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Categorization of Core-Damage Sequences by Containment Event Tree
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ABSTRACT

In the present study, containment responses to core damage accidents were analyzed for
a large spectrum of core damage sequences, which were defined by front-line system
event trees, in a BWR with Mark-II containment by using the Accident Progression
Event Tree (APSET) method and their characteristics were examined in terms of
mainly probabilistic aspects such as their respective conditional probabilities of
containment failure modes and accident termination.
This paper showed that various core damage sequences could be categorized into a
small number of groups, each of which consisted of the sequences with similar
containment response characteristics, as follows :

(1) Interfacing system LOCA,
(2) ATWS with high pressure injection available,
(3) Loss of long-term containment heat removal,
(4) Station blackout,
(5) Loss of coolant injection with the reactor not depressurized,
(6) Loss of coolant injection with the reactor depressurized,
(7) Loss of short-term containment heat removal, and
(8) Reactor pressure vessel rupture.

The above categorization provides a perspective on the potential containment failure
modes and the effectiveness of some accident mitigative measures, which could be
useful for studying accident management strategies and as well for assisting the analysts
in carrying out future CET analyses.
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1. Introduction
In the probabilistic safety assessment (PSA) for light water reactors, the containment event tree
(CET) analysis technique has been used to delineate various accident scenarios that can lead to
radioactive release from the containment. Nowadays, in general, the large-scale CET has been
constructed to reflect the insights accumulated from experimental and analytical studies on severe
accidents[l]. Because of its intricate structure, however, CET analyses have been performed for
a limited small number of core damage sequences, generally with a relatively high frequency of
occurrence, in the past PSA studies.

To obtain a better understanding of the containment response characteristics to a large spectrum of
core damage accidents in a boiling water reactor (BWR) with Mark-II containment, in the present
study, we performed the CET analysis for core damage sequences systematically defined by front-
line system event trees and then categorized core damage sequences based on the analysis results.
The CET was constructed with use of the accident progression stage event tree (APSET)
method[2] and quantified with data available from mainly the NUREG-1150 program. The
quantification results for individual core damage sequences were compared with each other from
the viewpoint of the following aspects:

1) Containment failure modes and their possibilities,
2) Accident termination measures and their possibilities, and
3) Timing of major events such as containment failure.

Through the comparison, we categorized core damage sequences based on the similarities in the
above aspects. The sequence categorization presented here provides a perspective on the potential
containment failure modes and the effectiveness of some mitigative measures, which is expected to
be useful for examining accident management strategies and as well for assisting future CET
analyses for a similar type of BWRs. This paper describes and discusses the containment
response characteristics to core damage accidents along with the sequence categories.

Although similar categorizations of core damage sequences have been conducted, these
categorizations were derived from the different standpoint from that in the present study. For
example, in NUREG-1150, the sequences were categorized into several plant damage states based
on the analysts' engineering judgment to serve as a starting point for the CET analysis.
Furthermore, our previous studies[3,4] showed that the core damage sequences could be
categorized into several groups from the standpoint of the similarity in the timing of major events
such as containment overpressure failure and that the groups could be characterized by the
combination of available core cooling systems. These conclusions were based on only the results
from accident progression analyses with the THALES/ART code system[5] assuming that all the
core damage sequences would inevitably lead to containment overpressure failure due to the
accumulated steam.

2. Description of Safety System Features in Reference Plant

The reference plant in the present study is a BWR with Mark-II containment, which is a typical
nuclear power plant in Japan. This type of the plant is equipped with an emergency core cooling



system (ECCS) which consists of AC-powered high pressure core spray (HPCS), automatic
depressurization system (ADS) allowing low pressure systems to actuate, AC-powered low
pressure core spray (LPCS) and AC-powered low pressure coolant injection (LPCI). The LPCI
is one of five operation modes of residual heat removal system (RHR). High pressure injection
systems include the condensate/feedwater system (FW) and turbine-driven reactor isolation cooling
(RCIC). The RCIC is not a part of the ECCS, and has a lower makeup capacity than the ECCS.
However, in postulated high pressure accidents, especially in the station blackout, this system
becomes an important source of high pressure makeup flow because it can deliver water without
any AC power until its control DC power depletion. Low pressure injection systems consist of
the LPCS and the LPCI. Decay heat removal systems consist of the power conversion system
(PCS) and the RHR. The PCS is mainly used in a normal shutdown process. The RHR has a
capability of removing decay heat under accident conditions by three operation modes : shutdown
cooling, suppression pool cooling, and containment spray. The first mode can remove decay
heat by recirculating the reactor water and cooling it via the heat exchangers under low pressure
conditions. The second mode takes suction from the suppression pool and returns the water back
to the pool after cooling it in one of two redundant heat exchangers. The third mode can take
suction from the suppression pool, cool the water in the heat exchangers, and discharge it through
the spray sparger in both the drywell and the wetwell.

3. Approach

To examine systematically containment responses to various core damage sequences in a BWR
with Mark-II containment plant, the present study used an analysis approach as follows :

(1) Construction of front-line system event trees,
(2) Construction of a containment event tree,
(3) Quantification of the containment event tree, and
(4) Categorization of core damage sequences.

Each step is discussed in more detail in the following sections.

3.1 Construction of Front-Line System Event Trees
Front-line system event trees were constructed for seven initiating events, that is, transient, large-
break LOCA (LB-LOCA), medium-break LOCA (MB-LOCA), small-break LOCA (SB-LOCA),
interfacing system LOCA (ISLOCA). reactor pressure vessel (RPV) rupture, and station blackout,
to define core damage sequences. Table 1 lists the core damage sequences defined by front-line
system event trees. As shown in this table, the front-line system event tree consists of nine
headings, each of which represents success or failure of the safety systems described in the
previous chapter.

3.2 Construction of Containment Event Tree
In constructing a CET, the present study used the APSET method. This method is a modelling
approach for the CET analysis to produce a scrutable and understandable model of containment
failure mechanisms. In the APSET method, accident progression is divided into several stages
(time periods) and physical phenomena and mitigative measures are represented chronologically
and in detail in the event trees for individual stages. The quantification results can indicate their
respective probabilities of containment failure modes and accident termination stage by stage.

3.2.1 Containment Failure Modes Identified
Prior to the CET construction, accident progression was first divided into the following four
stages:

(1) Pre-stage for Core-melt: This stage is a period prior to core melt,
(2) Core-melt Progression Stage : This stage is a period with fuel melting and progressing

through to the RPV failure.



(3) Debris Exit Stage : This stage means a short period immediately after the RPV failure, and
(4) Long-term Progression Stage : This stage covers a long period after the core debris has

relocated somewhere in the containment.
Identified for each stage were potential containment failure modes and their respective mechanisms
as well as potential mitigative measures which could arrest core damage sequences.

In the Pre-stage for Core-melt, the principal containment failure mode is quasistatic pressurization,
which is caused by failure of vapor suppression function or by inadequate containment heat
removal. The containment bypass and the preexisting leakage are also taken into account. The
former is mainly by the ISLOCA and the latter is by failure to completely isolate the containment.

Containment failure in the Core-meli Progression Stage would occur due to detonation or
deflagration of hydrogen combustion process, dynamic pressure loading or missile generation by
in-vessel steam explosion, and quasistatic pressurization by accumulated steam and hydrogen
during this stage. While the Mark-II containment is generally inerted under most operating
conditions, hydrogen combustion process is modelled in the present study considering the
possibility that the containment could somehow become deinerted, for example, due to failure of
the nitrogen purge system to inert.

As for the Debris Exit Stage, containment challenges could result from the following sources :
hydrogen combustion, ex-vessel steam explosion in the pedestal cavity, direct containment
heating, and rapid steam pressurization at the time of RPV failure.

In the Long-term Progression Stage, containment failure would occur as a result of burning
combustible gases generated by molten core-concrete interaction (MCCI), thermal attack, steam
explosion in the wetwell after the diaphram floor melt-through, and quasistatic pressurization.
The thermal attack is postulated to occur in the drywell due to direct contact of debris with the
containment shell, leading to liner melt-through, or due to excessive high temperature (that is,
over-temperature) in the atmosphere, causing seal leakage in the drywell head or penetration
assemblies. Overpressurization results from debris-water interaction in the suppression pool.

3.2.2 Top Events Selected
Containment failure mechanisms were examined and then top events of the CET were selected
paying a particular attention to essential mitigative measures such as core cooling recovery as well
as important factors which might affect the possibilities of physical phenomena challenging
containment integrity. For example, core melting behavior and the reactor pressure (that is,
whether the reactor pressure is high or low) during the second stage have significant influences on
the possibility of in-vessel steam explosion. As well, the reactor pressure and the RPV failure
modes (that is, whether the vessel bottom head would fail grossly or locally) might affect the
debris exiting behavior (that is, whether the debris is dispersed or not), which affects the
possibilities of direct containment heating and ex-vessel steam explosion in the pedestal cavity.
These factors were put in the top events to clearly represent the containment failure mechanisms on
the event trees.

The selected top events are listed in Table 2, together with their respective branch split-fractions.
As shown in this table, the CET constructed here comprises 40 top events that consists of 7 top
events for the Pre-stage for Core-melt, 10 top events for the Core-melt Progression Stage, 11 top
events for the Debris Exit Stage, and 12 top events for the Long-term Progression Stage.

3.2.3 Mitigative Measures Considered
As the mitigative measures to arrest core melt progression and to prevent containment failure, we
took into account in-vessel recovery and ex-vessel recovery as follows, which could be taken
without any plant modifications.



(1) Containment venting prior to core melt : Containment venting could prevent containment
overpressurization and reduce the likelihood of core damage for the sequences with loss of
decay heat removal where containment failure could precede core melt. Mark-II plants have
the ability to vent via existing piping and ductwork to the reactor building heating, ventilating
and air conditioning system (HVAC) or the nitrogen purge system.

(2) Core cooling recovery after core melt initiation : It is assumed that the core could be prevented
from further damaging if the core cooling would be recovered, for example, by offsite power
restoration for station blackout or low pressure injection subsequent to reactor depressurization
for high pressure sequences.

(3) Core debris cooling in ex-vessel: After RPV failure, the actuation of containment spray could
cool debris and, at the same time, limit the extent of MCC1. Should the core debris have been
dispersed into the drywell atmosphere, on the other hand, it could be cooled by radiation or
convection and containment failure would be delayed so that some actions to recover
containment heat removal could be expected.

3.3 Quantification of Containment Event Tree
Branch point split-fractions for top events relied heavily on the data and insights generated by the
past PSA studiesj 1,6,7]. However, some top events such as RPV failure mode were not
modelled in these PSA studies and their respective branch point split-fractions were based on our
engineering judgment. As for containment overpressure failures, the probabilities were referred
to both the containment pressure calculated in our previous study[3] and the containment failure
pressure probability function illustrated in the Shoreham PSA document (Figure 3.6-11 in
Reference [6]). The branch point split-fractions assigned to top events are summarized in Table 2.

The quantification results of CET for individual core damage sequences provide a set of accident
scenarios leading to and avoiding containment failures and a point estimate profile of their
conditional probabilities in each accident progression stage. Uncertainties currently exist in the
phenomenoiogical issues considered in the present study and hence the quantification of some
important events remains indeterminate because of insufficient data or knowledge, experimental
and analytical. While the output from the quantification produces only a point estimate profile
and does not evaluate the range of uncertainty, it provides information enough to understand
relative contributions of physical phenomena and mitigative measures important to the containment
failure probabilities in severe core damage sequences.

3.4 Categorization of Core Damage Sequences
This step categorized core damage sequences based on the results obtained from the CET analysis
for individual core damage sequences. The sequence categorization was carried out by examining
the similarities of probabilistic profile as follows for individual sequences stage by stage :

- containment failure modes and their possibilities, and
- mitigative measures for arresting core melt progression and/or avoiding containment failure
and their possibilities.

In addition, this categorization referred to the timing of events such as core melt initiation, RPV
failure, and containment overpressure failure obtained from our previous study[3], to examine the
similarities of accident progression behavior for individual sequences.

4. Results - Sequence Categorization

Based on the results from the CET quantification, we performed the categorization of core damage
sequences defined by front-line system event trees from the viewpoint described in the section 3.4.
This chapter summarizes the sequence categorization in terms of the dominant containment failure
modes and the effectiveness of possible mitigative measures considered. The more detail



description of containment response characteristics for each of the sequence groups will be
presented in the chapter 5.

As shown in Table 3. forty-three core damage sequences were categorized into the following eight
groups, each of which included the sequences with the similar containment response
characteristics.
(1) Interfacing system LOCA : This group has the unique containment response characteristics

because the initiating event directly leads to containment bypass. Since any mitigative measure
considered in the present study was not applicable to this group, the conditional probability of
containment bypass was estimated to be 1.0.

(2) ATWS with high pressure injection available : This group includes four sequences such as TC
and AC. The dominant containment failure mode is overpressurization in the Pre-stage for
Core-melt. Because the containment venting with HVAC was judged ineffective in the
present study, this group results in overpressure failure inevitably.

(3) Loss of long-term containment heat removal: This group includes eleven sequences such as
TW and AW. The dominant failure mode is overpressurization in the Pre-stage for Core-melt
and its conditional probability is in the range of 0.1 - 0.01 because the containment venting
was considered for this group.

(4) Station blackout : This group includes four sequences such as TB and TBU. The dominant
failure modes are overpressurization and over-temperature in the Long-term Progression Stage
and direct containment heating in the Debris Exit Stage but their respective conditional
probabilities are about 0.1 or less, because this group has a large possibility of accident
termination by restoring offsite power.

(5) Loss of coolant injection with the reactor not depressurized : This group includes seven
sequences such as TQUX and TCU. The dominant failure mode is overpressurization in the
Core-melt Progression Stage but its conditional probability is very small, that is less than 1.0E-
3. In this group, the reactor depressurization accompanied by low pressure injection has a
large contribution to accident termination.

(6) Loss of coolant injection with the reactor depressurized : This group includes five sequences
such as TQUV and AUV. The dominant failure modes are overpressurization and over-
temperature in the Long-term Progression Stage and their respective conditional probabilities
are about 0.5. None of mitigative measures considered in the present study was effective to
this group.

(7) Loss of short-term containment heat removal : This group includes ten sequences such as
TQUW and AUW. The dominant failure modes are overpressurization and over-temperature
in the Long-term Progression Stage and their respective conditional probabilities are about 0.5.
None of mitigative measures considered in the present study was effective to this group.

(8) Reactor pressure vessel rupture : This group is dedicated for the sequence initiated by the RPV
rupture. The dominant failure mode is overpressurization at the time of the initiating event
breakout, that is, in the Pre-stage for Core-melt. Its conditional probability is about 1.0E-3.
This group has a high possibility of debris coolability in the pedestal cavity by coolant injection
via the failed vessel.

In some of the above groups, there are minor intragroup differences. These differences will be
described in the following chapter.

5. Description of Containment Response Characteristics

The chapter describes the containment response characteristics of each sequence group, including
the dominant failure modes and accident termination measures, and discusses the intragroup
differences as appropriate.



(1) Group 1 : hue/facing system LOCA
In this sequence, the release pathway that bypasses containment is created at the beginning of
accident and coolant injection is lost soon after. Since core melt begins within 30 minutes
according to the results from our accident progression analysis, there is not enough time to
isolate the release pathway and recover the coolant injection systems. Once core melt starts,
radionuclides released to the reactor building makes it more difficult to take some actions.
From this standpoint, it was concluded that none of mitigative measures considered in the
section 3.2.3 was effective to prevent the core from further damaging. Hence the conditional
probability of containment bypass is 1.0 and other failure modes are precluded.

(2) Group 2 : ATWS with high pressure injection available
This group consists of the sequences, each of which involves a transient, an SB-LOCA, an
MB-LOCA or an LB-LOCA followed by the failure of scram and the successful HPCS.
Initially during the sequence, the high pressure injection is provided and the energy is
transferred to the suppression pool. This energy addition causes the pool temperature to
increase and the containment pressure to rise rapidly. Provided that no mitigative actions are
taken, containment overpressure failure occurs in less than 1 hour[4]. Containment venting
with use of the existing HVAC ductwork might be considered as a means of preventing
overpressurization. Because high power level produces steaming rates that may exceed the
capacity of HVAC and limited time may be available for operator responses, however,
successful venting is estimated to be highly unlikely.

(3) Group 3 : Loss of long-term containment heat removal
This group includes the sequences involving loss of long-term decay heat removal where a
transient or an SB-LOCA takes place and adequate high pressure coolant injection by FW,
RCIC or HPCS is successful and where an MB-LOCA or an LB-LOCA occurs and the HPCS
operates successfully. In these sequences, ample time is available to take mitigative actions
before containment integrity is challenged because the containment is slowly pressurized and its
failure occurs at about 40 hours[3]. Containment venting has been touted as an effective
measures of preventing overpressurization. The probability of successful venting for
transient-initiated sequences should be different from one for LOCA-initiated sequences
because, in LOCA-initiated sequences, there will be alarms indicating high radiation in the
containment which might bring about reluctance to initiate venting procedure. Considering
this circumstance, in the present study, the failure probabilities of venting were taken to be
0.01 for transient-initiated sequences and 0.1 for LOCA-initiated sequences.

(4) Group 4 : Station blackout
This group is made up of the short-term station blackout (ST-SBO), where the RCIC is lost
soon after loss of all AC power, and the long-term station blackout (LT-SBO), where the
RCIC is available for the first 8 hours until the station battery depletion. Provided AC power
would not be restored, the ST-SBO and LT-SBO lead to core melt in less than 1 hour and in
about 10 hours respectively[3]. In the present study, examined were the effects of AC power
restoration after core melt on the containment failure probability. In-vessel recovery, that is,
recovery before RPV failure, was assumed to require offsite power restoration within 2 hours
and 5 hours after core melt initiation in the ST-SBO and LT-SBO, respectively. Ex-vessel
recovery, that is recovery after RPV failure, was assumed to be established if offsite power
would be restored within 2 hours after RPV failure. These allowed times to restore offsite
power were determined based on the results from our previous study[3]. Despite longer
allowed time to restore offsite power, in the LT-SBO, the operator needs to take recovery
actions without DC power because the batteries have been depleted. Therefore, the non-
recovery probability for the LT-SBO could be larger than that for the ST-SBO. Based on the



information from NUREG-1 150 and Reference 8, the non-recovery probability for offsite
power were assumed as follows :

- in-vessel recovery : 0.7 for ST-SBO and 0.5 for LT-SBO
- ex-vessel recovery : 0.6 for ST-SBO and 0.9 for LT-SBO

Figure 1 displays the APSET results for the ST-SBO and LT-SBO. Given a core damage
from the ST-SBO, as shown in Fig.l(a). there is an about 30% chance of in-vessel recovery
by restoring offsite power and subsequent coolant injection. Should the sequence progress to
RPV failure, there still is an about 25% chance of cooling the core debris inside containment
via the containment spray actuation or via the coolant injection into the failed RPV accompanied
by offsite power restoration and there is a 15 % chance that containment failure will be delayed
due to the dispersion of core debris. However, failure of in-vessel recovery might produce a
possibility of high pressure melt ejection which could lead to early containment failure due to
direct heating. Should the containment survive such early challenges, non-recovery of offsite
power after the RPV failure could bring about late containment challenges such as drywell head
seal failure due to high temperature accompanied by elevated pressure (over-temperature),
overpressure failure resulting from debris-water interaction in the suppression pool, and
containment wall melt-through due to debris attack. Consequently, the ST-SBO has an about
30% chance of leading to containment failure. On the other hand. Fig. 1 (b) shows that, given
a core damage from the LT-SBO, there are an about 50% chance of in-vessel recovery, an
about 4% chance of ex-vessel recovery, and a 15% chance of delaying containment failure.
However, the possibility of leading to containment failure is about 30%, which consists of
about 5% of early failure and about 25% of late failure. Early containment challenges are due
to rapid steam pressurization and direct containment heating at or near the time of RPV failure.
As in the ST-SBO, late challenges result from over-temperature, overpressure and containment
wall melt-through.

(5) Group 5 : Loss of coolant injection with the reactor not depressurized
This category mainly consists of the sequences where a transient, an SB-LOCA or an MB-
LOCA is followed by loss of feedwater, failure of high pressure injection and failure of timely
reactor depressurization. As a result, these sequences could lead to early core melt (within 1
hour)[3]. Although low pressure coolant injection and containment heat removal are
available, in this category, low pressure systems are prevented from delivering water into the
vessel because the reactor is not depressurized in time. Therefore, the present study took
account of the likelihood of in-vessel recovery by depressurizing the reactor and subsequently
injecting coolant into the vessel and of ex-vessel recovery by cooling core debris via coolant
injection into the failed vessel or via containment spray. In transient-initiated sequences such
as TQUX, the containment pressure would rise up to the high pressure setpoint of the ADS
actuation after core melt initiation. Successful ADS actuation allows low pressure coolant
injection to prevent the core from further damaging, resulting in a high possibility of in-vessel
recovery and consequently reducing the likelihood of early containment failure.
Furthermore, containment heat removal via RHR is available, which lowers the possibility of
late containment failure. As for LOCA-initiated sequences such as S2QUX, successful
manual opening of SRVs allows low pressure injection and further core damage would be
prevented, which leads to in-vessel recovery. As in the transient-initiated sequences, core
debris could be cooled in the pedestal cavity and/or on the drywell diaphram floor by the
containment spray actuation or via coolant injection into the failed vessel. In the present
study, the failure probability of the reactor depressurization was assumed as follows :

- The ADS failure probability was taken to be 3.OE-3 for the transient- initiated sequences.
- The failure probability of manual SRV operation was taken to be 0.1 for the LOCA-initiated

sequences.
As shown in Fig.2, the analysis result indicates that the transient-initiated sequences have a
more than 99% chance of in-vessel recovery and the LOCA-initiated sequences have a 90%



chance of in-vessel recovery and a 9.9% chance of ex-vessel recovery. Therefore, the
conditional probability of containment failure is reduced to less than 1.0E-3 in this category.
This category also includes the sequences with failures of both scram and HPCS, resulting in
early core melt within 30 minutes[4]. In these sequences, in-vessel recovery is not expected
because low pressure injection would lead to reactivity addition but ex-vessel recovery could
arrest accident progression by cooling core debris with use of the containment spray because
the control rod elements might be included in core debris.

(6) Group 6 : Loss of coolant injection with the reactor depresswized
This category includes the sequences where all coolant injection systems are lost with the
reactor depressurized. Since this category results in early core melt and RPV failure (at about
20 minutes and about 1.5 hours respectively)[3], it was deemed to be impossible to take
actions for in-vessel recovery in such a short time. In addition, loss of low pressure injection
involves failure of the RHR, which results in loss of containment heat removal function, and
ex-vessel recovery was neglected in the present study because repairing the failed RHR
components would not be expected under severe accident conditions. Consequently, as
illustrated in Fig.3, the result indicates that the core damage sequences in this category
inevitably lead to containment failures, which were dominated by late failures due to over-
temperature in the drywell head seal during MCCI and overpressurization resulting from
debris-water interaction in the suppression pool.

(7) Group 7 : Loss of short-term containment heat removal
This category includes the sequences initiated by a transient, an SB-LOCA, an MB-LOCA or
an LB-LOCA where high pressure injection failed, low pressure injection initially operates but
is lost after the suppression pool reaches the saturated condition. Accident termination for
this category requires the recovery of containment heat removal by repairing the failed
components needed for cooling the RHR heat exchangers but it is deemed to be difficult or
impossible to conduct repair works within several hours. In the present study, it was
assumed that there would be no chance of taking such a recovery action and thus core damage
sequences would lead to containment failure. As shown in Fig.4, containment failure would
occur primarily in the Long-term Progression Stage due to over-temperature during MCCI and
overpressurization resulting from debris-water interaction in the suppression pool.

(8) Group 8 : Reactor pressure vessel rupture
Sequences in this category are initiated by a large LOCA beyond the ECCS capacity and leads
to early core melt (within 10 minutes). Based on the calculated results from our previous
study[3], the containment pressure rises near or above the design pressure at the time of the
accident breakout and there is a possibility of containment challenge by steam pressurization
due to blowdown. As shown in Fig.5. this challenge is the most dominant failure mode and its
conditional probability is estimated to be about 1.0E-3. After core melt, provided that lumped
molten core drops into the pedestal cavity, ex-vessel steam explosion might occur. If the
containment would survive these early failures, core debris could be cooled by injecting coolant
into the cavity through the failed vessel and thus late containment failure would be prevented.
Consequently, this category has a more than 99% chance of establishing coolable debris bed in
the cavity and recovering the sequences.

6. Conclusion

In the present study, containment responses to core damage accidents were analyzed for a large
spectrum of core damage sequences, which were defined by front-line system event trees, in a
BWR with Mark-II containment by using the APSET method and their characteristics were



examined in terms of mainly probabilistic aspects such as their respective conditional probabilities
of containment failure modes and accident termination.

This paper showed that various core damage sequences could be categorized into a small number
of groups, each of which consisted of the sequences with similar containment response
characteristics, as follows :

(1) Interfacing system LOCA,
(2) ATWS with high pressure injection available,
(3) Loss of long-term containment heat removal,
(4) Station blackout,
(5) Loss of coolant injection with the reactor not depressurized,
(6) Loss of coolant injection with the reactor depressurized,
(7) Loss of short-term containment heat removal, and
(8) Reactor pressure vessel rupture.

The above categorization provides a perspective on the potential containment failure modes and the
effectiveness of some accident mitigative measures, which could be useful for studying accident
management strategies and as well for assisting the analysts in carrying out future CET analyses.
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Table 1 Core Damage Sequences Defined by Front-Line System Event Trees

Sequence
Identifier

TW
TQW
TQUIW
TQUW
TQUVIW
TQUV
TQUX
TPW
TPQW
TPQUIW
TPQUW
TPQUVIW
TPQUV
TPQUX
TC
TCU

TB
TBU
TPB
TPBU

S2W
S2QW
S2QU1W
S2QUW
S2QUV1W
S2QUV
S2QUX
S2C
S2CU

S1W
SlUW
SIUVIW
SlUV
SlUX
SIC
SICU

AW
AUW
AUV1W
AUV
AC

V

R

Initiating
Event

Transient
- Loss of

Feedwater
- Loss of
Offsite
Power

- Loss of
Condenser
Vacuum
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Table 2 List of Top Events (Event Tree Nodal Questions) and Branch Split-Fractions
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3J
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4A
4B
4C
4D
4E

4F

4G

4H

41

4J
4K

4L

What is the core melt sequence?
Is the containment bypass? (yes/no)
Is there significant containment leakage'.' (yes/no)
Is the vapor suppression function available? (yes/no)
Is the containment cooling function available? (yes/no)
Is the containment vented? (yes/no)
Does containment tail due to overpressure? (yes/no)

What is the level of reactor cooling system pressure
at core melt initiation? (Hi : high/Md : medium/Lo : low)
Is core cooling recovered? (yes/no)
What is the nature of the core melting down? (flow/slump)
Is the containment cooling function available? (yes/no)
Does hydrogen burn in the containment? (yes/no)
Does the containment fail due to hydrogen burning?
(yes/no)
Does the in-vessel steam explosion occur? (yes/no)
Does the containment fail due to missile generation
by the in-vessel steam explosion? (yes/no)
Does the containment fail due to overpressure? (yes/no)
What is the mode of vessel breach?
(Up: upper-head fai)ure/Lf: local failure/Gf: gross failure)

What is the mode of vessel breach? (same as 2J)
What is the mode of core debris exiting?
(Disp : dispersion/Grad : gravity drop)

Is the containment cooling function available? (yes/no)
Does the containment fail due to overpressure? (yes/no)
Does hydrogen burn in the containment? (yes/no)
Does the containment fail due to hydrogen burning?
(yes/no)
Does direct containment heating occur? (yes/no)

Does the containment fail due to direct heating? (yes/no)
Does the ex-vessel steam explosion occur in pedestal?
(yes/no)
Does the containment fail due to missile generation
by the steam explosion? (yes/no)
Where does the debris relocate?
(DW : drywell wall/DF : drywell floor/PF : pedestal floor)

Where does the debris exit? (same as 3K)
Is the containment cooling function available? (yes/no)
Is the debris coolable? (yes/no)
Do combustible gases burn? (yes/no)
Does the containment fail due to combustion process?
(yes/no)
Does the containment penetration seal fail due to
over-temperature? (yes/no)
Does the containment wall melt-through due to
thermal attack occur? (yes/no)
Does the containment fail due to overpressure
during core-concrete interaction? (yes/no)
What is the mode of pedestal floor melt-through?
(LM : local melt-through/WF : whole floor melt-through)
Does the steam explosion occur in wetwell? (yes/no)
Does the containment fail due to the steam explosion
in wetwell? (yes/no)
Is the suppression pool cooling function recovered?
(yes/no)

Just for sequence identification.
yes=l .0 for ISLOCA. yes=0.0 for others
yes=1.0E-5
yes=1.34E-4
no=1.0E-3 for sequences with RHR avail.
no=0.1 for transients. no=0.01 for LOCA
depends on sequences

Hi= 1.0 for transients. Md= 1.0 for SB-LOCA,
Lo=l .0 for MB- & LB-LOCA
depends on sequences
flow=0.5, slump=0.5
no=1.0E-3 for sequences with RHR avail.
yes=0.01
if 2E=yes, yes=0.1
if 2E=no, yes=0.0
if 2C=slump, yes=l .OE-2, 1 .OE-3 for 2A=Lo, Md
if 2G=yes, yes=0.1;
if2G=no, yes=0.0
depends no sequences
if2H=yes, Up=1.0:
if2H=no, Lf=0.9,Gf=0.1

(same as 2J)
if2J=Up, Disp=1.0 ;
if 2J=Lf. Disp=0.5. 0.1. 0.0 for 2A=Hi, Md, Lo;
if 2J=Gf, Disp=0.8, 0.2. 0.1 for 2A=Hi, Md, Lo
no=1.0E-3 for the sequences with RHR avail.
depends on sequences
yes=0.01
if 3E=yes, yes=0.1

if 3A=Gf. yes=0.9, 0.5. 0.1 for 2A=Hi, Md, Lo;
if3A=Lf.yes=0.1
if3G=yes, yes=0.l
if3B=Grad. yes=0.l

if 3I=yes. yes=0.1

if 2J=Up or 3B=Disp. DW=0.5. DF=0.5;
if 2J=Lf & 3B=Grad, DF=0.1, PF=0.9;
if 2J=Gf & 3B=Grad. DF=0.5, PF=0.5

(same as 3K)
no=1.0E-3 for the sequences with RHR avail.
if 4B=yes, yes=1.0; if 3K=DW/DF, yes=0.5
yes=0.01
if 4D=yes. yes=0.1

yes=0.5

if3K=DW/DF, yes=0.1:
if3K=PF, yes=0.0
depends on sequences

if 3K=PF. LM=0.5; if 3K=DF, LM=1.0;
if3K=DW, LM=WF=0.0
if 4I=WF, yes=0.1; if 41=LM, yes=0.0
if 4J=yes. yes=0.1

depends on sequences



Table 3 Summary of Sequence Categorization

Sequence Group

Interfacing System LOCA
(Group 1)

ATWS with High Pressure
Injection Available (Group 2)

Loss of Long-term
Containment Heat Removal
(Group 3)

Station Blackout (group 4)

Loss of Coolant Injection with
Reactor Not Depressurized
(Group 5)

Loss of Coolant Injection with
Reactor Depressurized
(Group 6)

Loss of Short-term
Containment Heat Removal
(Group 7)

Reactor Pressure Vessel Rupture
(Group 8)

Core Damage Sequences

V-sequence

TC.S2C. SIC, AC

TW,TQW,TQU1W, TPW,
TPQW, TPQU1W, S2W,
S2QW. S2QU1W, S1W. AW

TB, TPB, TBU, TPBU

TQUX,TPQUX, S2QUX,
S1UX, TCU.S2CU, S1CU

TQUV, TPQUV, S2QUV,
S1UV,AUV

TQUW, TQUV1W, TPQUW,
TPQUV1W,S2QUW,
S2QUV1W, S1UW. S1UV1W,
AUW,AUV1W

R-sequence

Dominant Failure Mode

Containment Bypass
(Pre-stage for Core-melt)

Overpressurization
(Pre-stage for Core-melt)

Overpressurization
(Pre-stage for Core-melt)

Overpressurization
Over-temperature
(Long-term Prog. Stage)
Direct Containment Heating
(Debris Exit Stage)

Overpressurization
(Core-melt Prog. Stage)

Overpressurization
Over-temperature
(Long-term Prog. Stage)

Overpressurization
Over-temperature
(Long-term Prog. Stage)

Overpressurization
(Pre-stage for Core-melt)

Effectiveness of Mitigative
Measures Considered

Not Applicable

Not Applicable

Containment Venting
(Pre-stage for Core-melt)

Off-site Power Recovery
(Core-melt Prog. Stage)
(Long-term Prog. Stage)

Reactor Depressurization
(Core-melt Prog. Stage)
Debris Cooling by RHR
(Long-term Prog. Stage)

Not Applicable
(It would be possible to repair

the failed RHR components in
Long-term Prog. Stage.)

Not Applicable
(It would be possible to recover
the containment cooling in
Long-term Prog. Stage.)

Debris Cooling by RHR
(Long-term Prog. Stage)



Pre-stage for Core-mell (< 1 hrs) Core-melt Progression Stage (2 - 3 hrs) Debris Exit Stage
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(b) Long-term Station Blackout (LT-SBO)

Fig. 1 APSET Result for Station Blackout Sequences
(Conditional Containment Failure Probability)

Note
OP : Overpressurization DCH : Direct Containment Heating
LEAK : Pre-existing Leakage/Bypass W-MT :Liner Melt-through
H2 : Combustible Gas Burning OT : Over-temperature
NC-OP : Overpressurization during MCCI SEX : Steam Explosion
Delay : Delaying PCV Failure Term : Accident Termination
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(b) LOCA-initiated Sequences

Fig.2 APSET Result for Loss of Coolant Injection
with Reactor not Depressurized

(Conditional Containment Failure Probability)

Note
OP : Overpressurization DCH : Direct Containment Heating
LEAK : Pre-existing Leakage/Bypass W-MT .-Liner Melt-through
H2 : Combustible Gas Burning OT : Over-temperature
NC-OP : Overpressurization during MCCI SEX : Steam Explosion
Delay : Delaying PCV Failure Term : Accident Termination
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Note
OP : Overpressurization DCH : Direct Containment Heating
LEAK : Pre-existing Leakage/Bypass W-MT :Liner Melt-through
H2 : Combustible Gas Burning OT : Over-temperature
NC-OP : Overpressurization during MCCI SEX : Steam Explosion
Delay : Delaying PCV Failure Term : Accident Termination

Fig.3 APSET for Loss of Coolant Injection with Reactor Depressurized
(Conditional Containment Failure Probability)
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Pre-stage for Core-melt (6-11 hrs)

-6

Core-melt Progression Stage (3 - 5 hrs) Debris Exit Stage Long-term Progression Stage (12-15 hrs)

Fig.4 APSET Result for Loss of Short-term Containment Heat Removal Sequences
(Conditional Containment Failure Probability)
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Note

LEAK : Pre-existing Leakage/Bypass

H2 : Combustible Gas Burning
SEX : Steam Explosion
DCH : Direct Containment Heating
OT: Over-temperature
W-MT :Liner Melt-through
NC-OP : Overpressurization during MCCI
Delay : Delaying PCV Failure
Term : Accident Termination

Fig.5 APSET Result for RPV Rupture (Conditional Containment Failure Probability)


