutable, a CET with a reduced number
of events should prove adequate. Complex phenomena can be treated in detail in the
Decomposition Event Tree (DET) (or in the phenomenological fault trees).
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Each PDS end point represents a unique accident progression starting point with respect
to the CET.

It follows that a CET must be developed and quantified for each PDS. In practice, there
will be many commonalties for most accident sequences, except for the containment bypass
sequence and containment isolation failure.

The events in the CET should contain only those phenomena expected to have the
greatest impact on the containment accident progression. Events that contribute to these events
and/or which aid in the assessment of the event branch probabilities should be relegated to
DETs (or fault trees). Each top event has its own DET (or fault tree). DET consist of the
important subevents that contribute to the top event and is used to quantify the branch
probability of the top event.

7. SOURCE TERM ANALYSIS

A source term is the amount of radioactivity material which is released to the
environment, along with information on the timing, energy, duration, and location of release
point.

The CETs produce a large number of end states, some of which are either identical or
similar, in terms of key release attributes. The analyses of all accident sequences of interest are
prohibitively expensive and time-consuming. As a result the sequences are categorized by their
radiological characteristics and potential off-site consequences in what we usually call 'release
categories/bins'.

A set of release categories is then defined such that all accidents assigned to the same
category are assumed to have the same release fractions of fission products. These release groups
are defined on the bases of appropriate attributes that impact fission product releases. Attention
should be paid to the requirements of dose calculation as the interface between analysis and dose
calculation. To set up the release categories, binning parameters are selected. These parameters
will be used as the headings of the source term category diagram. In order to finalize the list of
the parameters, previous CANDU and PWR PSA reports will be reviewed and additional
plant-specific studies must be performed.

The radiological source terms divide the radioactive material into several source term
groups whose elements have similar chemical, physical and physiological properties. In the PWR
study the 60 isotopes are placed in nine radionuclides classes which are treated individually in
the source term analysis: Inert Gases, Iodine, Cesium, Tellurium, Strontium, Ruthenium,
Lanthanum, Cerium, Barium. In case of CANDU reactors, tritium must be considered differently
from PWR, as it is produced outside the fuel and is present in the primary heat transport coolant
and in the moderator coolant during normal operation.

The objective of the source term analysis is to provide a radiological source term for each
release category. In order to estimate the source term, the following steps are usually performed:

1. the CET end-points grouping, which would lead to similar potential radionuclide releases
into release categories;

2. determination of the in-core fission products inventory at the initiating time of the
accident;

3. determination of the physical progression of the representative accident sequences for
each release category;
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4 determination of the rate of radionuclides released from the ^ j ^ ^ T "*
attenuation behavior in plant systems and ultimate rate of release from the plant.

in Level 2 PSA studies, considerable uncertainties in source terms exist and ««shouW

assumptions and parameters should be made.
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