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1 INTRODUCTION

The Westinghouse AP600 Probabilistic Risk Assessment (PRA) team performed a low-power
and shutdown risk assessment that is documented in Chapter 54 of the AP600 PRA
document. The assessment was conducted to assess the risk (core damage frequency and
large release frequency) of operations during shutdown conditions. The assessment
examined operations when the reactor is in a subcritical state or is in transition between )

-

subcriticality and power operation up to 5 percent of rated power. '

1

The Level 1 (core damage) and Level 2 (luge release) PRA shutdown assessments are not
being updated beyond Revision 7 of the AP600 PRA document. However, the Level 2 PRA j
at-power models and analysis are updated in Revision 8 of the PRA to address NRC |

comments and to credit the benefits of in-vessel retention of molten core debris. An
evaluation of the Level 2 analysis for the shutdown core damage sequences shows that the
results obtained from the latest at-power Level 2 models are almost identical to the previous
Level 2 shutdown analysis. No new PRA insights could be gained from a detailed
reassessment of the Level 2 shutdown analysis over those from the previous assessment.

This WCAP report contains the old Level 2 chapters that are still being referenced by the
shutdown analysis in the AP600 PRA document. These chapters include Revision 3 of PRA
Chapters 35 through 43, which are the following:

Chapter 35, Containment Event Tree Analysis-

Chapter 36, Decomposition Event Tree - Analysis of In-Vessel Retention of Moltena

Core Debris

Chapter 37, Decomposition Event Tree - Analysis of Thermally Induced Failures of.

the Reactor Coolant System Pressure Boundary
Chapter 38, Decomposition Event Tree - Analysis of In-Vessel Steam Explosiona

Chapter 39, Decomposition Event Tree - Analysis of Ex-Vessel Steam Explosion j*

Chapter 40, Decomposition Event Tree - Analysis of Ex-Vessel Debris Coolability=

Chapter 41, Decomposition Event Tree - Hydrogen Combustion Analysisa

Chapter 42, Conditional Containment Failure Probability Distributiona

Chapter 43, Release Frequency Quantificationa

" Revision 3 of AP600 Level 2 PRA (Chapters 35 through 43) Revision 3, September 1996
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35. Containment Event Tree Analysis

i

CHAPTER 35 |

CONTAINMENT EVENT TREE ANALYSIS |
l
:

35.1 Introduction !

l
This chapter describes the containment event tree analysis. A containment event tree (CET)
displays the characteristics of the severe accident progression that impact the fission-product
source term to the environment. It is used to provide the likelihood, magnitude, and timing
of the possible accident progressions and the fission-product releases to the environment for
each of the AP600 accident classes.

A containment event tree (CET) has been developed for the AP600 PRA at-power events.
he top events considered on the tree are presented in Table 35-1. A detailed description of

,

I

the containment event tree development and structure follows.

35.2 Containment Event Tree - General Discussion

ne containment event tree is a general tool which provides a logical and practical structure
for uniting the complex phenomenology of postulated severe accident event sequences. The
event tree approach allows the analyst to determine the likelihood of a particular event
sequence progression. His approach also permits evaluation of the impact of uncertainty of
the event progression on the overall results and conclusions of the study. He comprehensive .

treatment of severe accidents provided by the containment event tree provides assurance that '

important contributors to fission-product releases are identified and evaluated in a structured
and disciplined approach. The bases for the top events (or nodal questions) on the tree are
supported by analyses, evaluations and testing, empirical data from past studies, and the
AP600 design.

This section details the preparation of the containment event tree for the AP600 PRA. The
following sections lay out the thought process involved in creating the tree structure and
present the containment event tree questions.

A containment event tree serves a number of purposes:

It provides a logical, systematic approach to map the large number of severe accident.

sequence progressions that may occur. Each path on the tree represents a possible
accident sequence progression resulting in some final containment state.

It provides a convenient method of identifying the fission-product release timing and.

magnitude. He end-point of each path on the event tree represents a fission-product
release.

!

! Revision: 3g
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It provides a means of quantifying the likelihood of each of the proposed accident*

sequences. Each node on the tree is assigned a probability of success conditional on
upstream event outcomes. The product of all the nodal probabilities on a path is the
overall probability of the sequence.

It provides a means of quantifying the likelihood of fission-product release magnitude*

and timing. De sum of the probabilities of similar fission-product release "end-points"
provides the overall probability of these " release categories."

For example, the containment event tree could simply ask, Does the containment fail? ne
outcome results in two end-points via failure or success. A tree this simple is impractical
since the final end-points are too coarse to reasonably identify all the possible release states.
Additionally, the number of different possible sequences and resulting phenomena make the
question impossible to quantify. On the other hand, it is possible to ask many questions of
phenomena which will affect the containment and release state, resulting in many hundreds
of thousands of end-states. This also is impractical as it becomes unmanageable to quantify
or comprehend such a large tree. A balance must be found between a sufficient number of
top nodes to adequately describe the accident progression and a tree that is practically sized
for easy understanding.

Still, a practically-sized containment event tree will result in many end-points which must be
accounted for. It is possible, to a first order, to group a number of different sequences into
the same release category. Similarities in accident progression, containment failure time, and
the containment fission-product source term make it reasonable to do this. In this way, the
number of end-points that must be tracked is reduced from tens of thousands to tens.

35.3 Event Tree Construction

he containment event tree is quantified for a number of different end-states in the plant
matriz (referred to as accident classes). Likewise, the contamment event tree end-points are
classified into groups of similar release characteristics called release categories. To provide
an initial basic stmeture for the contamment event tree, a simple containment event tree with
each branch leading to one potential release category is used (Figure 35-1). This " skeleton"
tree addresses timing of containment failure and provides a useful aid to the construction of
a more quantifiable tree. The system and phenomenological nodes that can contribute to the
contamment failure timing or to the fission-product release magnitude are then filled into the
skeleton tree.

As an aid to the definition of the additional event tree top events (or nodal questions), a set
of criteria were established by which each question could be tested in order to identify
irrelevant or unnecessary nodal questions. These were as follows:

1. A phenomenological event will be considered if it can significantly affect the fission-
product release characteristics or impact the containment integrity.

Fe ,1995 W65tingh0US0-
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2. A phenomenological event will be considered if it can affect a downstream event that
satisfies criterion 1.

3. A system functionality event will be considered if it determir.es the branch of the
containment event tree that needs to be considered, or if it is not explicitly defined by
the accident class and it significantly affects events satisfy ng criterion 1.

4. An operator action will be considered if it significantly affects events satisfying
critei.en 1, and it is not included in the Level 1 PRA analysis.

The n(vjal questions included on the AP600 containment event tree are presented in
Table 35-1.

35.4 Fission-Product Release Considerations

The radiological consequences of the core melt accident are largely determined by three major
considerations: the time of containment failure relative to the time of major fission-product
release from the core or core debris; the mode of containment failure (bypass, isolation failure,
enhanced leakage, self-limiting failure, gross failure, or intact containment); and fission-
product removal mechanisms.

AP600 does not have active contaimnent fission-product removal mechanisms such as
containment sprays. Therefore, natural deposition processes are relied on to scrub aerosols
from the containment atmosphere. The natural processes are time dependent, thus the timing
of the containment failure and the degree of the fission-product removal are directly related
and treated together for the AP600 containment event tree development.

35.4.1 Fission Product Release Timing

In defining the release categories, the time of containment failure is specified in relation to
the time of the fission-product release mechanisms. Two imponant release times are
considered: the onset of core damage and core-concrete interaction.

35.4.1.1 The Onset of Core Damage

During the initial stages of the severe accident, the core uncovers and the fuel temperature
rapidly increases because of decay heat and heat of oxidation of the zirconium. This heatup
can lead to failure of the fuel red cladding. If the cladding fails, a fraction of the noble gases
and volatile fission products, normally present in the fuel-clad gap, will be released into the
reactor coolant system. This is normally called the " gap release."

As the fuel pellet temperature rises toward the melting point, the release of fission products
from in the fuel is enhanced. During the melting of the fuel matrix, a large proportion of the

ENE Revision: 3
3 Westingh0US8 m= h February 28,1995
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|

total core inventory of volatile fission products is released from the fuel. This is normally
called the " melt release."

|

Re gap release, temperature-enhanced fission-product release and initiation of melt release ;

occur sufficiently close together such that they are considered to occur coincidentally and
termed the onset of core damage. Indications of the onset of core damage in the analyses are
in-vessel hydrogen generation, and noble gas and volatile fission products in the reactor
coolant system. i

|
35.4.1.2 Core-Concrete Interaction !

The second release mechanism considered to be of importance occurs if the molten fuel fails |
the reactor pressure vessel, is released to the containment, and begins attacking the concrete |
basemat. This yields a release of any remaining noble gas and volatile species,in addition i,

to nonvolatile fission products released by the chemical processes, and agitation of the debris
pool, which occur during the core-concrete interaction. Indications of core-concrete ;

interaction are the generation of flammable and noncondensible gases from the debris pool |
Iand the degradation of the concrete basemat.

35.4.2 Containment Failure Considerations !
l

ne failure mode of the containment determines the area available for fission-product release
from the containment and significantly affects the timing with respect to the release of fission
products. The containment failure modes considered in the development of the AP600 release
categories are intact containment, enhanced leakage, containment bypass, isolation failure, self-
limiting failure, and gross failure. The self-limiting containment failure mode applies mainly )
to concrete containments and, therefore,is ruled out for further consideration for the steel shell

'

AP600 containment. Induced contamment structural failures are considered to be gross
failures that result in sudden and complete depressurization of the containment. Each of the j

other failure modes is discussed in more detail in the following sections. |

Containment failure can be postulated to occur in one of four periods defined relative to the
occurrence of the onset of fuel damage. These time periods are termed early, intermediate,
late, and very late and are defined in detail in the following sections. Consideration of the
occurrence of the core-concrete interaction affects the release magnitude and can affect the
containment integrity.

35.4.2.1 Intact Containment and Enhanced Leakage

If the containment integrity is maintained throughout the accident, then the release of radiation
from the containment is due to nominal leakage and is expected to be within the design basis
of the containment. This is the "no failure" containment failure mode and is termed intact
containment. The main location for fission-product leakage from the containment is into the'
auxiliary building where significant deposition of aerosol fission products may occur,
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35. Containment Event Tree Analysis

Consideration is made for the possibility that the containment leakage is not within the
technical specifications, and the resulting 24-hour dose to the environment is not less than
25 rem at the site boundary, a design goal of the AP600. His failure mode is termed
enhanced leakage.

35.4.2.2 Containment Bypass

A containment bypass release is postulated to occur if the primary system fluid and/or fission
products are released directly from the reactor coolant system to the environment, thus
bypassing the containment completely. In such a case, the fission-product release begins
approximately at the onset of fuel damage, and there is no attenuation of the magnitude of the
source term from natural deposition processes beyond that which occurs in the reactor coolant
system and secondary volume. The energy of release of a containment bypass sequence is
high, usually associated with the release of steam from the steam generator safety valves at
the setpoint pressure. ;

1

35.4.2.3 Failure of Containment Isolation i

A containment isolation failure occurs because of the postulated failure of the system or
valves that close the penetrations between the containment atmosphere and the environment.
For such a failure, fission-product releases from the reactor coolant system can leak directly

,

from the containment to the environment with diminished potential for attenuation. Most
isolation failures occur at a penetration that connects the containment with the auxiliary
building. The auxiliary building may provide additional attenuation of aerosol fission-product
releases. However, this is not credited in the containment isolation failure cases. 'Ihe energy
of the release is low (not driven by a high-containment pressure), since the containment is
open and does not pressurize significantly.

35.4.2.4 Early Containment Failure

During the core melt and relocation process, several dynamic phenomena can be postulated
to result in rapid pressurization of the containment to the point of failure. The combustion
of hydrogen generated in-vessel, steam explosions, and reactor vessel failure from high
pressure are major phenomena postulated to have the potential to fail the containment. If the
containment fails during or soon after the time when the fuel is overheating and starting to
melt, the potential for attenuation of the fission product release will diminish because of its
short residence time in the containment. In this case, the fission products released to the
containment prior to the containment failure will be discharged at high pressure to the
environment, as the containment blows down. Subsequent release of fission products can then
pass directly to the environment at low energy. The failure of the containment due to
dynamic phenomena that occur during core relocation is termed early containment failure.

[ W85tingt10US8 h- Februar 5,
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35. Containment Event Tree Analysis
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35.4.2.5 Intermediate Containment Failure

Intermediate containment failure is defined as containment failure postulated to occur after the
period of dynamic in-vessel related phenomena and before 24 hours after the onset of fuel
damage. One of the design goals of the AP600 containment is to limit the likelihood oflarge

4releases to the environment at 24 hours after core damage to a frequency less than 1.0x10
per reactor-year. Herefore, the intermediate containment failure category provides a bin for
quantifying the large releases that may occur before 24 hours after the onset of fuel damage.
Since the AP600 passive contaimnent cooling system has the capability to maintain
quasi-static containment pressure increases to a level below that required to fail the
containment, intermediate containment failure generally results from a high-energy
phenomenon, such as hydrogen combustion, rapidly pressurizing the containment.

35.4.2.6 Late Containment Failure

Late containment failure is defined as containment failure postulated to occur between 24 and
72 hours after the onset of core damage. One of the design goals of the AP600 containment
is to show that there is essentially no probability of containment failure before 72 hours for
any severe accident. This category addresses sequences that are outliers to this goal to show
that their frequency is a negligible fraction of the core-damage frequency. Since the AP600
passive containment cooling system can maintain quasi-static containment pressure increases
to a level below that required to fail the containment, late containment failure generally results
from a high-energy phenomenon, rapidly pressurizing the containment. Herefore, this is a
high-energy release.

35.4.2.7 Very Late Containment Failure

Very late containment failure is defined as a potential containment failure postulated to occur
after 72 hours after the onset of core damage. This category addresses sequences that have
not been postulated to fail the containment or result in enhanced leakage, but that have not
achieved a stable condition after 72 hours. This category generally contains sequences with
noncoolable ex-vessel debris beds with an intact containment at 72 hours. The main purpose
for this category is as input to the accident management guidance and, along with the late
containment failure category, to show that the containment provides a reliable fission-product
barrier after the 24-hour challenges per SECY-93-087 (Reference 35-1).

35.5 AP600 Release Categories

The endpoints of the containment event tree paths are grouped into appropriate source term
categories based on similar fission-product releases. Different endpoints for AP600 are
defined, depending on the type and timing of containment failure (bypass, isolation failure,
late basemat penetration due to core-concrete interaction). If the containment does not fail,
the availability of the passive containment cooling system water has a strong influence on the
containment pressure and, therefore,is used to determine the release category. The source
term for a representative sequence in each important accident class is calculated with the
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'

Modular Accident Analysis Program, version 4.0 (MAAP4) code (Reference 35-2) described
in Chapter 44.

The release categories for AP600 are defined in Table 35-2. ;

|
35.5.1 Release Category IC |

|

Release category IC is defined for an intact containment with passive containment cooling |
system water operating. He fission-product source term associated with this release category i

is due to nominal containment leakage within the technical specification limits. De I
contamment is not pressurized over the design pressure for the long term because of the heat |
removal capability of the passive containment cooling system with a wet containment shell. I

ne low containment leakage and long fission product residence times allow for significant
retention of fission products.

35.5.2 Release Category ICP

Release category ICP is defined for an intact containment with passive containment cooling
system water failed. De fission-product source term associated with this release category is
due to nominal containment leakage area within the technical specification limits. The
containment is pressurized over the design pressure, however, because of the reduced dry shell
heat removal capability of the passive containment cooling system. De increased pressure
in the containment results in greater leakage than in the IC release category. Noble gas
releases are increased. However, high steam concentrations may enhance aerosol deposition
over the IC release category.

35.5.3 Release Category XL

Release category XL is defined for excessive leakage from an intact containment with no !

core-concrete interaction. The fission-product source term associated with this release
category is due to leakage from an intact containment that exceeds the technical specifications
and may result in doses exceeding 25 man-rem at the site boundary 24 hours after the onset
of core damage. This release category includes both wet- and dry-shell passive cooling cases.

35.5.4 Release Category BP

Release category BP is defined for containment bypass. The fission-product source term
associated with this release category is due to the direct release of primary system fluid from
the reactor coolant system to the environment. For AP600, this applies specifically to steam j
generator tube rupture cases. There is no fission-product scrubbing associated with this !
release category other than the natural retention in the reactor coolant system piping and steam

,

generator volume. I

|
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i

35.5.5 Release Category CI !

Release category CI is defined for containment isolation failure with no core-concrete
interaction. He fission-product source term associated with this release category is due to
the discharge of fission products released in-vessel from a containment with an open
penetration from the containment atmosphere to the environment. De containment volume
provides some scrubbing for aerosol fission products.

35.5.6 Release Category CI-C

Release category CJ-C is defined for containment isolation failure with core-concrete I

interaction release. The fission-product source term associated with this release category is )
due to the discharge of fission products released in-vessel and ex-vessel from a containment j
with an open penetration from the containment atmosphere to the environment. De
containment volume provides some scrubbing of aerosol fission products.

|

35.5.7 Release Category CFE |

Release category CFE is defined for early containment failure induced by high-energy
in-vessel or vessel failure phenomena. De fission-product source term associated with this )
release category is due to the discharge of fission products released in-vessel from a |

containment that fails during the dynamic phase of the core relocation process. High-energy ]
phenomena that can occur at this time can be postulated to rapidly pressurize the containment

'

with a potential for failure before any significant aerosol deposition has occurred.

35.5.8 Release Category CFE-C

Release category CFE-C is defined for early containment failure induced by high-energy
in-vessel or vessel failure phenomena with later core-concrete interaction release. De fission-
product source term associated with this release category is due to the discharge of fission
products released in-vessel from a containment that fails during the dynamic phase of the core
relocation process. High-energy phenomena that can occur at this time can be postulated to
rapidly pressurize the contamment to the point of failure before any significant aerosol
deposition has occurred. Later in the accident, core-concrete interaction results in the release
of nonvolatile fission products into a containment that is open to the environment.

35.5.9 Release Category CFI

Release category CFI is defined for intermediate containment failure, ne fission-product
source term associated with this release category is due to the discharge of fission products
released in-vessel and ex-vessel from a containment that fails in 24 hours after the initial core
damage. Since quasi-static pressurization of the AP600 containment by steam is not a
credible failure mode due to the passive containment heat removal, the containment failure
is associated with a high-energy event which rapidly pressurizes the containment.

<
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|
|

35.5.10 Release Category CFL |
l

Release category CFL is defined for late containment failure without core-concrete interaction. 1

ne fission-product source term associated with this release category is due to the discharge
of fission products released in-vessel from a containment that fails between 24 and 72 hours
after the initial core damage. Since quasi-static pressurization of the AP600 containment by
steam is not a credible failure mode due to the passive containment heat removal, the
contamment failure is associated with a high-energy event that rapidly pressurizes the
containment.

35.5.11 Release Category CFV
|

Release category CFV is defined for potential very late containment failure with core-concrete
interaction release. His release category is reserved for sequences with core-concrete i

interaction which have not been postulated to fail the containment before 72 hours. He
containment would be pressurized with noncondensible gases and the basemat significantly
eroded. Since fission-product releases are evaluated to 72 hours, the source term for this
release category will essentially be the same as the ICP release category. He frequency of
this category is calculated for future accident management and informational purposes.

1

35.6 Containment Event Tree Nodes

This section describes the questions considered at each of the AP600 containment event tree
nodes; their success criteria; and the dependencies associated with them, both upstream and
downstream on the paths. The manner in which the nodal split fractions will be determined
will also be discussed. In the quantification of the containment event tree, the split fractions
for nodes associated with plant systems are linked to fault trees to ensure consistent treatment
within any given sequence. Split fractions associated with phenomenological nodes will be
determined using decomposition event trees. The probability of containment failure is
determined based on peak pressure predicted for the sequence and the conditional containment
failure probability distribution.

35.6.1 Node DP

he question "Does the operator depressurize the reactor coolant system after core damage
has occurred?"is asked at node DP. His question applies only to accident sequences that are
not fully depressurized and are binned into accident classes I A, IAP, and 3D.
Depressurization prior to core damage is considered in the core damage frequency analysis,
so this question applies to operator actions that may occur after core damage. Success at node
DP is defined as the manual operation of the automatic depressurization system opening at
least one train of one stage prior to any failrre of the reactor coolant system piping or reactor
vessel. De time available between core damage and imminent reactor vessel, hot leg, surge
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I

line, or steam generator tube failure is an important consideration in determining success at j

this node. The failure probability of this node is determined by linking the node to a fault
tree.

Success at node DP ensures that any vessel failure occurs at low pressure and allows the tree ,

structure to bypass the hot leg and steam generator tube creep rupture failure nodes (accident
class 1 A), since it implies that the piping integrity is no longer challenged by high temperature
and pressure natural circulation of hot gases in the primary system. Depressurization of the
reactor coolant system after core damage results in high-temperature hydrogen and steam
being released into the containment. |

35.6.2 Node SG |
i

The question "Do the steam generator tubes remain intact during high pressure and
temperature reactor coolant system natural circulation?" is asked at node SG. This question

| applies only to accident sequences binned into accident class I A in which the operator fails
to depressurize the reactor coolant system (node DP). Success is defined as not exceeding the
time / temperature Larsen-Miller failure criterion or high-pressure and high-temperature burst
strength for Inconel 690.

Considerations for uncertainties such as tube degradation must also be taken into account. A )
decomposition event tree is used to examine high-temperature failures of reactor coc' ant j,

system piping and to assign the failure probabilities (Chapter 37).

Failure of the steam generator tubes at high primary system pressure will open the secondary
system safety valves and provide a direct pathway for fission-product release to the I

environment. Therefore, failure of node SG leads directly to release category BP on the
containment event tree structure.

35.6.3 Node CR

The question "Does the hot leg nozzle or surge line fail because of high-temperature creep
rupture?"is asked at node CR. This question only applies to high-pressure accident sequences
binned into accident class I A in which the operator has failed to manually depressurize (node
DP). Success is defined as the hot leg or surge line exceeding the time / temperature Larsen-
Miller failure criterion for 316 stainless steel prior to a failure of the steam generator tubes
or the reactor vessel. A decomposition event tree is used to examine high temperatu;e failures
of reactor coolant system piping and assign the failure probabilities (Chapter 37).

A creep rupture failure of the hot leg or surge line ensures that any vessel failure would occur
at low pressure. Failure and depressurization of the reactor coolant system after core damage
results in high-temperature hydrogen and steam being released into the containment. This
telease will impact the considerations made at the early hydrogen combustion node
downstream.

Revision: 3 ENE 3 Westingt100Se
,

February 28,1995 =w-
a:hp600graWc35.wpf:1b 35-10



|

35. Containment Event Tree Analysis

|
;

!

l

Failure of node CR implies that the reactor vessel fails prior to hot leg nozzle, surge line, or !

steam generator tube failme. Herefore, considerations of high-pressure reactor vessel failure
must be made. The AP600 containment event tree conservatively assumes that high-pressure
melt ejection results in an early containment failure. i

l
35.6.4 Node IS ;

I
De question "Is the containment isolated?" is asked at node IS. Success at this node is i

defined as the automatic or manual generation of a containment isolation signal and the j

successful closure of the valves at the penetrations that join the containment atmosphere to
the environment. Success leads to the examination of severe accident phenomena which may
later fail the containment. The failure probability at node IS is determined by linking the
node to a fault tree.

]

Failure of node IS leads to a containment isolation failure release category, CI, or CI-C;
dependmg on the downstream outcomes of reactor vessel failure (node VF), cavity flooding
(node IR), and debris coolability (nodes DQ and RW). 'Ihe amount of water available in the
containment for debris cooling can be affected by the failure of node IS due to inventory loss !

through to the environment.

|

35.6.5 Node PC

The question "Is the passive containment cooling system operating?" is asked at node PC.
Success at this node is defined as the automatic or manual actuation of the system which
provides water for cooling the containment shell. The failure probability of node PC is
determined by linking the node to a fault tree.

He heat removal from the containment directly determines the containment pressurization for
the accident sequence. Success of the passive contamment cooling water condenses more
steam out of the containment atmosphere, providing more water for debris cooling (node RW)
and less inerting of containment hydrogen (node hcl and HC2); and lowers containment
pressure over the long term, which can determine the release category and probability of
excessive leakage.

35.6.6 Node IG

The question "Is the hydrogen control system operating?" is asked at node IG. Success at this
node is defined as the manual actuation of the containment hydrogen igniters. The failure
probability of node IG is determined t y linking to a fault tree.

The consideration of global hydrogen combustion is affected by the outcome of this node.
Operation of the igniters allows the hydrogen to be consumed at low concentrations to prevent
global burning or detonation (nodes hcl, HC2, and HC3).
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35.6.7 Node IR

The question "Is the water from the in-containment refueling water storage tank flooding the ;

reactor cavity?" is asked at node IR. Success is defined as the gravity draining of the
in-containment refuenng water storage tank water through the vessel or manual actuation of |

the cavity flooding valves prior to the relocation of molten core debris to the lower plenum.
]

ne failure probability of node IR is determined by linking the node to a fault tree. '

The outcome of flooding the reactor cavity affects considerations of the reactor vessel failure.
Emergency procedures for AP600 instruct the operators to flood the reactor cavity as a last J
resort if the core exit thermocouple readings are indicative of significant core damage. De I

effect of vessel flooding over the hot leg nozzles, preventing high-temperature failure of the
hot leg, is not considered since the time after core damage required to flood the reactor vessel
up to the hot leg nozzles to cool them is much greater than the time required to fail the hot
leg or the steam generator tubes.

In high-pressure sequences (accident class 1A), node IR is dependent on the outcome of
manual depressurization (node CR) and hot leg / surge line high-temperature failure. Successful
depressurization of the primary system could allow the in-containment refueling water storage
tank water to inject via gravity and flood the containment. In other sequences, operator action
would be required to flood.

35.6.8 Node SE j

The question "Does the molten core relocation to the lower plenum fail to produce a steam
explosion that could fail the reactor vessel?" is asked at node SE. Success is defined as the
inability to mix sufficient molten core debris mass with coolant or the inability to trigger a
steam explosion in the reactor coolant system that fails the reactor vessel. De steam !

explosion phenomenon is analyzed with a decomposition event tree (Chapter 38). The
outcome of node SE affects downstream considerations of vessel failure (node VF),
contninment failure (node CF1), and ex-vessel debris quench (node DQ).

35.6.9 Node VF
i

The question "Does the reactor vessel remain intact?" is asked at node VF. Success is defined
'

as the capability of transferring sufficient heat from the lower head to water in the
contamment to prevent creep failure of the vessel wall. A decomposition event tree is used
to examine external reactor vessel cooling preventing vessel failure and assign probability at
this node (Chapter 36).

De outcome of node VF affects downstream considerations of ex-vessel fuel coolant ,

'

interaction and coolability (node DQ), and containment integrity (node CF1). If the vessel
does not fail, then debris is not released to the containment, and further containment event tree

questions concerning ex-vessel debris (nodes DQ, SCC, and RW) can be bypassed.

;
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35.6.10 Node hcl

Re question "Does the hydrogen generated in-vessel fail to burn globally?" is asked at
,

node hcl. Success at this node is defined as the inening of hydrogen by steam concentration |
or controlled combustion of the hydrogen at the igniters (node IG). A decomposition event I

tree is used to examine hydrogen combustion phenomena and determine the failure probability |
at this node (Chapter 41).

Success of node hcl results in a benign situation for the early threat to containment integrity
from hydrogen combustion. Upstream phenomena affecting the release rate of hydrogen to I

the containment (nodes DP and CR) can influence the outcome at this node. If hydrogen is
released to the containment because of sudder. blowdown of the reactor coolant system, the
containment atmosphere may become globally flammable, even if the igniters are operating.

The failure of this node affects consideration of the early containment integrity (node CF1)
and future hydrogen combustion (node HC2).

35.6.11 Node DQ

The question "Does the ex-vessel core debris quench in the reactor cavity?" is asked at node
DQ. Success is defined as sufficient water in the cavity to remove the latent and sensible heat
from the core debris and the ability to transfer the heat to the water at a rate that prevents
significant core-concrete interaction. A decomposition event tree is used to examine debris
coolability and to assign probability at this node (Chapter 40).

De amount of water in the cavity is dependent on the available water sources (primary
system, core makeup tanks, accumulators, in-containment refueling water storage tank water),
defined by the accident sequence and containment heat removal (node PC). He outcome of
node DQ affects the debris coolability issue, containment integrity (node CF1), and hydrogen
combustion considerations (node HC2).

35.6.12 Node SCC

Re question "Does short-term core-concrete interaction not occur as a result of core debris
relocation to the reactor cavity?" is asked at node SCC. Success at node SCC is defined as
a reactor cavity debris bed thickness less than 25 centimeters at reactor vessel failure. If the
vessel fails below the elevation of the in-vessel debris pool and all of the core debris is
ejected into the reactor cavity at once, then the debris bed may be thick enough to allow core-
concrete interaction to occur for a time during quenching. If only a portion of the debris is
released to the cavity and the debris does not spread, then core-concrete interaction would be
expected for a duration until the debris melted and spread to a coolable configuration. A
decomposition event tree is used to address core-concrete interaction and to quantify the
failure probability of node SCC (Chapter 40).
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The outcome of node SCC affects the amount of hydrogen in the containment and
considerations at downstream hydrogen combustion nodes (HC2 and HC3). |

35.6.13 Node CF1

he question "Do the dynamic processes that occur because of core melting and relocation
,

Ifail to threaten the containment integrity?" is asked at node CF1. Success of node CFI is
defined by the failure of the phenomena to pressurize the containment past the ultimate failure 1

pressure as defined by the containment failure probability distribution (Chapter 42).

De outcome of node CF1 affects the release category to which the path is assigned. Failure
of node CF1 leads to early release categories CFE and CFE-C, depending on debris !
coolability.

Many upstream considerations can affect the peak pressure that occurs during the dynamic
phase of core relocation. De outcome of node CFl is dependent on reactor coolant system
pressure at the time of vessel failure (nodes DP, CR, and SG), containment heat removal !

(node PC), hydrogen combustion (node hcl), vessel failure (nodes SE and VF), and ex-vessel |
fuel-coolant interaction (node DQ). He combined effects of more than one phenomenon |

occurring in a short time frame is considered. |

35.6.14 Node RW

ne question "Is containment water recirculated into the cavity for long-term debris cooling?"
is asked at node RW. Success is defined as sufficient water overflowing from the refueling
canal into the cavity to maintain water coverage to remove decay heat from an ex-vessel
debris bed. He failure probability for node RW is determined by linking a fault tree to the
node.

Consideration of this node implies that the vessel is failed (node VF). Injection of the )
in-containment refueling water storage tank water into the cavity guarantees sufficient water !
for recirculation. If the containment is not isolated and the in-containment refueling water
storage tank water is not injected, water inventory loss to the outside environment will prevent
success of node RW If the debris is not quenched, then this node is bypassed and the debris

'

bed is considered to be noncoolable for the duration of the sequence. If the debris is
quenched (node DQ), then the availability of cooling water determines debris coolability. He
outcome of node RW affects downstream hydrogen combustion and containment integrity
events.

35.6.15 Node HC2'

De question "Does the hydrogen in the containment fail to burn globally before 24 hours?"
is asked at node HC2. Success is def~med as not reaching global flammability conditions prior
to 24 hours after the onset of core damage. A decomposition event tree is used to examine
hydrogen combustion phenomena and to assign pr: 5 ability at this node (Chapter 41).
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Hydrogen combustion at this time can be a result of previously unburned hydrogen generated
in-vessel or hydrogen generated during core-concrete interaction. The outcome of node HC2
is affected by the upstream outcomes of the operation of the hydrogen igniter system
(node IG), previous hydrogen combustion (node HC1), and debris coolability (node DQ and
RW). The outcome of node HC2 affects containment integrity prior to 24 hours.

35.6.16 Node CF2

he question "Does the containment remain intact to 24 hours after the onset of core
damage?" is asked at node CF2. Success of node CF2 is defined by the failure to pressurize
the containment past the ultimate failure pressure as defined by the containment failure
probability distribution (Chapter 42.) he outcome of node CF2 determines the release
category selection for the sequence. Failure leads to intermediate release categories CFI and
CFI-C, depending on the state of the ex-vessel debris coolability. Success continues on to
investigate future containment integrity. The outcome of node CF2 is dependent on upstream
nodes determining debris coolability (nodes DQ and RW) and hydrogen combustion.

35.6.17 Node HC3

he question "Does the hydrogen in the containment fail to burn globally between 24 and
72 hours?" is asked at node HC3. Success is defined as not reaching global flammability
conditions between 24 and 72 hours after the onset of core damage. A decomposition event
tree is used to examine hydrogen combustion phenomena and to assign probability at this
node (Chapter 41).

Hydrogen combustion at this time can be a result of previously unburned hydrogen generated
in-vessel or hydrogen generated during core-concrete interaction. He outcome of node HC3
is affected by the upstream outcomes of the operation of the hydrogen igniter system
(node IG), previous hydrogen combustion (nodes hcl and HC2), and debris coolability
(nodes DQ and RW). The outcome of node HC3 affects containment integrity prior to
72 hours.

35.6.18 Node CF3 |

The question "Does the containment remain intact to 72 hours after the onset of core
damage?" is asked at node CF3. Success of node CF3 is defined by the failure to pressurize
the containment past the ultimate failure pressure as defined by the containment failure
probability distribution (Chapter 42). He outcome of node CF3 determines release category
selection for a sequence. Failure leads to late release categories CFL and CFL-C, depending
on the state of debris coolability (nodes DQ and RW). Success continues on to investigate
the final potemial for containment failure.
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35.6.19 Node CF4

he question "Is the containment integrity not threatened after 72 hours after the onset of core j

damage?" is asked at node CF4. Success of node CF4 is defined as an intact containment
with an intact vessel or a coolable debris bed (VF success, DQ success, or RW success). If
VF is failed and DQ or RW is also failed, the failure probability of node CF4 is 1.

He outcome of node CF4 determines release category selection for a sequence. Failure leads
to very late release category CFV. Success indicates intact containment in a controlled, stable
condition with no lasting phenomenological threats from core-concrete interaction.

35.6.20 Node EX |

The question "Does the containment not leak excessively?" is asked at node EX. Success is
defined as intact containment leakage low enough to limit the 24-hour whole-body dose to
less than 25 rem at the site boundary. The probability at this node is estimated from existing
data on containment leakage and considerations of AP600 designed to reduce the likelihood
of excessive leakage. j

Re leak-tightness of the AP600 containment is expected to be better than that of existing
| plants for the following reasons:

AP600 has approximately 50 percent lewer penetrations, thereby reducing the number I.

of potential leak pathways by a factor of two

Large purge valves (48 to 54 in.) prone to leakage are replaced with smaller valvesa

(12 in.)

Check valves are used only in mild service conditions where wear and service-related*

problems would not challenge successful valve operation

Solenoid valves that have had high failure rates are used only on very small lines-

(3/8 in.) which are expected to plug with particulates during severe accidents

Each personnel air lock door has two gaskets. De doors can be tested individually for.

leak-tightness

For sequences in which the containment does not fail (release categories IC and ICP), the dose
evaluation presented in Chapter 49 shows that, with a leak area corresponding to the technical
specification limit of 0.12 percent per day at the design pressure, the mean whole-body doses
for the IC and ICP release categories are less than I rem at 24 hours after core damage.i

| Assuming the dose increases proportionally to the leak rate, the leak rate would have to
! exceed on the order of 10 times the technical specification limit. De probability that AP600

containment leakage exceeds more than 10 times the technical specification limit is estimated

Fe 28,1995 T Westinghouse-
a:\np600Wabec35.wpf:lb 35-16
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35. Containment Event Tree Analysis
'AV-

to be 8x10r' based on Reference 35-3 and the considerations of the design improvements
described above. j

Examination of excess containment leakage is performed for all cases in which the
containment is intact out to 72 hours. The outcome of node EX determines the final release
category. Failure leads to release category XL. Success leads to release categories IC and
ICP, depending on the containment heat removal (node PC).

35.7 AP600 Containment Event Tree Structure |
|

The overall structure of the AP600 containment event tree is presented in Figure 35-2. The |

structure of the tree employs the nodal questions and release category end-states described in
the previous sections.

35.8 Core Damage Sequence Grouping

The plant event trees quantified in the Level 1 PRA analysis identify all of the plant event i

sequences that lead to core damage. Many of the core damage sequences have common
characteristics with respect to the reactor system and containment system response. Such
sequences can be grouped together into accident classes (plant damage states) to reduce the
number of containment event trees that need to be quantified. The accident classes form the i

link between the plant event tree and the containment event tree. The process of grouping the
core damage sequences from the event trees is described in the following paragraphs.

The core damage sequences are binned together into accident classes or plant damage states
on the basis of similarities in the following characteristics:

The initiating event type, such as loss-of-coolant accident, transient, and anticipated*

transient without scram leading to core damage

The primary system pressure at the time ofinitial core damage (high or low)*

Timing of core damage (early or late)*

Containment integrity at the time of core damage (intact or impaired)*

Availability of safety systems at the time of core damage*

Disposition of water in the containment at the time of core damage*

Containment pressure and temperature at the time of core damage*

Table 35-3 defines the wrious accident classes defined for AP600. For the Level 2 PRA
containment event tree aralysis, accident classes I A, I AP, and 3D are further categorized to

3 W85tilighouse
g Revision: 3
mm February 28,1995
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define if manual actuation of the automatic depressurization system is not successful. The
revised accident class categories for the containment event tree quantification are defined in
Table 35-4. For each accident class, an equation made up of the Boolean sum of the minimal
cutsets for all sequences combined into that class is prepared. 'Ihe cutset equation for the
acudent class, along with the frequency of core demage from the individual sequences, is used
as input for the quantification of the containment event trees. 'Ihe Level 1 PRA core damage
frequencies of the accident classes as quantified in the plant analysis event trees are presented4

in Table 35-5.

35.9 References

35-1 SECY-93-087, " Policy, Technical, and Licensing Issues Pertaining to Evolutionary and
Advanced Light-Water Reactor (ALWR) Designs," April 2,1993.

35-2 "EPRI MAAP 4.0 Users Manual," EPRI NP-xxxx, [to be published].

35-3 Technical Findings and Regulatory Analysis for Generic Safety issue li.E.4.3,
' Containment Integrity Check', NUREG-1273, April 1988.

:

~

1

|

|

We@0USS I
eb ,1995 6

owerwec35.wpt:tb 35-18



1

l

|u=
35. Containment Ev:nt Tree Analysis

|

|
1

'
1

Table 35-1 |
|

AP600 CONTAINMENT EVENT TREE NODAL QUESTIONS

Node DP Does the operator depressurize the RCS after core damage has occurred? ;

Node SG Do the steam generator tubes remain intar-? (accident clar IA only) |

|Node CR Does the hot leg nozzle / surge line fail due to high temperature creep rupture? )

(accident class l A ordy)

| Node IS Is the contamment isolated?
l

, Node PC Is the passive containment cooling system operating?
|

| Node IG Is the hydrogen control system operating?

Node IR Is the IRWST water flooding the reactor cavity? )

Node SE Does the molten core relocation to the lower plenum fail to produce a steam explosion that
fails the reactor vessel?

:

Node VF Does the reactor vessel remain intact? ;
| |
! Node liCl Does the hydrogen generated in-vessel fail to burn globally?

Node DQ Does the ex-vessel core debris quench in the reactor cavity?

Node SCC Does short-term core-concrete interaction not occur as a result of core debris relocation to the
reactor cavity? l

Node CFI Does the containment remain intact during the dynamic phase of core relocation?

Node RW Is containment water recirculated into the cavity for long-tenn debris cooling?

| Node HC2 Does the hydrogen in the contamment fail to burn globally before 24 hours?
1

Node CF2 Does the containment remain intact 24 hours after the onset of core damage?

Node HC3 Does the hydrogen in the containment fail to burn globally between 24 and 72 hours?

|
Node CF3 Does the containment remain intact 72 hours after the onset of core damage? '

| Node CF4 Is the containment integrity not threatened after 72 hours after the onset of core damage?
|

Node EX Does the containment not leak excessively?

Revision: 3
3 W85tinghouse @,_ February 28,1995
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,_

Table 35-2

AP600 RELEASE CATEGORY DEFINITION SUMMARY

RC Name Description
!

IC Intact containment with nominal leakage, wet PCS heat removal

ICP Intact containment with nominal leakage, dry PCS heat removal l
1

XL Intact containment with excessive leakage
'

BP Containment bypass
!

CI Cc stainment isolation failure with no CCI

Cl-C Contaimnent isolation failure with CCI

CFE Early containment failure induced during dynamic phase of core relocation with no CCI

CFE-C Early containment failure induced during dynamic phase of core relocation with CCI

CFI Intennediate containment failure before 24 hours after the onset of core damage

CFL Late containment failure before 72 hours after the onset of core damage

CFV Potential very late containment failure (basemat) after 72 hours with CCI

I

_

3 Wedr$00See ,1995 6
a:WVec35.wpf:Ib 35-20



! =:

35. Containment Event Tree Analysis

Table 35-3

SUMMARY OF LEVEL 1 ACCIDENT SEQUENCE SUBCLASSES ,

|

Accident
Class Subclass Definition

|

1 A Core damage with RCS at high pressure following transient or very small |

LOCA

AP Core damage following small LOCA and very small LOCA with no l

depressunzation but with passive residual heat removal operating

B Core damage following loss of offsite power not recovered in 24 hours

C Core damage following loss of all de power supply

D Core damage with parual depressurization of RCS following transient

2E,2L Loss of containment integrity -- potential core damage following loss of I
|containment water inventory

3 A Core damage with RCS at high pressure following anticipated transient without
scram or mairi steam line break inside containment

BR Core damage following LOCA or other events with full RCS depressurization,
but CMT and accumulator failed

BA Medium LOCA without CMT and accumulator, core melt is arrested by normal
residual heat removal injection |

BE Core damage following large LOCAs or other event with full depressurization

BL Core damage at long term following failure of water recirculation to RPV after
successful gravity injection

EE,ER,EL Same as III BE, III BR, III BL with SBO initiating event

C Core damage following vessel rupture

D Core damage following LOCA (except large) with parual depressurization

5 Core damage sequences with containment already bypassed, except steam
generator tube rupture sequences '

6 Core camage following steam generator tube rupture. The containment is j
'

bypassed

I

l

|

ENE1 Revision: 3
W Westinghouse ww_ February 28,1995 ,

'
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Table 35-4
;

SUMMARY OF CET ACCIDENT SEQUENCE SUBCLASSES |
l

Accident i

Class Subclass Definition
:

1 AC Core damage with RCS at high pressure following transient or very small
LOCA: manual actuation of ADS fails j

APC Core damage following small LOCA and very small LOCA with passive
residual heat removal operating; manual actuation of ADS fails

B Core damage following loss of offsite power not recovered in 24 hours
'

C Core damage following loss of all de power supply

D Core damage with partial depressurization of RCS following trusient

2E,2L Loss of containment integrity - potential core damage following loss of I

containment water inventory

3 A Core damage with RCS at high pressure following anticipated transient without
,

scram or main steam line break inside containment j
.

BRC Core damage following LOCA or other events with full RCS depressurization, |

but CMT and accumnlator failed (includes accident classes IA, I AP, and 3D
sequences when manual actuation of ADS is successful)

!

BA Medium LOCA without CMT and accumulator, core melt is arrested by normal ;

iresidual heat removal injection

BE Core damage following large LOCAs or other event wit): full depressurization

BL Core damage at long term following failure of water recirculation to RPV after
successful gravity injection

EE,ER,EL Same as III BE, III BR, III BL with SBO initiating event i

C Core damage following vessel rupture

DC Cost damage following LOCA (except large) with partial depressurization;
manual actuation to fully depressurize fails

5 Core damage sequences with containment already bypassed, except steam
generator tube rupture sequences

,

6 Core damage following steam generator tube rupture. The containment is
bypassed

[ Westingh0Usee ,1995 6
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Table 35-5

SUMhiARY OF CORE DAMAGE FREQUENCY BY l
LEVEL 1 ACCIDENT CLASS ;

Accident Core Damage Frequency
Class Subclass (Events Per Year)

1 A 5.4E-8
AP 7.9E-9
B -

C -

D - |

2 E -

L -

3 A -

BA -

BE 1.2E-7
BL -

BR 7.9E-9
C 1.0E-8
D 3.5E-8

5 -

6 E 5.7E-9
L -

->

Revision: 3
[ W65tingt10tlSe % February 28,1995
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intact Containment

|
,

Enhanced Leakage

Very Late Containment Failure

Late Containment Failure

|

Intermediate Containment Failure
'

Early Containment Failure

Containment Isolation Failure

_

Containment Bypass .

Figure 35-1

Skeleton Containment Event Tree

Revision: 3
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Event Description

TREEA Transfer from Entry Tree
HC2 Does the H2 in the cont fall to burn globally to 24 hr?
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? CF3 Does the containment remain intact to 72 hours?
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EX Does the containment not leak excessively?

M
->

;R 9
8 5
9 2 1= g a

|k a he a a
I h
$. T R H
% $ G >
8 H R 5
N 5 $

_ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ . - - - - _ _ _ _ _ _ _ _ _ _ _ . _ _____ _ ___ _ _ _ _ _



1

ss. j
35. Containment Event Tree Analysis l

en-
,

!

I

ewEwEewsw65enEngenEs55
g - ~ ~ + - - ~ = * r = = c z e st:s t e n z

~~

1
1

i

!

_= = . . = .= :. :: =. :. .: :. .:. . .

:

I
;

. . . . .. . . . . .
e t t t et t t t t

1

|. . -- . --
t t ce t t b 1

|

|
I

E
#

| _9 E I 9 f

! ,

1.
t

.I.

'

'

I
e E
f

-
E E

.I
1

1
-

k 2 E

.

E
-

.

6t=
5 [' t .

--.

tit: .

G t s. Ez16 : _r

Figure 35-2 (Sheet 13 of 20)

AP600 Containment Event Tree

Revision 3
3 W6c,inigh6US8 February 28,1995

l 35-37 u%*%nwec35-2.wpf:1b
:

I

|



?? ._ .

u.,

er -
2!$. V |

. -
.

2o ....

g

B. W wv.
93

h 04/29/94 13:38:26 Fite: 03/13/92 15:02:00 186218 Path: C:\ CODES \ CADET.EXE
" edfiles\treec.ed

AP600 CET TREE C - PCS: Operating and Long-Term Core Concrete Interaction
List of top events

i

| Event Description

TREEC Transfer from Entry Tree
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I CF2 Does the containment remain intact to 24 hours?
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Y CF3 Does the containment remain intact to 72 hours?
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EX Does the containment not leak excessively?
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.

CIIAPTER 36

DECOMPOSITION EVENT TREE - ANALYSIS OF IN-VESSEL RETENTION OF
MOLTEN CORE DEBRIS

This chapter presents a decomposition event tree analysis of the phenomena related to
;

preventing reactor vessel failure by flooding the reactor cavity and cooling the outside of the
vessel with water. The AP600 design provides the operators with the ability to drain the
in-containment refueling water storage tank (IRWST) water into the reactor cavity in the event '

that the core has uncovered and is melting. The objective of this cavity flooding action is to
prevent vessel failce and subsequent relocation of molten core debris into the containment. j
Retention of the debris in the vessel significantly reduces the uncertainty in the assessment i
of containment failure and radioactive release to the environment due to ex-vessel severe
accident phenomena. These postulated phenomena include ex-vessel fuel-coolant interaction,
direct containment heating, and core-concrete interaction.

Separate analysis, discussed below, has shown that at the time of core relocation to the lower

head of the reactor vessel in all sequences of interest, the reactor coolant system pressure is
expected to be very near containment pressure. This is because of the reliable and diverse
primary system depressurization capability consisting of the safety-related automatic
depressurization system and the safety-related passive residual heat removal system. In
postulated events in which no planned reactor coolant system depressurization occurs, the
thermally induced failure of the pressure boundary is expected to occur well before molten
core debris relocates to the lower heat (see Chapter 37). This results in a depressurized
reactor coolant system. The analysis presented in this section assumes that the reactor coolant
system pressure is very low at the time of the challenge to the vessel integrity. The analysis
also assumes that the operator action to flood the reactor cavity with in-containment refueling
water storage tank water is successful, and that the vessel does not fail from an in-vessel
steam explosion. Otherwise, vessel failure is assumed in the containment event tree.

36.1 Discussion of the Issue

Given the presence of molten core debris in the reactor vessel lower head, the debris
constituents separate to form two layers based on the relative densities of the materials. A
metallic pool layer forms on top of an oxidic pool layer. The oxidic pool is heated by the
presence of the mainly non-volatile fission products remaining in the molten fuel. The heat
is transferred from the debris by radiation from the top of the metal pool to the surrounding
structures and by convection from the pools to the reactor vessel wall.

The contact of the debris with the inside surface of the vessel wall causes a crust to form at
the melt-wall interface. The crust helps protect the wall from the high temperature debris and
limits the heat flux, which can be transferred to the wall. This behavior was observed in the
Three Mile Island accident in which the crust effectively insulated most of the vessel wall
from the molten debris (Reference 36-1). The temperature at the crust-melt interface is
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equivalent to the melting temperature of the core debris, so the heat transfer to the crust is
driven by the superheat in the core debris. This heat flux determines the temperature profile
through the vessel wall, which is essentially linear, assuming that the heat can also be
transferred from the outside surface. Natural convection currents in the molten debris
(Figure 36-1) cause the heat flux to be a function of the angular position on the hemispherical
head such that the heat flux at the intersection of the top of the debris pool and the vessel wall
is substantially larger than the heat flux at the bottom of the vessel (References 36-2,36-3,
36-4, and 36-11).

Submergence of the reactor vessel in water results in substantial heat removal capability from
the vessel wall via boiling on the outside surface (References 36-5, 36-6, and 36-12). In
AP600, the operator has the capability to flood the reactor cavity by opening motor-operated
valves that allow the in-containment refueling water storage tank water to drain into the lower
containment. Fully injected, the in-containment refueling water storage tank water submerges
the vessel up to the flange of the upper head.

Since the heat flux at the top of the oxidic pool is high, the crust is not as thick, so it provides
less insulating capability than the crust at the bottom of the vessel. The metal pool melting
temperature is essentially the same as the melting temperature of the vessel wall. At these
angular positions in the oxide pool and at the molten metal pool boundaries, thinning of the
vessel wall is expected to occur.

Structural analyses of the vessel wall at these thermal conditions indicate that virtually
complete melt-through of the wall is required to fail the vessel (Reference 36-7) via wall
thinning if the heat flux at the outer surface is maintained below the critical heat flux. If the
heat flux exceeds the critical heat flux, then film boiling would occur on the outside surface i

of the vessel. In the film-boiling regime, the outside surface temperature of the wall required
to transfer the heat flux to the water would exceed the wall-melting temperature. Therefore,
the vessel would fail.

36.2 Analysis Methodology

In this analysis, the AP600 is analyzed for the steady-state conditions in a submerged reactor
vessel with the lower head filled with molten core debris. In this section, a one-dimensional
heat transfer model (Figure 36-2) is described, which is used to analyze the severe accident
conditions in which molten debris relocates to the lower head and the outside surface of the
vessel is being cooled by water. Analyses have been performed previously (References 36-4,
36-7, and 36-11), and the analysis presented here draws extensively from these reports.

Considering the presence of a crust at the interface of the vessel wall and the oxide pool, the
heat flux from the molten pool to the crust both upward and downward has been described
(References 36-4 and 36-11) by incorporating the correlations of Mayinger (Reference 36-8).
In Reference 36-7, the data for the downward and upward heat fluxes from the COPO
(Reference 36-2) and UCLA (Reference 36-3) experiments have been incorporated into the

_
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Mayinger correlations. This results in the following Nussult number correlations for the
upward and downward average heat fluxes:

= 0.54 Ra" .H " -

Nu (3)=
d kAT R

( s

and

Nu" = = 0.345 Ra"" (2)kAT

where:

Nu, and Nu, = the downward and upward Nussult numbers, respectively
go and q, = the downward and upward average heat fluxes, respectively
R = the radius of the vessel
k = the thermal conductivity of the oxide pool
AT = the pool superheat
Ra, = the Rayleigh number of the oxid': pool
H = height of the debris

The Rayleigh number for the oxide pool is given by:

Q R5Ra' = g (3)
avk

where:

the acceleration due to gravityg =

the volumetric expansion coefficient of the oxide pool=

Q the volumetric heat rate in the corium pool=

the thermal diffusivity of the oxide poola =

the kinematic viscosity of the oxide pooly =

The superheat of the pool can be found by performing a heat balance on the pool. Once the
superheat of the pool is known, the average heat fluxes are also known.
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|
The local heat fluxes to the crust at the angular positions are found by employing the UCLA

'

! correlation (Reference 36-3) for the flux distribution over a hemisphere. |

O
9[) - C,8 s C (4). +

2

94

where:

the angular position on the lower head0 =

the angle to the top of the oxide pool surface (90 for full hemisphere)$ =

0.83 and C = 0.28 for 0.0 < 0/$ < 0.6 and,C, = 2

-1.76 cos$ + 2.75 and C = 0.7 cos$ - 0.45 for 0.6 < 0/$ < l.0C =
2i

the heat flux into the crust at angular position 0q(0) =

The heat transfer to the crust is limited (Reference 36-7) by the sideward heat transfer in the
Mayinger correlations.

q, = 0.85Ra"" _k 'iT
r

(5)
R

( j

The thickness of the oxide crust is found by simultaneously solving the conduction through
the vessel wall (equation 6) and the temperature difference (equation 7) through the crust:

q(0) + QS ,(0) - k,
,-T*T

(6)

and

T -T. = QS2 "(0)S"n(O) (7)+
'em 2k k

C1 Cf

where:

S,,(0) = the crust thickness at angular position 0

S. = the thickness of the vessel wall
k, = the thermal conductivity of the vessel wall
k,, = the thermal conductivity of the cmst
T, = the melting temperature of the oxide
T, = the temperature at the crust wall interface
T* = the nucleate boiling temperature on the outside surface of the vessel

:

i
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|
|

The local heat flux into the wall is then given by:

q,(O) = q(O) + QS,,(0) (8) |

The upward and sideward heat fluxes through the metal pool are described by
(Reference 36-7):

l.

Nu,, = 0.067Ra,, "* (9)

1

and |.

USNu,, = 0.lRa (10)m ,

The Rayleigh number for the upward heat flux (equation 9) is found from the temperature
difference between the upper and lower surface of the metal pool layer. The Rayleigh number
for the sideward heat flux correlation (equation 10) is found from the temperature difference
between the bulk temperature of the metal pool and the melting temperature of the vessel
wall.

The Rayleigh number for the metal pool is given by:

3

Ra
g (AT) x

(gg)
vat

where:

AT the appropriate driving temperature difference=

the thickness of the metal poolx =

The heat fluxes through the metal pool are found by simultaneously solving equations 9 and
10 with the heat balance in the pool (equation 12), the radiative heat transfer to the inside
vessel surfaces above the pool (equation 13), and the conduction through the vessel upper wall
to the boiling surface on the outside wall (equation 14).

{* A, = C*A, + Q, *A, (12)

C = ccx (T|-T|,) (13)

2H"* T""-T *C =k,R (14)
o ,,
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where:

A,, A., and A the surface areas of the top of the oxide pool, the top of the metal=3

pool, and the side of the metal pool, respectively
the emissivity of the top of the metal poolc =

the Stefan-Boltzmann constanto =
'

T, the temperature of the top of the metal pool=

T,, the temperature of the upper walls=

H,. the height of the upper walls=

The thickness of the vessel wall (S.) is calculated from the conduction of the local heat flux
through the wall at the melting temperature of the wall (T,,) in equation 15.

T,,-T *
q(0) = k, 5 ,(0) (15)

36.3 Discussion of Uncertainties

Uncertainties in the boundary conditions and the modeling of the in-vessel retention are
discussed in this section. Best estimates and bounding estimates of the uncertainties are
developed, and combinations of these estimates are evaluated in the model described above
to assess the likelihood of vessel failure.

36.3.1 Behavior of the Reactor Vessel Insulation

I
It can be postulated that the insulation surrounding the reactor vessel may prevent water from
wetting the outside surface of the vessel or prevent steam from escaping from the reactor
cavity annulus, thus significantly attenuating the heat removal capability. This is not expected
to occur in AP600, since there are provisions in the design of the insulation to allow the water
in and steam out to cool the outside surface of the vessel.

The insulation surrounding the AP600 reactor vessel is of the reflective panel variety. It is
placed in the annulus between the vessel wall and the biological shield. There is a typical gap
of 9 in. between the insulation and the vessel wall (Figure 36-3). The insulation is made up
of numerous panels mounted to a frame. The bottom panels are held in place by their own
weight. The side panels are clipped together. Each panel is estimated to weigh less than
50 pounds (23 kilograms), based on the design requirement that they can be installed by one
person. Neither the panels or the frame is designed for seismic events, nor are they intended
to be leak-tight or to withstand forces other than gravity.

Testing of prototypical reflective insulation leak-tightness for accident management purposes
has been performed by Fauske and Associates, Incorporated (References 36-4 and 36-9). The
tests conclude that more than sufficient water can pass through the cracks between the panels
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Im-

to provide cooling water to the outside of the vessel, and to relieve steam under conditions I
expected in the severe accident.

'

1

Additionally, if the crack between the panels is assumed to be leak-tight, only a few inches
of water is required to cause the bottom panels to move, allowing water inside the insulation.
Likewise, by assuming that steam cannot be vented from the insulation, the pressure inside
the insulation boundary would be equivalent to a head of 9 in. of water that would have to
be displaced to vent the steam at the bottom of the insulation. The forces exerted on the
insulation panels and frame due to pressurization by steam generated inside the insulation are ;

estimated to be capable of blowing out panels, allowing both water in and steam out.

The possibility of the panels maintaining or moving into positions that block the water and
steran flow outside the vessel is highly unlikely. Insulation blockage of the cooling of the

,

or.tside to the reactor vessel in not considered to be a failure mode for in-vessel retention of
c. ore debris.

36.3.2 Cavity Flooding Rate

The reliability of cavity flooding is addressed on the containment event tree node IR. 'Ihe
cavity flooding system of AP600 consists of two parallel lines, one 10-in. diameter and one
4-in. diameter, which connect the in-containment refueling water storage tank to the steam
generator compartments. There are two motor-operated valves in each line (Figure 36-4).
When the valves are opened, the water drains from the in-containment refueling water storage
tank and spills from the loop compartments directly into the cavity. The rate at which the
cavity level rises is dependent on the number oflines that open (Figure 36-5). If both of the
lines, or only the 10-in. line, is opened, the cavity fills quickly. If only the 4-in. line is
opened, the cavity flooding rate is relatively slow. The elevation of the water on the vessel
at the time of the challenge to the vessel integrity can have an impact on the determination
of the vessel failure by affecting the rate at which heat can be removed from the top of the
debris by radiation.

Flooding of the cavity is a severe accident management action that would be taken by the
operator only in the event that core damage is occurring and the in-containment refueling
water storage tank injection into the vessel cannot be recovered. The action is assumed to be
initiated at 2000*F (1370 K) core-exit thermocouple temperature since this would indicate
oxidation of the cladding. A review of the analyses for each accident class in Chapters 34
and 45 indicate the time available between the time of cavity flooding initiation and the time
that the vessel integrity is challenged. Based on these times and the cavity floodmg rates
(Figure 36-5), the cavity will be completely filled with water to the 102-ft. elevation in the
containment if the 10-in. line is available. If one of the two motor-operated valves in the
10-in. line fails to open and only the 4-in. line is available, the cavity may be only partial;y
full of water at the time that the vessel integrity is challenged. Based on the analysis results,
several of the cases had fully flooded cavities at the time that the debris in the lower head
reached 2500 K, with only the 4-in. line injecting into the cavity. All of these cases had at
least several feet of water above the top of the debris. As a bounding value, the water level
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on the outside of the vessel wall is estimated to be 8.2 ft. (2.5 meters) above the top of the
in-vessel debris.

The conditional probability of the failure of the 10-in. line, given successful operation of the
cavity flooding system, is equivalent to the failure of one of the two motor-operated valves
in the 10-in. line. The operation of the 10-in. line is the best estimate value, resulting in a
water level on the outside reactor vessel wall of 19.7 ft. (6 meters) above the top of the
in-vessel core debris. The bounding estimate is operation of the 4-in. line only, resultmg m |

an outside water level of 8.2 ft. (2.5 meters) above the top of the in-vessel debris. |

36.3.3 Debris Pool Characteristics
i
i

The characteristics of the debris pool are mainly determined by the masses of the oxide and !
metal layers. This analysis assumes that 100 percent of the core relocates into the lower head I
of the reactor vessel. The bulk of the oxide layer is uranium-dioxide. The rest of the oxide
layer is metal, mainly zircaloy, which was oxidized during the core heatup. The metal layer
is made up of unoxidized zircaloy and stainless steel from the portion of the core reflector,
the core support plate, and the lower internals, which are melted in the core relocation.

Based on a review of the analysis results presented in Chapters 34 and 45, 75 percent
oxidation of the fuel-rod cladding in the active core region is used to determine the best-
estimate values of the mass of metal (40.9 metric tons) and oxide (90.5 metric tons) in the
debris pools. For the bounding estimate,100 percent oxidation of the cladding in the active
core region is u;ed to determine the values of 37.3 metric tons of metal and 95.3 metric tons
of oxide.

In the one-dimensional model presented in Section 36.2, a larger oxide pool results in more j

heat that has to be taken out of the vessel since the decay heat is evaluated as a volumetric '

heat rate that is not adjusted based on the size of the pool. A smaller metal pool results in
a larger thermal load at the metal pool side boundary since the heat is focused over a smaller
area. In reality, the deveQment of internal radial gradients is expected to at least partially
counteract this effect. Preliminary testing with stimulant fluids at one-quarter scale geometry
heated from below and cooled from above and from the side confirms this expectation
(Reference 36-7). Nevertheless, internal radial gradients are not credited here in order to
maintain a conservative estimate of the sideward heat flux. I

1

36.3.4 Decay Power in the Debris Pool 1

l
The decay power in the debris determines the volumetric heat generation rate in the oxide !

pool, which is a boundary condition in the determination of the heat fluxes at the vessel wall. |

The main uncertainty in the decay power in the debris pool is a function of the timing of the i
'

accident sequences and the release of the volatile fission products from the debris. A r.eview
of the analysis presented in Chapters 34 and 45 for AP600 and consideration that 30 percent i

of the fission-product heating is provided by the volatile fission products results in a best- !

estimate decay power in the debris pool of 1.0 megawatts per cubic meter. This agrees with |

I

|
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36. Decomposition Event Tree o Analysis ofIa. Vessel Retention of Molten Core Debris

bar values presented in References 36-4 and 36-7. Based on the probability distribution for
decay heating presented in Reference 36-7 and on the review of MAAP4 results, the bounding
estimate of decay power is taken to be 1.3 megawatts per cubic meter.

36.3.5 Radiation Heat Transfer to the Upper Vessel i

The heat flux from the top of the metal pool to the structures of the upper vessel is an
important consideration in determining the heat flux at the side of the metal pool to the vessel.
The highest heat flux in the system is expected to be at the side of the metal pool in the
debris-vessel interface. The controlling parameter in the radiation heat flux from the metal
pool to the upper vesselis the emissivity of the upper surface of the pool. Emissivity of the
pool surface is dependent en the composition of the pool (Reference 36-7). The emissivity
of carbon steel and pure molten iron at 1770 C (3200 F) is determined to be 0.45 in
Reference 36-10. The effects of adding zirconium and other impurities as well as oxidation
are unknown, but are expected to increase the emissivity (Reference 36-7). Considering the
high temperature and the presence of steam in the atmosphere, the best-estimate value for the
emissivity is taken to be 0.55. The value of 0.4 is taken as the bounding estimate based on
the probability distribution for the molten metal pool emissivity presented in Reference 36-7.

36.4 In-Vessel Retention Decomposition Event Tree

The decomposition event tree used to evaluate the likelihood of in-vessel retention is presented
in Figure 36-6. It has four nodes at which the uncertainties are evaluated and one node that
evaluates the vessel integrity. The decomposition event tree nodes follow:

Node FL - Is the in-containment refueling water storage tank water fully injected into the
reactor cavity at the time of challenge to the reactor vessel integrity?

Node MD - Is less than 75 percent of the active zircaloy cladding oxidized?

SNode DK Is the volumetric heat rate of the pool less than 1.0 MW/m ?-

Node QUP - Is the emissivity of the metal pool greater than 0.57

Node IVR - Is the debris retained in the vessel?

The upward path at each node indicates a positive response to the question, and the downward
path indicates a negative response. The end-points of the paths represent the outcome of the
combinations of the uncertainties along the path and are assigned either end-state VI (vessel
intact) or end-state VF (vessel failed) based on the outcome at node IVR.

The decomposition event tree is used to quantify the likelihood of each of the combinations
of the uncertainties. The outcome of each of the combinations in terms of vessel failure is
analyzed in the following section.

_
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36. Decomposition Event Tree - Analysis of l> Vessel Retention of Molten Core Debris

36.4.1 Analysis of the Combined Uncertainties

The decomposition event tree shows that there are 16 combinations of the uncettainties for
which vessel failure needs to be evaluated. These combinations are summarized in
Table 36-1. The methodology described in subsection 36.2 is applied to the combined
uncertainties. The input to the analyses is presented in Tables 36-2 and 36-3, and the heat
flux distributions and the wall thickness distribution results are presented in Figures 36-7

;

through 36-38.

36.5 Quantification of the Decominsition Event Tree

This section presents the split fractions at each of the event tree nodes and the overall
quantification of the tree.

36.5.1 Node FL

is the in-containment refueling water storage tank waterfully injected into the reactor cavity
at the time of challenge to the reactor vesselintegrity?

Success Criteria:
Successful opening of both motor-operated valves in the 10-in. cavity flooding line.

The failure probability of node FL is based on the failure of one out of two motor-operated
valves in the 10-in. cavity flooding line given that some amount of cavity flooding is
successful. The failure of motor-operated valves from the AP600 Level 1 PRA is 1.1 x 10-2

2per demand. Therefore, the failure of either of the valves in the line is 2.2 x 10 per demand.
The following split fraction values are assigned to node FL:

9.78x10-'Probability of success =

2.2x10 2Probability of failure =

36.5.2 Node MD

is less than 75 percent of the active zircaloy cladding oxidized?

Success Criteria:
Less than 75 percent of the cladding of the active fuel region is oxidized after the core
relocation to the lower head is completed.

Revision: 3 ENEL Westingh00S8February 28,1995 I;;%%
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The best estimate analysis of the accident sequences result in less than 75 percent cladding
reaction for each of the accident classes. However, there is sufficient uncertainty in the
in-vessel phenomena that a finite probability is assigned to reflect the likelihood of oxidation
of more than 75 percent of the active cladding. The following split fraction values are |
assigned to node MD: l

l

Probability of success 0.90
i

=

Probability of failure 0.10 lu

36.5.3 Node DK

is the volumetric heat rate of the pool less than 1.0 MW/m'?
|

Success Criteria:
Less than 1.0 MW/m' volumetric heating in the oxide pool.

The best-estimate analyses results predict that at the time of significant challenge to the
reactor vessel, the decay heat rates, considering 30 percent heat reduction due to the loss of

3the volatile fission products, are less than 1.0 MW/m . However, the uncertainty in predicting
decay heat and the transport of volatile fission products is such that a finite probability of

5decay power greater than 1.0 MW/m must be considered. The following split fraction values
are assigned to node DK:

Probability of success 0.90=

Probability of failure 0.10=

36.5.4 Node QUP

is the emissivity of the metal pool greater than 0.5?

Success Criteria:
Metal pool emissivity greater than 0.5

The best-estimate value of the emissivity of the top of the metal pool is considered to be
greater than the emissivity for pure molten iron (0.45), considering the oxidation and the
effects of zirconium, chromium, and nickel. Therefore, the following split fractions are
assigned to node QUP based on the probability distribution for the molten pool emissivity
developed in Reference 36-7:

Probability of success = 0.99
,

Probability of failure 0.01=
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30 Decomposition Event Tree - Analysis of bVessel Retention of Molten Core Debris

36.5.5 Node IVR

is the debris retained in the vessel?

Success Criteria: - -

Heat flux less than critical heat flux at all points on the surface.<

In Reference 36-7, a structural analysis of the reactor vessel under these thermal loading
conditions and vessel wall thinning concludes that the thinned vessel wall is capable of
sustaining the load from the weight of the vessel and debris as well as a significant pressure
load as long as the heat transferred through the vessel wall can be removed at the outside
surface below the critical heat flux. Therefore, in this analysis, the critical heat flux is used
to determine the success of the reactor vessel integrity.

Based on the results of the ULPU testing (Reference 36-7), the critical heat fluxes at the
2bottom of the reactor vessel and at the sidewall (60* < 0 < 90*) are 276 kW/m and 1100

2kW/m , respectively. The critical heat flux on the venical wall (above 90 ) is 1300 kW/m'.
Interpolation of the data at the angles between 0 and 60 degrees provides a reasonable
estimate of the other critical heat fluxes. Based on the results of the analysis of the
combinations of the uncertainties, two cases fail to meet the success criteria: IVR.8 and
IVR.16. Both cases fail the vessel at the side of the metal pool, and in both cases, nodes MD,
DK, and QUP are failed. Based on this result, the following split fractions have been
assigned to node IVR:

Given (MD=F, DK=F, and QUP=F) - Probability of failure = 1.0
l

Otherwise - Probability of failure = 0.0

36.6 Results

The overall result of the analysis is that the conditional probability of the failure of the reactor
vessel into a cavity which has been successfully flooded is 1.0x10". 'Ihe contribution to this
probability is from the uncertainty in the phenomena controlling the amount of heat that must
be removed from the vessel wall.

This conditional probability is applied at node VF (vessel failure) on the containment event
tree given successful outcomes at nodes IR (cavity flooding) and SE (in-vessel steam
explosion). Failure of node VF under these conditions represents the release of molten debris
into a fully flooded cavity. As shown in this analysis, the best-estimate (assigned a
probability of 0.9) vessel failure mode is above the debris oxide pool elevation which would
significantly limit the mass of debris that would relocate to the containment. However, if the
vessel were postulated to fail below the debris, a large debris mass would relocate to the
containment and could possibly participate in an ex-vessel steam explosion. If the debris
quench (node DQ) is successful, then the sequence is assumed to result in early containment
failure with a probability of 0.1, the split fraction assigned to node MX of the ex-vessel steam
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j

explosion event tree (see Chapter 39). The failure of node MX indicates that the premixing
of the debris in the water would produce a steam explosion in the cavity. This sequence is
treated in this way in order to account for the uncertainties in the containment response to a
steam explosion in a fully flooded cavity. The treatment conservatively assumes that, given
reactor vessel failure below the debris pool and a steam explosion in a fully flooded reactor
cavity, the conditional probability of containment failure is 1.0.
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1

Table 36-1

COMBINATIONS OF UNCERTAINTIES FOR THE IVR DET,

,

Max. Side
Cavity Debris Pool Heat Flux

Case Name Flooding Character Decay Power Emissivity (kW/m')
.l

IVR.! S S S S 608

IVR.2 S S S F 721

IVR.3 S S F S 896'

IVR.4 5 S F F 1020

IVR.5 S F S S 696
3

| IVR.6 S F S F 823

| IVR.7 S F F S 1022 j

IVR.8 S F F F 1162

IVR.9 F S S S 647s

IVR.10 F S S F 739-

;

IVR.11 F S F S 946 1*
1I

IVR.12 F S F F 1043
;

IVR.13 F F S S 742 !

i IVR.14 F F S F 844

IVR.15 F F F S 1080

IVR.16 F F F F 1189

.

5
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1

Table 36-2

MATERIAL PROPERTIES USED FOR IVR ANALYSIS

Metal Pool Oxide Pool
iDensity (kg/m ) 6930 7270

Thermal Conductivity
(W/m/K) 20 5.7

Spec, lit. Capacity (J/kg/K) 560 618

Viscosity (kg/m/s) 2.3 x 10 2 7.14 x 10-3

Thermal Expansion (1/K) 1.3 x 10" 1.1 x 10d

Melting Temperature (K) 1600 2600

Table 36-3

INPUT TO IVR ANALYSIS

Best Estimate Bounding Estimate

Water Level Above Debris
(m) 6 2.$

Mass of Oxide Pool
(metric tons) 90.5 95.3

Mass of Metal Pool
(metric tons) 40.9 37.3

Decay Power

(MW/m') 1.0 1.3

Emissivity of Metal Pool 0.55 0.40

|

!
|

|
1

I

l
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Case IVR.1 - FL=S. MD=S. DK=S. QUP=S
Heat Flux Distribution Through Vessel Wall
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Case IVR.1 - Heat Flux Distribution Through Vessel Wall
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Case IVR 1 - FL=S, MD=S. DK=S, QUP=S
Remaining Thickness of Vessel Wall
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Case IVR.1 - Remaining Thickness of Vessel Wall
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Case IVR.4 - Remaining Thickness of Vessel Wall
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Case IVR.5 - IIeat Flux Distribution Through Vessel Wall
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Case IVR.7 - FL=S. MD=F. DK=F. QUP=S
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Case IVR.15 - Heat Flux Distribution Through Vessel Wall

Resision: 3ENEL[ W8Stingh00Se ah February 28,1995
36-51 unp60%rs'uc36.wpr:ib



us;;
+ 36. Decomposition Event Tree - Analysis of 11-Vessel Retention of Molten Core Debris

n-

i

i

'Case I V R,. 1 5 FL=F. MD=F, DK=F' QUP~-S '

Rema,ining Thickness of Vessel Wall

16
_

14-:
:m

s -

12-;a
v _

10-:
m -

im 8-
w :
z -

6--x
o :

4_:-

x _

t--
-

2-
-

_

0
- ' ' ' i i e i i i , , ' ' ' ' ' ' ' '

0 2'0 4'0 6'O 8'O 100
ANGLE (DEGREES)

Fi ure 36-36F

Case IVR.15 - Remaining Thickness of Vessel Wall

Revision: 3 ENEL wFebruary 28,1995 ' ~ ""
a:up60mpawec36.wpt: b 36-52



1

36. Decomposition Event Tree - Analysis ofII-Vessel Retention of Molte2 C re Debris

|

|

|
|

!
|

l

FL=F. MD=F, DK=F. QUP=F lCase IVR.16 -

Heat Flux Distribution Through Vescel Wall l

1200 |
l

_

~

^ _
j

N 1000 --
1 -

N -

3!I: -

x 800 --
.

. ,

600 --x
D
-> _

' 400 -
_

n -

< -

w 200 --
~

I
_

~

0 | | |
' ' ' ' ' ' ' ' ' ' ' ' i ' i i

0 20 40 60 80 100
ANGLE (DEGREES)

Figure 36-37

Case IVR.16 - Heat Flux Distribution Through Vessel Wall

$WSe h6 Febru ,

36-53 uwaxnprawc36 wpr:ib



f 36. Decociposition Event Tree - Analysis of12-Vessel Retention of Molten Core Debris

FL=F, MD=F. DK=F. QUP=FCase IVR.16 -

Remaining Thickness of Vessel Wall

16
-

14-3
m -

2 -

12--o
v -

10-j
cn :
en 8--
w : \

( 6-3
o - 1
-

4 :
2- -

W ~

2-3
-

0
- ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '

0 20 40 60 80 100
ANGLE (DEGREES)

Figure 36-38

Case IVR.16 - Remaining Thickness of Vessel Wall

3 Westingt10UseFe 28,1995 '
_

u:waxnpravecnwpub 36-54



|
'u =u

37. Decomposition Event Tree Analysis of Thermally Induced | ,

Failures of the Reactor Coolant System Pressure Boundary h I
l
1

CHAPTER 37 !
|

DECOMPOSITION EVENT TREE - ANALYSIS OF THERMALLY INDUCED
FAILURES OF THE REACTOR COOLANT SYSTEM PRESSURE BOUNDARY l

This analysis quantifies the likelihood and location of thermally induced failures of the reactor )
coolant system (RCS) pressure boundary. These types of failures are postulated to occur in
high-pressure accident sequences that appear in AP600 accident class l A, defined as transients
and very small loss-of-coolant accidents with no automatic or manual depressurization and no

,

passive heat removal. The frequency of accident class l A, from the Level 1 PRA results, is |

6.3x10-8 per reactor year,15.4 percent of the overall core damage frequency.

'Ihe quantification process involves several steps, or.tlined below: |

The investigation of the thermally induced failures to identify those variables that can*

affect the probability of failure of the reactor coolant system pressure boundary

The development of a decomposition event tree (DET) to define the minimum set of*

events and variable attributes that determine the possible failure modes and likelihood

The determination of the probability of occur ence of the events and variable attributes*

included in the decomposition event tree |

The quantification of the probability of thermally induced failures of the reactor coolant*
i

system boundary using the results of the previous steps I

The results of the quantification of this decomposition event tree provide input to nodes SG
and CR on the AIM 00 containment event tree.

37.1 Background

To be at the conditions in which temperature-induced failure of the reactor coolant system
piping is credible, startup feedwater must be failed and the steam generators must have dried
out, causing a loss of heat removal from the reactor coolant system. Failures of the passive
residual heat removal and the core makeup tanks would, in turn, fail the emergency heat
removal and activation of the automatic depressurization of the reactor coolant system.
Manual depressurization must also have failed. The primary pressure would then increase to
the setpoint of the pressurizer safety valve because of the loss of decay heat removal. The
loss of primary coolant through the safety valve would result in core uncovery. The natural
circulation of superheated gases through the reactor coolant system after core uncovery could
produce temperatures in the primary system piping and steam generator tubes that could
challenge the integrity of the pressure boundary. The determination of the location of the first
failure of the pressure boundary is an important consideration of the accident progression

.
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37. Decomposition Event Tree - Analysis of Thermally Induced
--- Failures of the Reactor Coolant System Pressure Boundary

which significantly affects the final release of fission products to the environment. He
primary system can be postulated to fail at one of several locations:

Re reactor vessel bottom, induced by high temperature core debris relocated into the*

lower head

A hot or cold leg reactor vessel nozzle, induced by hot gases circulating through the*

reactor coolant system

A hot or cold leg reactor coolant pipe, induced by hot gases circulating through the.

reactor coolant system

The pressurizer surge line, induced by hot gases being relieved through the pressurizer.

re'Jef and/or safety valves

ne steam generator tubes, induced by the circulation of hot gases through the reactore

coolant system

ne types of pressure boundary failures postulated to occur in these types of accident
sequences and the consequences of the failures are discussed in the following subsections.

37.1.1 Vessel Failure Induced by Molten Core Debris

If molten core debris is relocated to the bottom head of the reactor pressure vessel, the vessel
walls in contact with the molten core material will begin to heat up as energy is transferred
from the core debris to the vessel walls. If there is insufficient heat removal on the external
surface of the reactor vessel walls, the wall temperature will begin to approach the
temperature at which its structural properties deteriorate significantly. Additionally, the inner
surfaces of the wall may be eroded by the high temperature molten core material, thereby
reducing the vessel wall thickness and, consequently, its structural capability. Vessel failure
can be postulated to occur at the top of the debris pool, discharging the gas from the reactor
coolant system before the delris is expelled to the containment. Or the vessel failure can be
postulated to occur near the bottom of the vessel, discharging the debris into the containment
at high pressure prior to the gas discharge.

Failure of the reactor vessel by molten core debris in the lower head can be postulated to
produce several high-energy phenomena that can challenge containment integrity. If the
molten debris is expelled from the vessel before the blowdown of the gas, the breakup and
entrainment of the debris in the high-velocity flow wu the reactor vessel can result in the
oxidation of unreacted metal in the debris, releasing hydrogen and reaction heat to the
contamment atmosphere. De hot debris can provide an ignition source for the hydrogen, and
the resultant combustion event can be postulated to challenge the containment integrity.
Latent and sensible heat in the debris can be transferred directly from the airborne debris
fragments to the containment gas, a process called direct containment heating. De rapid
heating of the containment air can result in a significant pressurization of the containment.
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Failures of the Reactor Coolant System Pressure Boundary un-

The expulsion of the debris from the vessel can also result in thrust forces that may be
postulated to move the vessel in such a way as to tear containment penetrations or create |
missiles that may impact the containment pressure boundary. |

37.1.2 Primary System Piping Faiiures into Containment |

|As hot gases from the reactor vessel are circulated through the reactor coolant system piping,
the pipe wall temperatures will increase. The increased pipe wall temperatures, in conjunction
with a high-pressure differential across the pipe wall, can lead to creep failure of the piping.

The failure of a primary system pressure boundary (either the reactor vessel nozzles, the
reactor coolant system piping, or the pressurizer surge line) results in a high-energy blowdown
of superheated steam and hydrogen into the containment. 'Ihe blowdown decreases primary
system pressure and can produce a significant pressure and temperature transient in the
containment. Given significant core damage (based on cladding reaction) prior to the piping
failure, a significant mass of hydrogen can be rapidly released to the containment. The
combustion of the hydrogen can result in a challenge to the containment integrity.

37.1.3 Steam Generator Tube Failures into the Secondary System

As hot gases from the reactor vessel are circulated through the steam generator tubes, the tube
wall temperatures will increase. The increased tube wall temperatures, in conjunction with
a high-pressure differential across the tube wall, can lead to creep failure of the piping. In
addition, the potential exists for tube burst at these conditions at any tube &fect locations.

Failure of the steam generator tubes into the secondary system results in a reduction of
primary system pressume to the pressure of the steam generator safety / relief valve setpoint and
provides a direct pathway for fission-product release to the environment through the
safety / relief valves. Given significant core damage (fission-product gap release) prior to the
failure, the steam generator tube failure can result in a release of radiation to the environment
producing doses greater than the large release criterion.

37.2 Controlling Phenomena and Uncertainties

37.2.1 Natural Circulation of High Temperature Gases in the Reactor Coolant System

The threat of reactor coolant system pressure boundary failures is driven by the heating of the
loops and steam generator tubes by natural circulation flows. In high-pressure accident
sequences, natural circulation in the reactor coolant system is a very efficient mechanism by
which heat is transferred from the core to the reactor coolant system piping and steam
generators (Reference 37-1). After core uncovery, heat from the core is carried to the upper
plenum by steam and hydrogen flowing through the fuel assemblies. The gas is cooled by
heat transfer to the internal structures in the upper plenum and by mixing with gases that are
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37. Decomposition Event Tree - Analysis of Thermally Induced
Fauvres of the Reactor Coolant System Pressure Boundary-

circulating into the upper plenum from other regions of the reactor coolant system. The
cooled gases flow down into the core, then circulate through the vessel.

'

He upper internals transfer heat to the cooler gas in the upper plenum, which circulates into
one of the reactor coolant system loops. He gas transfers its heat to the reactor coolant
system piping and steam generator tubes, cooling the gas and causing it to flow back down
through the cold legs into the reactor vessel downcomer, where it is again heated by the vessel
structures. The gas is then predicted to flow backwards through the other reactor coolant
system loop and into the upper plenum of the reactor vessel, where the cycle begins again. J
Ris pattern develops because the AP600 reactor coolant loop has no intermediate leg to trap j

water in the loop te form a seal preventing gas flow from the steam generator to cold leg. j
l

As the water inventory in the reactor pressure vessel is boiled off, it eventually uncovers the
entire length of the active core. At this point, continued water inventory loss from the reactor
vessel is predicted to occur as a result of heat transfer from the core and vessel stmetures to
the water remaining below the core. When sufficient water inventory is boiled off to the level i

of the bottom of the core barrel, a new natural circulation pathway is created between the
downcomer and the bottom of the core. Since this flow path has a smaller resistance
compared to the previous pathway, a new natural circulation pattern is developed with beth
loops circulating gases through the core, the hot leg, the steam generator, the cold k gs, the
downcomer, and back through the core. When this pattern is first developed, the hot gases
in the upper plenum region of the reactor vessel are rapidly swept into the hot legs. His
results in a significant temperature transient in the reactor coolant system piping and steam
generator tubes.

37.2.1.1 Natural Circulation Uncertainties

Bere are a number of uncertainties in the modeling of the natural circulation flows in the
reactor vessel and coolant system that can impact the overall results, as identified in
Reference 37-2.

If the core overheats so that melting of the fuel occurs, the molten fuel will relocate and
refreeze in the core. He relocated debris can form blockages which may attenuate the natural
circulation which carries the heat away from the core to the upper plenum. De reduction in
the heat transfer from the core causes the core to heat up more rapidly and the natural
circulation flow rates to decrease. He degree of core relocation, the formation of core
blockages, and the efficiency of the core blockages in attenuating the heat transfer are subject
to uncertainty in estimating the natural circulation flow rates and heat transfer from the core
to the upper plenum.

Uncertainty in the natural circulation through the coolant loops is dominated by the
determination of whether the intermediate leg is cleared of water to the extent that gas can
flow through the pump bowl from the steam generator to the cold leg. His uncertainty does
not apply directly to the AP600 since the coolant loop has no intermediate leg, and there is
nowhere for a loop seal to form in the loop. However, a water seal does form in the vessel
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at the bottom of the core barrel, preventing the gas from flowing directly through the bottom
of the core and completely around the loop. Circrlation of gases directly through the core can
transfer the heat from the core more efficiently, cooling the core, but more rapidly heating the
reactor coolant system piping.

Reference 37-2 recommends uncertainty analyses for natural circulation calculations with
MAAP3B to investigate the sensitivity to core blockage and clearing loop seals. De natural
circulation model in MAAP4 is the same as the model in MAAP3B, except that MAAP4 does
not include the IDCOR core blockage model discussed in Reference 37-2. He MAAP4
model allows core channels to block when sufficient debris relocates and refreezes to reduce
the flow area in the lower core nodes. A sensitivity analysis on relocation timing (case NC)
is performed by reducing the natural circulation flow from the core, thus retaining more heat
in the core, to address blockage uncertainty. The timing of reactor coolant system failures
with respect to the clearing of the bottom of the core barrel is also investigated to address the

'

sensitivity of reactor coolant system piping temperatures to the presence of a loop seal.

37.2.2 Creep Rupture Failure of Hot Leg Nozzle, Surge Line, and Steam Generator Tubes

Under high-temperature, high-stress conditions, such as are expected for accident class IA
transients, a material may fail well below its yield strength if the severe conditions are
maintained over a long enough duration. This is known as creep failure. Larson and Miller
(Reference 37-3) developed an analytical methodology for estimating the time required to fail
a material at a given stress and temperature. The methodology involves the application of a
Larson-Miller pa'ameter (LMP) to determine the creep rupture time.

Based on the natural circulation flow pattern described above, and considering the loop with
the positively flowing circulation to be loop 1 and the loop with the reverse flow to be loop
2, the likely locations for creep rupture failure in the reactor coolant system are considered
to be at the loop 1 hot leg nozzle safe-end, the loop 2 cold leg nozzle safe-end, the pressurizer
surge line, and steam generator tubes. Table 37-1 provides the parameters for these
components used for the AP600 creep rupture analysis for the 1A accident class, including
geometries, materials, stress levels, and Larson-Miller parameters. Stress levels and Larson-
Miller parameters are presented for steam generator tubes given pressurized and depressurized
secondary conditions, since both may exist for the 1A accident class. The geomet-ies and
materials are well known for each of the components and are not subject to uncertainty.

Creep failure of the stainless steel hot and cold legs at a location near the reactor vessel was
considered, but was not included in the detailed analyses. Evaluation of the material
properties of the stainless steel versus carbon steel, with respect to creep failure, and
consideration of the geometries of the nozzles and reactor coolant system piping indicate that
the nozzles are always predicted to fail by creep failure before the loop piping. 'Ihe
differences in the creep predictions between the nozzles and the piping are large enough that
any uncertainties in the creep predictions for carbon steel versus stainless steel are not
significant.
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Creep rupture is caused by the maximum principal stress due to primary loading in this case,
the pressure loading. Although the reactor coolant system components piping may be subject j

j
' to additional stress during severe accident conditions (such as, from the thermal expansion of

the reactor coolant system piping), the stress level contributing to creep rupture failure is not |

| subject to significant uncertainty since the internal pressures are the only dominant stress. !

| Therefore, ?he loading used to determine the stress in the piping is the hoop stress, which is
defined by the primary and secondary safety valve pressure setpoints (2500 psia and 1085
psia, respectively). Therefore, the major uncertainty in the creep rupture analysis is in the
selection of the Larson-Miller parameter. ,

1

The Larson-Miller parameters for the AP600 reactor coolant system components are |

determined using the master creep rupture curves presented in Reference 37-4 and the hoop I
stress in the component. The data for steam generator tubes presented is for Inconel 600. |
The use of the Larson-Miller parameters may introduce significant uncertainties since the l

predicted times to failure can vary by a factor of 2 to 10, when compared to the observed j
iexperimental times to failure. De large variations in the predicted Larson-Miller parameters

versus the experimental observations are a result of the scatter in creep data due to the heat-to-
heat variation and the differences in chemical composition within a heat of material, and due
to the large stress exponent of power creep law at high temperatures wherein a large variation
in time is predicted for small variations in stress. )

It is assumed that the use of the Inconel 600 master creep rupture cmve for Inconel 690 is
reasonable, given the high temperature yield strength and ultimate strength are comparable,
with Inconel 690 being the stronger of the two materials (Reference 37-5). Lower bound
Larson-Miller parameters are used for the steam generator tubes, since tubes exhibiting
minimum material properties are expected to be present in the plant at some location in each ,

of the steam generators, given the large population of tubes and considering the weakest tube I
'

in the analysis. De nominal Larson-Miller parameters for the stainless steel surge line is used
given that there is only one surge line, and it is not expected to be the limiting component.
A nominal Larson-Miller parameters is used for the base case analysis of the hot leg nozzle
since there is a small population of hot legs in the design. An upper bound Larson-Miller |

'

parameters is used for sensitivity cases since a hot leg nozzle failure may preclude the failure
of a steam generator tube. He upper bound Larson-Miller parameters is based on the upper
bound curve for carbon steelin Reference 37-4 and will extend the time to failure of the hot
leg in the calculation, thus subjecting the steam generator tube to longer durations at the
adverse conditions, increasing the creep damage and likelihood of failure. De time-to-failure
curves for the reactor coolant system components are calculated based on the selected Larson-
Miller parameters and are presented in Figures 37-1 and 37-2.

De sizing of the hot leg and cold leg nozzles result in higher stress levels in the hot leg
nozzle at the given conditions. The reactor coolant system loop I hot leg nozzle temperature
response is expected to be more challenging than the other nozzles because of its close
proximity to the initial flow of hot gases from the core. The stress in the surge line is lower.
Because of the difference in materials (such as, stainless steel surge line versus carbon steel
nozzles), the difference in stress levels, and the lower predicted pipe temperatures, the surge
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line will have a significantly longer time-to-failure. The reactor coolant system loop I hot leg
nozzle response will be presented as the bounding analysis, or the " weakest link," for the
timing of all the primary system to containment failures.

37.2.3 Degradation of Steam Generator Tubes

Tube degradation can occur over the course of the life of the tubes and may be present as tube
defects (such as cracking) under the support plates and tubesheet, as tube thinning due to4

corrosion or as abrasive wear at the antivibration bar locations. Tube thinning and abrasive
wear affect the stress level in the tube walls by providing a reduced wall thickness over a
significant area and thereby may increase the likelihood of creep rupture failure. Tube defects
impact only the likelihood of tube bursting since the area of concern is very limited.

In the time and temperature ranges where creep of steam generator tubes is negligible, tube
bursting may occur at defect locations, depending on the conditions and defect characteristics.
Small cracks in the tubes may be present under the support plates and, therefore, may not be'

exposed to the steam generator tube differential pressure. Under severe accident conditions,
the thermal expansion of the tubes with respect to the support plate structure may result in
these cracks becoming exposed to the full steam generator tube differential pressure. De tube
may burst at the crack location if the differential tube pressure exceeds the empirically
determined bursting pressure for the crack characteristic profile.

He high temperatures expected in the sequences in accident class I A are predicted to result
'

in significant thermal growth of steam generator tubes, thereby exposing cracks under the
upper support plates. However, the expected frequency of cracking in thermally treated
Inconel is negligibly small. Currently, there are over 800 reactor years of operating
experience with Model F and F-type steam generators employing thermally treated
Inconel 600. Dere have been no (zero) incidents of the tube cracking with crack
characteristics that would lead to bursting under severe accident conditions. Rus, it is
assumed that the probability of tube burst is negligibly small under severe accident conditions
for thermally treated Inconel.

Derefore, only tube thinning over the life of the steam generator is considered in this
analysis. hbes are predicted to thin no more than three mils over the life of the plant.
Derefore, the tube wall thickness for the creep rupture analysis is considered to be the
nommal tube thickness less the three mils due to thinning over the life of the plant.

37.3 MAAP4 Analyses

he MAAP4 (Reference 37-6) analyses of high pressure transient sequences are used to define
the pressure and temperature transients for the reactor coolant system piping caused by the
natural circulation. The accident sequences analyzed are initiated by a loss of all feedwater
to the steam generators, followed by failures of both passive residual heat removal heat
exchangers, both core makeup tanks, and all automatic and manual reactor coolant system
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4

depressurization. It is assumed that no failures of the reactor coolant system pressure
; boundary occur at any time in the transient in order to develop the bounding temperature
'

transients for the reactor coolant system components that may be subject to creep failure. '

The MAAP4 reactor coolant system nodalization is presented in Figure 37-3. The component !
temperatures are taken from the hot leg node closest to the reactor vessel and the steam
generator tube nodes at the tubesheet. He steam generator tube temperature from loop 1 is
taken from the hot side of the tube bundle. The steam generator tube temperature from loop
2 is taken from the cold side since the flow in loop 2 is reversed. These component
temperature transients are used to determine the timing of expected hot leg nozzle creep
rupture failure with respect to the timing of the failure of the steam generator tubes. In the
MAAP4 model, the hot legs are divided into three nodes through the wall; the middle node I

.

temperature is used to estimate the average through-wall temperature. Since the steam
'

generator tubes have a very small temperature gradient through the wall thickness, the
primary side temperature of the steam generator tubes is used for the tube temperature.

|Four MAAP4 analyses are performed to investigate the variations in component temperatures,
as described below in detail. Table 37-2 presents the resultant timing of key events from
each of the analyses.

37.3.1 Base Cases

Two base cases are analyzed, one with the secondary side pressurized (case HP) and one with
the secondary side depressurized at the time of accident initiation (case DP).

4

; 37.3.1.1 Case HP - Pressurized Secondary System

The results of the case HP are presented in Figures 37-4 through 37-9. The loss of feedwater
to the steam generators leads to a loss of primary system heat sink due to the drying out of
the steam generator. De reactor coolant system and secondary systems are pressurized to the ;

'

setpoints of their saf :ty valves (Figure 37-4). The loss of primary coolant through the safety
valve leads to core uncovery at 4800 seconds (Figure 37-5), causing the core to heat up
(Figure 37-6). Natural circulation of the hot gases through the reactor coolant system loops
(Figures 37-7 and 37-8) transfers the heat to reactor coolant system pressure boundary walls,
causing them to heat up (Figure 37-9). After approximately 10,000 seconds, the water level
in the vessel is below the bottom of the active fuel. Radiation heat transfer from the bottom
of the core and the gas to the water in the lower plenum causes the water level to continue
to fall. At 14,895 seconds, the bottom of the core support plate uncovers, allowing the natural
circulation flow of gas to pass directly through the core. No significant melting of the fuel
has occurred. The heat transfer to the gas cools the core. Increased circulation through the
core at the time that the lower core support plate uncovers causes a spike in the vessel upper
plenum gas and the reactor coolant system component temperatures. No core relocation to
the lower head is predicted to occur prior to failure of the hot leg nozzle from creep due to
the high pressure and temperature gases.
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37.3.1.2 Case DP- Depressurized Secondary System

.

He results of case DP are presented in Figures 37-10 through 37-15. his sequence is the
same as case HP except that the relief valve of one steam generator is stuck open from time
zero. He blowdown of the affected steam generator cools the system until the reduced water
level on the tubes attenuates the heat transfer from the primary system. De affected steam
generator dries out at 10,217 seconds, and the secondary pressure (Figure 37-10) falls to
approximately atmospheric pressure. He unaffected steam generator then removes heat from
the reactor coolant system until the reduced secondary iaventory uncovers the tubes and the
heat transfer is insufficient to remove all of the decay heat from the primary system. He
reactor coolant system pressure (Figure 37-10) then increases to the pressurizer safety valve
setpoint. The unaffected steam generator dries out at 14,871 secouds. De core uncovers at
17,042 seconds, and the sequence then proceeds similarly to the sequence described in case

HP.

37.3.2 Sensitivity Cases

MAAP4 sensitivity cases to examine the effect of change in the natural circulation flow and
the operator action to flood the reactor cavity on the component temperature transients are
presented. He reduction in natural circulation increases the core temperature and can result
in core relocation and potential blockage. De flooding of the reactor cavity has the potential
to cool the reactor coolant system components and change the temperature response.

37.3.2.1 Case NC - Natural Circulation Sensitivity

To examine uncertainties recommended in Reference 37-2, the natural circulation flow rate
from the core to the upper plenum is reduced in case NC. This is accomplished in MAAP4
by using case HP and increasing the friction factor in the core to upper plenum flow causing
the core to heat up faster. His results in increased cladding oxidation and significant fuel
melting prior to reaching reactor coolant system piping temperatures where creep rupture
failure could occur.

Increasing the natural circulation removes more heat from the core and results in slightly
higher transient temperatures of the reactor coolant system components. However, the time
at which the various reactor coolant system components reach the temperature required for
consideration of creep failure is not substantially altered with respect to each other. Therefore,
increased natural circulation is not specifically analyzed as part of this sensitivity analysis.

The MAAP4 results are presented in Figures 37-16 through 37-22. De sequence proceeds
much like the sequence in case HP. However, the core to upper plenum natural circulation
(Figure 37-19) is reduced by more than 10 percent. Rapid oxidation of the cladding begins
at approximately 13,000 seconds as indicated by the rapid temperature increase in the core
(Figure 37-18). De heat of reaction released by the oxidation results in significant melting
in the core, which causes the core to relocate and block heat transfer from the fuel to the
passing steam. This blockage is indicated by the noncooleble core debris (Figure 37-18) in
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the core region at the time of support plate uncovery. He reduced heat transfer to the steam
and lower natural circulation flow to the upper plenum cause the temperature in the upper
plenum gas to stabilize (Figure 37-18). The temperature of the reactor coolant system
components follows (Figure 37-21). Core debris relocates to the lower head of the reactor
vessel at 17,200 seconds (Figure 37-22).

37.3.2.2 Case FL - Flooding the Reactor Cavity Sensitivity

Flooding the reactor cavity can affect the high-pressure and temperature transient by removing
heat from the reactor coolant system through the vessel walls and cooling the hot leg nozzle
wall after it is flooded. To examine the effect that flooding the reactor cavity may have on
the transient, the sequence examined in case HP is repeated with the operator action to flood
the cavity, initiated at the time that the core exit temperatures reach 2000*F.

The MAAP4 results for case FL are prec,ented in Figures 37-23 through 37-29. Case FL
proceeds much like case HP until 11,624 seconds, when the operator action to flood the
reactor cavity is initiated. The effect of the flooding of the vessel results in cooler
temperatures in the reactor coolant system. He cooler temperatures extend to time to support
plate uncovery to 16,632 seconds, so cooldown of the core before rapid oxidation does not'

occur as it does in case HP. Core melting and relocation occurs and forms blockages in the
core region as indicated by the noncoolable geometry and the stabilization of the upper
plenum gas temperature. Core debris relocates to the lower head of the vessel at 17,200
seconds (Figure 37-29). At 17,500 seconds, the cavity is flooded above the hot leg elevation.
The hot leg nozzle wall temperatures (Figure 37-28) fall rapidly because of the heat transfer
to the containment water.

37.4 Reactor Coolant System Piping and Steam Generator Tube Failure

37.4.1 Creep Rupture Timing

The reactor coolant system components are analyzed for the timing of creep rupture failure,,

with respect to each other. De temperature transients for the hot leg nozzle and steam
generator tubes developed in MAAP4 analyses, described above, provide the input to the
analyses. He temperature transients representing the average through-wall temperatures at
the hottest point for each component are selected for use in this portion of the analysis. The
hottest points are the following:

Loop 1 hot leg nozzle.

Loop I hot side steam generator tubes at the tubesheet.

Loop 2 cold side steam generator tubes at the tubesheet.

The timing of creep rupture failure is estimated by calculating the creep damage in each
component. His method is used in Reference 37-4 to determine the timing of creep rupture
failure of reactor coolant system components in the Surry plant. He temperature transient
is divided into small time-steps; the time-to-failure based on the Larson-Miller parameter is
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calculated for the average temperature over the time-step. The duration of time-step divided
by the time-to-failure found for the temperatures in that time-step gives the incremental ,

damage incurred over the time-step. The summation of the incremental damage terms gives )
the overall damage to the component. De component is considered to be failed when the
overall damage term is equal to 1.0.

37.4.2 Results of the Component Failure Analysis

The methodology to calculate creep damage is applied to the average through-wall temperature
;

transients for each of the components in the four MAAP4 cases. Creep damage is calculated
for the hot leg nozzle and for tubes from both steam generators. The base case for creep
damage calculation uses the best-estimate hot leg nozzle Larson-Miller parameter to determine
the creep damage. A sensitivity case, using the upper bound Larson-Miller parameters for the
hot leg nozzle, was also performed for each of the MAAP4 cases. In both cases, the lower
bound steam generator tube Larson-Miller parameters are used to estimate the creep damage;

for the steam generator tubes.

37.4.2.1 Case HP Creep Damage Results

Results of the creep damage analysis for case HP are presented in Figures 37-30 and 37-31.
Failure of the hot leg nozzle is predicted to occur prior to the failure of the steam generator

.

tubes for both the best-estimate and the upper bound hot leg Larson-Miller parameter cases.
The hot leg nozzle failures occur well before core debris is relocated to the lower head of the
vessel.

374.2.2 Case DP Creep Damage Results

Results of the creep damage analysis for case DP are presented in Figures 37-32 and 37-33.
Failure of the steam generator tubes is predicted to occur prior to the failure of the hot leg for
both the best-estimate and the upper bound hot leg Larson-Miller parameter cases. The steam
generator tube failure occurs well before core debris is relocated to the lower head of the
vessel.

37.4.2.3 Case NC Creep Damage Results

Results of the creep damage analysis for case NC are presented in Figures 37-34 and 37-35.
Failure of the reactor vessel due to the relocation of core debris is predicted to occur before
creep damage leads to failure of the hot leg or the steam generator tubes.

37.4.2.4 Case FL Creep Damage Results

Results of the creep damage analysis for case FL are presented in Figures 37-36 and 37-37.
Failure of the hot leg nozzle is predicted to occur prior to the failure of the steam generator
tubes for both the best-estimate and the upper bound hot leg Larson-Miller parameter cases.
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De hot leg nozzle failures occur before core debris is relocated to the lower head of the
vessel.

37.4.3 Conclusions from the Component Failure Analysis !

|

The major conclusions of the creep damage analysis are as follows:

Creep rupture failure of the hot leg nozzle or the steam generator tubes occurs before*

relocation of core debris to the lower head of the vessel challenges the vessel integrity !

for the HP, DP, and FL cases. 1

1

For a pressurized secondary system, the hot leg nozzle is expected to fail by creep*

sooner than the steam generator tubes.

For a depressurized secondary system, creep rupture failure is predicted to occur in the*

affected steam generator tubes prior to hot leg nozzle failure. !

Core blockage (case NC) has a significant effect on the timing of creep rupture failure*

and can lead to high-pressure failure of the reactor vessel.

Flooding of the reactor cavity affects the timing of the core support plate uncovery and*
,

'

of the core melt progression prior to the creep failure, but does not significantly affect
the timing of creep rupture failure.

Re effect of the uncertainty in the hot leg nozzle Larson-Miller parameter on the*

timing of the hot leg nozzle creep rupture failure does not significantly effect the creep
rupture results.

i

37.5 Development of the Decomposition Event Tree
'

he decomposition event tree is developed to examine the uncertainties that may have an
affect on the likelihood of thermally induced failures of the reactor coolant system. De
decomposition event tree structure developed for quantifying the likelihood of thermally
induced primary system boundary failures is presented in Figu e 37-38. To answer the
quesdons posed at each node on the tree, the examination and quantification of the
uncertainties identified in the analysis presented in the previous sections are required. The
upward path at each node indicates a positive response to the question; the downward path
indicates a negative response. De nodes chosen for the decomposition event tree are as
follows:

Is the secondary system pressurized?Node SP -

Is the natural circulation rate high enough to prevent significant core blockageNode NC -

prior to a pressure boundary failure?
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Does the hot leg nozzle exhibit nominal creep rupture properties?Node LM -

Do the steam generator tubes not fail because of creep rupture prior to hot legNode SG -

nozzle creep rupture failure?

Does the hot leg nozzle creep rupture failure occur before vessel integrity is .Node HL -

challenged by molten debris in the lower head?,

>

Node ME - Does a reactor vessel failure occur above the debris such that the reactor
coolant system pressure is relieved prior to ejection of the core debris?

,

The end-states of the tree represent the types of reactor coolant system failures that are
postulated:

+

HLC Hot leg nozzle creep rupture failure prior to steam generator tube or vessel-

failures

Steam generator tube creep rupture failure prior to hot leg nozzle or vesselS7' -

failures

VF Vessel failure due to molten debris in the lower head prior to hot leg nozzle-

or steam generator tube failures; core debris ejected at low pressure

HPME - Vessel failure due to molten debris in the lower head prior to hot leg nozzle
or steam generator tube failures; core debris ejected at high pressure

1

37.6 Quantification of the Decomposition Event Tree

This section discusses the assignment of the split fractions at each of the nodes on the
decomposition event tree. Multiplication of each of the split fractions along a path of the tree
results in the probability of the accident following that particular path. The summation of the
probabilities of the paths that result in a particular end-state is the probability of that end-state.

37.6.1 Node SP

Is the secondary system pressurized?

Success Criteria:
Steam generator secondary side integrity maintained.

If feedwater is unavailable for secondary cooling, it is assumed that the AP600 emergency
operating procedures will instruct the operator to skip the steps that would depressurize the
secondary system. For accident class l A, the secondary system is expected to be pressurized
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,

unless a safety valve or relief valve sticks open, or a main steamline break upstream of the
isolation valve occurs. Rese types of valve failures are analyzed in the Level 1 PRA analysis
and accounted for in the core damage frequency of accident class IA. Derefore, the
probability of the failure of decomposition event tree node SP is the conditional probability
of these equipment failures defined in accident class IA sequences, plus the frequency of a
main steamline break upstream of the main steam isolation valve.

4Pabability of depressurization in accident class IA = 3.34x10.

:

Downstream Considerations: )
Depressurization of the secondary side of a steam generator is assumed to result in creep
failure of the steam generator tubes in all cases (MAAP4 case DP). Herefore, failure of node i
SP leads directly to end-state SGC. I

)
37.6.2 Node NC

1

is the natural circulation rate high enough to prevent significant core blockage prigt to a
pressure boundaryfailure?

Success Criteria:
Significant core blockage does not attenuate heat transfer from the fuel rods. |

The MAAP4 base case analysis (cases HP and DP) results show no relocation of the core
prior to lower support plate uncovery. The natural circulation uncertainty analysis (case NC)
results in relocation and blockage of the core prior to the uncovery of the support plate. His
is indicated by the fonnation of noncoolable debris in the core region for case NC
(Figure 37-18) and attenuation of the heat removed from the core to the reactor coolant system
metal. De base cases use the recommended default value (Reference 37-2) for the friction
in the core to upper plenum natural circulation, which is the lower bound of the recommended
range (Reference 37-8). Case NC uses the upper bound of the recommended range
(Reference 37-8). He geometrical design of the AP600 core is not significantly different
from that of a current plant, and there is no reason that the range of the value for the friction
factor should be different than that recommended in Reference 37-8. De base case friction
parameter recommended for use in the MAAP4 code is based on the benchmarking with the
one-seventh scale natural circulation testing (Reference 37-1) and is, therefore, considered to
be more representative than the bounding value.

Probability of NC Success = 0.90
Probability of NC Fail = 0.10

Downstream Considerations:
The degree of natural circulation has a significant effect on the tube temperature, and can
affect the probability of tube failure before hot leg failure at node SG.
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|
37.6.3 Node LM

Does the hot leg nozzle exhibit nominal creep rupture properties?

Success Criteria:
Does the hot leg nozzle fail first if the upper bound Larson-Miller parameter is used to assess

Icreep damage?

,

he creep damage was analyzed for all of the cases with a best estimate and an upper bound

! Larson-Miller parameter, as shown in Figures 37-30 through 37-37. In all cases, the use of
the upper bound Larson-Miller parameters did not change the conclusion that the hot leg
nozzle would accumulate creep damage at a much faster rate than the steam generator tubes,

,

'

for all cases with the steam generator secondary side pressurized. As shown in Figures 37-30
through 37-37, there is a significant margin in the time between predicted hot leg nozzle
failure (using the upper bound Larson-Miller parameters) and the predicted steam generator |

tube failure. Even if the upper bound Larson-Miller parameters, whict bounds all of the )
applicable test data for creep failure, was shifted in a more bounding direction, the overall
conclusion would still be applicable. I

1 Probability of nominal Larson-Miller parameters LM Success = 1.0

Downstream Considerations:
De probability that the hot leg nozzle has significantly greater strength creep resistance than
indicated by upper bound Larson-Miller parameters affects the probability that the steam
generator tube fails before the hot leg nozzle (node SG) and the probability of vessel failure
before hot leg nozzle failure (node HL).

37.6.4 Node SG

Do the steam generator tubes notfail because ofcreep rupture prior to hot leg nozzle creep
rupture failure?

Success Criteria:
Steam generator tube creep damage less than 1.0 at the time of expected hot leg nozzle creep
rupture failure.

The creep damage for the steam generator tubes in each case is presented in Figures 37-30
through 37-37. In all cases, with the secondary system pressurized, significant creep damage
does not occur in the steam generator tubes pdor to the time of hot leg nozzle creep failure.
This includes the cases in which the upper bound Larson-Miller parameter value for the hot
leg nozzle is used, as well as the best estimate value.

Probability of tube creep failure = 0.0
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I

i

Downstream Considerations:
Failure at node SG leads directly to end-state SGC,

37.6.5 Node IE
1

Do the hot leg nozzles notfail because of creep rupture before vessel integrity is challenged
by molten debris in the lower head?

Success Criteria:
Relocation of core debris to the lower head of the reactor vessel prior to the time the hot leg
nozzla creep damage equals 1.0.

'Ihe creep damage for the hot leg nozzle for each case is presented in Figures 37-30 through
37-37. In no case with best-estimate natural circulation has any core relocation to the lower
head occurred prior to hot leg nozzle creep failure. If the natural circulation is insufficient
and the core heat transfer from the core is blocked by relocated debris, then relocation to the
lower head of the vessel occurs prior to predicted creep failure of either the hot leg nozzle or
the steam generator tubes.

Given success at node NC, probability of hot leg nozzle creep failure = 1.0
Given failure at node NC, probability of hot leg nozzle creep failure = 0.0

Downstream Considerations:
Failure at nede HL lead directly to end-state HLC. Success of node HL leads to consideration
of high-pressure melt ejection.

37.6.6 Node ME

Does a reactor vesselfailure occur above the debris such that the reactor coolant system
pressure is relieved prior to ejection of the core debris? |

Success Criteria: I

Vessel failure occurs at a location that does not allow a large debris mass to be entrained into !
the containment prior to blowdowt2 of tie teactor coolant sysics.

'Ihe discussion presented in Reference 37-7 and the analysis for the retention of debris in the i

reactor vessel (Chapter 24) show that the likely location of the failure of the reactor vessel is
,

at the top of the debris bed at the metal pool. Failure at the top of the pool would allow the |

reactor coolant system to depressurize without entraining a significant debris mass to the
containment prior to the blowdown (Reference 37-7). Therefore, success at node ME is the
best-estimate response, and uncertainty in the high-pressure vessel failure mode is accounted
for by applying a 10 percent failure probability.

Probability of success at node ME = 0.90
Probability of failure at node ME = 0.10
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Failures of the Reactor Coolant System Pressure Boundary - - -

Downstream considerations:
Failure of node ME results in end-state HPME which represents a high-pressure discharge of
the molten core debris. On the AP600 containment event tree structure, this is assumed to

,

result in containment failure.
,

,

37.7 Results

The results of the quantification of the decomposition event tree are shown in Figure 37-38.
The results show that the conditional probability of a steam generator tube failure induced by
high gas temperatures after core damage for accident class IA is 1.0 for those accident
sequences that result in a depressurized steam generator secondary side and 0.0 for those
accident sequences in which secondary side isolation is maintained. De likelihood of high-
pressure melt ejection is estimated to be approximately 1 percent of the cases in which the
steam generators are not depressurized. Rese results are used to quantify the split fractions
at nodes SG and CR on the AP600 contamment event tree.

On the AP600 containment event tree, high-pressure melt ejection (end-state HPME) is
assumed to lead to early containment failure with a probability of unity. His is a
conservative assumption with respect to direct containment heating, which is not considered
to be a credible containment failure mechanism for the AP600 (Reference 37-7). De
likelihood of containment failure from a high-pressure melt ejection is mostly attributed to
possible vertical movement of the reactor vessel from the thrust forces and pressurization of
the reactor cavity. De direct vessel injection lines connected to the reactor vessel also have
a direct connection to a penetration at the containment wall. In actuality, the likelihood of
containment failure from movement of the vessel is not considered to be guaranteed.
However, since this failure mechanism occurs in less than 1 percent of the accident class and
is several times less likely than the containment bypass failure for high-pressure sequences,
the probability is conservatively lumped into the early containment failure release category.
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. 37. Decomposition Event Tree - Analysis of Thermally Induced
'

Failures of the Reactor Coolant System Pressure Boundary

Table 37-1

REACTOR COOLANT SYSTEM PIPING PARAMETERS

i Inner Dia. Thickness c3 .n. LMPu LMPu,3

Pipe (in.) (in.) Material (ksi) Asi) (x 10 2) (x 10'*)
'

HL 31 3.25 SA-508 11.9 - 35.7 / 36.0 -

Nozzle

CL 22 2.56 SA-508 10.7 - 35.7 / 36.0 -

Nozzle
2

41.8 -Surge 14.44 1.78 SS-316 10.1 -
:

Line

SG Tubes 0.607 0.036 Inconel 21.1 11.9 25.7 29.2 ;
'

690

<

Table 37-2

TIMING OF KEY EVENTS IN THE MAAP4 ANALYSIS

MAAP4 Case

Event HP DP NCL FL
,

(rec.) (sec.) (sec.) (sec.)

Core Uncovery 4792 17042 4792 4788

- - 13000 14600Rapid Oxidation

Sup Plate 14895 26762 14381 16632

i Uncovery

Debris in low - - 17200 17200

Head
,

Hot leg Flooding - - - 17500

.,

4
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38. Decomposition Event Tree Analysis Cf In-Vessel Steam Explosion

H-

CHAPTER 38

DECOMPOSITION EVENT TREE - ANALYSIS OF IN-VESSEL STEAM EXPLOSION

Thermally induced steam explosions within the reactor vessel (in-vessel steam explosions)
have been postulated to occur in core damage severe accident sequences with low primary
system pressure. The decomposition event tree quantifies the contribution to the overall
likelihood of containment failure due to in-vessel steam explosions. Results of the
quantification of the decomposition event tree provide input to nodes CF1 and SE on the
AP600 containment event tree.

38.1 Discussion of the Issue

Vapor explosions must be considered any time two molten materials may come into contact
and the temperature of one of the materials is far above that which would cause rapid
vaporization of the second fluid. A steam explosion is a vapor explosion in which the rapidly
vaporized fluid is water. Such phenomena must be considered in evaluations of accidents for
water-cooled reactors where the core materials could become molten as a result of the accident
condition.

This section decomposes the phenomenological chain cf events that determine the condition
for explosive interactions in-vessel, the energy rclease from such events, and the damage
potential for the interactions once an explosion has occurred. These are represented as a series
of events, hence, the designation of decomposition event tree. Of particular interest for
reactor safety evaluations is the damage that could occur following an explosive event.
Consequently, the decomposition event tree is stmetured toward an assessment of whether an
in-vessel explosive interaction can:

Be initiated=

Involve substantial material.

Propagate in a manner to release the energy stored in the high temperature molten=

material

Transmit the energy release effectively to the reactor vessel wall with sufficient energy*

to cause failure of this boundary with consequential failure of the containment through
ejection of the reactor vessel head as a missile with sufficient velocity to fail the
containment wall on impact
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38.2 Discussion of Controlling Phenomena and Uncertainties

Typically, steam explosions have been divided into four major phases. Rese are:

Premixing*

Triggering (initiadon)*

Propagation.

Expansion (sometimes called the energetics).

Figure 38-1 illustrates how these phases were considered in WASH-1400 (Reference 38-1).
For the decomposition event tree associated with in-vessel explosions, the four phases form
the foundation for the assessment. Additional events are considered to represent the likelihood
that an explosion could occur, and also that a mechanism could be created whereby an
energetic explosion could efficiently transfer energy to the reactor vessel and then to the
containment boundary through ejection of a ruptured reactor vessel head as a missile with
sufficient velocity to fail the containment wall on impact.

De major phenomenological questions are:

Are the conditions consistent with those where steam explosions can occur?*

If an explosion can occur, how much core matedal could be coarsely mixed with water*

when the event would be initiated?

If an explosion can occur, how much water mass would be available in the interaction.

zone (how much water could explode)?
;

How efficient are interactions with large masses of materials?*

What is the likelihood of forming a continuous liquid " slug" over the top of the.

interaction zone?
i

What is the likelihood that the energy impact of the slug would exceed the structural j.

integrity of the reactor vessel upper head to the extent that the head would rupture and j

be ejected as a missile with sufficient velocity to fail the containment wall on impact?

Each of these is discussed in terms of conditions relevant to the specific question in the
following sections.

38.2.1' Can an Explosion Occur?

Are tiv conditions consistent with those u+.ere explosions can occur?

De particular condition of interest is the reactor coolant system pressure when molten ;

material comes into contact with the water. Numerous references have demonstrated that .
'

explosive interactions are suppressed by elevated system pressures. Rese include experiments ;
;

.
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with molten sodium chloride in water (References 38-2 and 38-3), Freon-22 in mineral oil '

(References 38-4 and 38-5), molten core debris in water (Reference 38-6), ircn thermite in !

water (Reference 38-7) as well as limited scale experiments on individual phenomena such {
as those by Henry and Miyazaki (Reference 38-8) and Avedisian (Reference 38-9). These j

experimental studies clearly show that pressures in the range of 5 percent of the critical l

pressure are sufficient to preclude explosive interactions in the absence of an energetic trigger |
contained in the experiment. This is best illustrated by the extent of experimental information

'

shown in Table 38-1, which summarizes the results of 17 years of experimental work by
different investigators and illustrates that the reduced pressure (the ratio of the system pressure
to the thermodynamic critical pressure of the exploding fluid)is less than 0.05 for all systems
without an external trigger added to the system. Since large explosive triggers would be
absent in an accident situation, the occurrence of a steam explosion can be considered to be
of negligible likelihood for conditions where the reactor coolant system is pressurized above
this level, which corresponds to 1 MPa (145 psia). It is noted here that this behavior is
consistent with the Three Mile Island Unit 2 accident where molten raaterial drained into the
water filled reactor vessel lower plenum when the pressure was -10 MPa (1450 psia) and there
was no indication of an explosive interaction.

'Iherefore, on a sequence-specific basis, the conditions for an initiating explosive interaction
is considered as the first fundamental question in the in-vessel steam explosion decompusition
event tree.

i

38.2.2 How Much Core Material Would Be Involved?

If a steam explosion could occur, how much core material would be available to coarsely mix
with water when the event is triggered?

Of particular interest in this question is how much of the molten mrterial could be in a
particulated form within the reactor vessel lower plenum. This is represented by the material
which would be in the process of draining from an in-core location into the lower head, but
would not include material that would be accumulated on the lower head as a stratified
continuous layer of debris. Hence, the focus in these calculations is the extent of material that
would be molten, particulated, and in the process of settling in the lower head.

In the source term analysis of the AP600 PRA, the debris mass which that to the reactor
vessel lower head is 1.3E5 kg in the worst two cases (Figures 38-28 and 38-131), about
40,000 kg slumps instantaneously at any one time. However, considerations of particulation
(which provides a significant limitation) must be taken into account to determine if there is
enough core material within the reactor vessel lower plenum to potentially fail the vessel
through a steam explosion in the case of a core damage sequence.

,

'Ihe Steam Explosion Review Group (SERG) (Reference 38-13) concluded that the occurrence
of a steam explosion of sufficient energetics that could lead to alpha-mode reactor vessel
failure has a low probability given a core melt accident. Relevant new experimental and
theoretical information presented at a Committee on the Safety of Nuclear Installations Fuel
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Coolant Interactions Specialist meeting held at the University of California in Santa Barbara,
*

California, on January 5-8,1993 provided further confirmatory support for this conclusion.

A central feature of the quantitative responses in the SERG assessment was a mechanistic
treatment of various stages of the steam explosion sequence, with emphasis on estimation of
the mass of melt participating in the explosion. It follows that the low probability of early
containment failure suggested by the SERG stems largely from the belief that the fuel mass
participating in a potential steam explosion in the reactor vessel lower plenum following fuel
relocation from the core region is quite limited.

IThe limited potential for premixing of fuel and water prior to triggering and propagation was
first outlined by Henry and Fauske (Reference 38-15). The need for the premixing step in
order to produce an energetic large-scale steam explosion is clearly demonstrated ty the
limited mixing observed in triggered experiments with an initially stratified flow regir2e. As
illustrated by previous studies as well as papers presented at the CSNI-FCI specialist reeeting,
the resulting mixing depth in the molten layer following triggered vapor collapse is limited
to less than I centimeter (Reference 38-14). Quasi-steady one-dimensional analyses accounting i

for radiative and convective heat transfer from capillary size fuel particles suggested sufficient
steam generation rates to " flood" or deplete the water and, therefore, limiting a potentially
explosive premixture to a few hundred kilograms.

Subsequently, more detailed calculations related to the water depletion phenomenon have been
performed and reported in the open literature and the latest results were reported at the CSNI-
FCI specialist meeting (References 38-16,38-17,38-18,38-19, and 38-20).

The most advanced calculations (three fluid formulation) as well as hot particle experiments
were presented by 'Iheofanous (Reference 38-16), demonstrating excellent agreement between
measured and calculated void distributions. Utilizing a water depletion criterion corresponding

2to a void fraction of 0.7 along with a fuel pour area or core support failure area of 2 m (fuel
pour diameter about 1.6 meters) and a fuel particle size of 2 centimeters, Theofanous'
calculations suggest a peak premixing value of about 1.5 tonnes at atmospleric pressure
condition. This value is a factor of about three lower than earlier calculations (two fluid
formulation) (Reference 38-2,1).

A related issue is the fuel particle size to be used in the premixing calculations. Relevant
quenching experiments (Reference 38-6) suggest that the capillary size, d - (c/gp)", is a good
representation of the average measured particle size for the fraction of corium jet experiencing
breakup. Since radiative heat transfer would appear of prime importance (as clearly illustrated
by Theofanous' comparison between the CHYhES and PM-ALPHA calculations), to a first
order the premixing fuel mass would be proportional to the assumed premixture fuel
dimension. Theofanous' calculation of 1.5 tonnes based on a 2-centimeter fuel particle is
reduced to about 300 kg when the capillary size of 0.4 centimeter is used, even when a very
large fuel pour diameter of 1.6 meters is assumed.

Furthermore, as indicated by Tbriand and Fletcher (Reference 38-22), Theofanous' example,
utilizing a pour diameter of 1.6 meters, can be considered an outlier. A more reasonable fuel
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pour diameter would be of the order of 0.1 meter, as suggested by the hree Mile Island
Unit 2 fuel relocation process (Reference 38-23). As such, consideration of hydrodynamic
breakup in the absence of thermal considerations leads to a fuel premixture of a few hundred
kilograms.

In summary, excellent progress has been made toward improving the quantification, as well
as experimental confirmation, of the water depletion phenomenon in limiting the fuel mass
in the premixing stage of an energetic steam explorbn. For pour diameters of the order of
0.1 meter, the premixing would be largely independent of pressure. This is consistent with
the Three Mile Island Unit 2 estimate of a few hundred kilograms at a pressure of about
7 MPa (Reference 38-23).

38.2.3 How Much Water Would Be Involved?

If an explosion can occur, how much water mass would be available in the interaction zone?

Water is always available in the lower plenum when the core debris slumps into it. From the
source term analysis, the water mass available in the lower plenum when the core slumps is
about 30,000 kg. However, considerations of interaction zone, as discussed in
subsection 38.2.2, show that a void fraction of 50 to 70 percent would be expected to enable
water and molten core debris to mix. Therefore, considering an interaction zone of about
1 meter in diameter and 2 meters deep with a void fraction of 50 percent (and discounting the
core debris) results in a water mass of approximately 3000 kg. Thus, only a fraction of the
water in the lower plenum would participate in the interaction.

38.2.4 What Is Efficiency of Interaction?

How efficient are interactions with large masses of materials?

Explosion efficiency is defined as the fraction of stored thermal energy in the melt material
which is converted to explosion mechanical energy. Large scale steam explosion efficiency
experiments have been carried out at Sandia Laboratories in two different test series, one
using an iron thermite mixture (Reference 38-24) to simulate the degraded core material and
the other incorporating both an iron-thermite and a corium-thermite (Reference 38-25) which
had a higher melting temperature and was a more realistic simulant of the anticipated debris
character.

In the first set of experiments (Reference 38-24), the iron thermite melt had a temperature of
about 3000 K as it left the melt generator and was discharged directly into a 0.9 meter
diameter vessel filled with water. For all those experiments carried out with an artificial
trigger, the water was at the ambient temperature, assumed to be 295 K. The reported
conditions for the various experiments of interest are listed in Table 38-2 for the melt
quantity, the water temperature, the time to explosion, and the reported explosion efficiency
(as compared to the stored energy in the melt material). Given the mass of material
discharged into the test vessel, the water temperature, and the melt temperature, the pre-
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explosion fragmentation sizes can be evaluated from the film boiling fragmentation model.
,

(In these experiments the ambient pressure was always slightly less than 0.1 MPa.) De melt I
4

temperature resulting from the thermite reaction is about 3000 K and results in reaction
products of metallic iron (Fe) and aluminum trioxide (Al O ). He melting temperature for2 3

the aluminum trioxide is about 2300 K and 1800 K for metallic iron. Consequently,
solidification of either of these constituents requires a substantial decrease in temperature and
the resulting fragmentation process could continue as the melt cools, i.e., lower temperatures
reduce the film boiling steam generation rate and allow finer particulation. De various levels
predicted for melt temperatures of 3000 K and 1800 K are illustrated in Table 38-2, and as
shown, the lower temperature predicts a radius 1/5 of that typical of the higher temperature
fragmentation condition. Rese calculated values bracket the coarse prefragmentation states
which could be rapidly dispersed on an explosive time scale by the mixing energy from the
explosive detonator. However, the salient point displayed in the table is not the explosive
detonator. De most important point shown in the table is that the combination of (the
magnitude of the melt, the subcooled water temperature, and the large vessel cross-sectional
area allows significant coarse prefragmentation of the melt prior to the onset of an explosive
interaction. He largest fragmentation sizes prior to the explosion are 1.6 centimeters in
diameter (in close agreement with the pre-explosion sizes reported for the Sandia
experimenters in other publications) (Reference 38-26). Dese sizes were deduced from
movies taken in similar-sized vessels with transparent viewing ports.

To externally trigger an explosive interaction, a 0.64 gram charge of high explosives was |
used. Assuming this detonator to be PETN or an equivalent material, the explosive reaction j

products are essentially all gaseous and the work delivered to the corium-water mixture by
the detonator can be equated to the heat of explosion. For PETN this is about 5800 J/gm of
material. His can be treated as the energy available to intermix materials prior to the
explosive energy transfer. To achieve such intermixing on an explosive time scale, it is i

lassumed that it occurs within a 1 ms interval with a final particle size sufficiently small to
enable an efficient thermal energy transfer, i.e., about 500 m in diameter. His particle size
range is also in general agreement with the post-explosion particle sizes found in these
experiments.

A second test series was performed at Sandia with a different test vessel (1.2 meters internal
diameter) and molten material generated flom both iron-aluminum oxide thermite and a
corium-A+R thermite. His latter reaction had products of uranium dioxide, zirconium
dioxide, nickel oxide, stainless steel, and molybdenum. The minimum liquidus temperature
for this mixture is reported to be 2770 K, which is considerably greater than the 2300 K
temperature for aluminum oxide. Boiling steel limited the maximum temperature for the
codum reaction to 3070 K.

In this second test series, external triggering was also induced by explosive detonators, but
two different sizes were used. One was the same as that employed in the first iron-thermite
test (0.64 gram of PETN), and the other was a detonator plus a lead-covered explosive core
0.76 meter in length, containing 6 grams of PETN. His second method represented a much
more energetic trigger than that used in the thermite tests. In fact, the pulse duration for the
corium A+R event in mn 59, which used this larger trigger, was not much different than that
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represented by the trigger alone. Also the measured work (about 30 kJ) was less than the
work released by the high explosive (about 35 kJ).

|
1

Table 38-3 lists the experimental conditions and observations for the tests in which molten-

material was successfully discharged into the interaction vessel. As illustrated, explosions
were observed with the iron thermite as initiated by both spontaneous and artificial triggers.
However, with the corium A+R melt, only one mild explosion was reported, and this was

' triggered by the 6 gram PETN external trigger.

|

From these results, then, it can be concluded that the efficiency of interactions involving
degraded core material and water is less than about 0.5 percent, even with artificial triggers. |

38.2.5 What Is the Likelihood of Forming Slug?

What is the likelihood offorming a continuous liquid " slug" over the top of the interaction
zone?

nrland et al,in their assessment of the probability of containment failure due to in-vessel
steam explosions for the Sizewell B PWR (Reference 38-22), had difficulty in identifying a
continuous liquid slug tamping an in-vessel steam explosion. Calculations indicate that there
is much steam in the region above the explosive mixture. Here may be relatively intact fuel
assemblies at the periphery of the core. De downcomer is expected to contain highly voided
water. In addition, the core debris is unlikely to be a single liquid, but could contain
substantial solid remains (remains of the lower crust, upper and lower fuel pins). Although
Turland et al (Reference 38-22) have developed a concept of leakage to study this question,
they have been unable to quantify whether a coherent slug forms.

De energy required to crush and fail structures on the path to the upper head, the remains of
the core itself, the core support plate, the upper core tie plate, the upper core plate, and the
upper plenum structures will further impact slug energy and the continuity of the slug
(References 38-21 and 38-22), although, if it does stay together as a continuous slug, it will
now include the remains of the internals as a single upwardly moving mass.

Rese considerations make formation of a continuous overlying slug unrealistic.

38.2.6 What Is the Likelihood of Vessel Failure with Consequential Containment Failure?

What is the likelihood that the energy impact of the slug would exceed the structural integrity
of the reactor vessel upper head to the extent that the head would rupture and be ejected as
a missile with sq[ficient velocity tofail the containment wall on impact?
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38.2.6.1 Vessel Energy Absorption Capability
I

For the postulated energetic thermal interactions considered in WASH-1400 (Reference 38-1),
the primary coolant system could be breached at some point. He required conditions in the
calculational model included a strong fluid-structural coupling between the energy source and
the reactor vessel walls. His coupling resulted from the vessel being either fully or partially
filled with water such that a coherent water slug can be driven against the upper vessel head
(such as a mechanism like that created in the SL-1 accident). The ability of the pressure
boundary to absorb the energy generated will depend on many factors, including the
magnitude and time scale of the energy release; the amount of fluid-structure coupling present;
the directionality,if any, of the event; the presence ofin-vessel structures that can both absorb
energy and disrupt a coherent slug; and the material properties and condition of the vessel and
bolts at the time of the event.

De determination of the energy absorption capabilities of nuclear reactor vessel components
has been the subject of numerous experimental programs and analytical studies for over
15 years. Rese include the early experimental work of Proctor and Wise (References 38-27
and 38-28) and the more sophisticated computer techniques developed at Argonne National
Laboratory (References 38-29 and 38-30) and Sandia (Reference 38-31). An analysis of the
energy absorption capability for the Zion and Indian Point reactor vessels in response to in-
vessel steam explosions was performed (References 38-32 and 38-33) by Sandia and Los
Alamos. Rese results were then extended by Carlsson (Reference 38-34) to Swedish
pressurized water reactors (PWR) and boiling water reactors (BWR) using scaling laws to
account for a range of vessel diameters, thickness, and boiling systems.

The Sandia estimate of the work potential possible from an in-vessel steam explosion, given
an assumed intimate dispersion of corium and water, ranged from 300 W to 3000 W. He
force from the steam explosion was assumed to accelerate a water slug to a velocity
corresponding to an energy of the same magnitude. Slug impact then caused vessel head
deformation along with stud elongation and upper vessel deformation, which was evaluated
using the HONDO II code. It was estimated that structural failure would probably occur at
the top of the head (where maximum strains occur) for slug energies in 300 W to 1200 W )
range while a 3000 W slug would fail the head and possibly the studs. Although this study
was interesting in the sense that failure was related to slug and steam explosion work energy, ;

it was based on vague assumptions concerning slug mass. This parameter is important in
assessing the response of the vessel. (For example, doubling the slug mass would cause the l

impact pressure to drop to only 70 percent of its initial value.) Further, no estimates were |
given for the partitioning of the slug energy between the vessel head, studs, and upper vessel. I

Nor was there an estimate of the maximum strain energy absorbed in the various components, |
(such as, head, bolts, vessels) at the time of failure.

The energy-absorbing capability of the various vessel components can be related to the j

volume of material. With this in mind, Carlsson (Reference 38 34) estimated the slug impact
energies required to fail various Swedish pressurized water reactors and boiling water reactors
vessels - or at least give the same amount of deformation as calculated by LASL and Sandia

I
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in References 38-32 and 38-33. Agali this analysis is predicated on a given slug mass,
shape, and energy (1200 MJ), and assumes there is a linear relationship between slug energy
and energy absorbed in the structure.

Perhaps a better approach to estimating vessel energy absorption capability would be to use
the experience gained in evaluating the response ofliquid metal fast breeder reactor (LMFBR) 4

containment vessels (References 38-35,38-36, and 38-37). These analyses were essentially I
based on similar hypothetical energy source terms (molten fuel coolant interactions) under the
" ideal" conditions which provided for good coolant-structure coupling and a mass of coolant
above the core which would act as a slug. It should be pointed out, however, that there are
also dissimilarities. For example, the UD rate for LMFBR vessels is somewhat smaller than
those of LWRs and the vessel top heads are flat rather than hemispherical. Also, the vessel
heads arc generally more massive and stiffer than in LMFBRs which have a tendency to cause
more deformation of the upper vessel walls. However, based on the calculated response for
a LMFBR vessel under postulated explosive interactions, it can be expected that an assumed
large scale FCI in the core region would initially deform the vessel horizontally while the slug
would deform the upper vessel and head as shown schematically in Figure 38-2. The vessel
wall deformations are roughly sinusoidal along the length of the vessel while the head can be
expected to deform in a manner similar to that calculated by Sandia (Reference 38-32). 'Ihus,
it is possible to give a rough estimate of the energy absorption capability of LWR reactor
vessels.

38.2.6.2 Energy Yield of In-Vessel Steam Explosion

Theofanous et al. (Reference 38-16), in a continuation of the calculations that led to the fuel
,

premix of 1.5 tonnes (see subsection 38.2.2), attempted to quantify the threat to the vessel.
Even with a conservatively bounding explosion efficiency of 20 percent, the 1.5-tonne
premixture led to a mechanical energy release value much too small to threaten the upper
head. It is concluded there that accumulating enough fuel mass for an energy yield to threaten
the upper head cannot be anticipated to be physically possible under any circumstances
relevant to reactor conditions.

38.2.6.3 Containment Failure

For the purposes of the analysis, it is assumed as a conservatism that, if the energy impact of
the slug exceeds the stmetural integrity of the reactor vessel upper head, containment failure
results due to impact of the reactor vessel upper head as a missile on the containment wall.

38.3 Development of the Decomposition Event Tree

The decomposition event tree stmeture developed for quantifying the contribution of this
decomposition event tree to the probability of containment failure is presented in Figure 38-3.
The questions posed at each node on the tree examine and quantify the phenomenological
questions and uncertainties identified in the analysis presented in the previous sections. The
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upward path at each node indicates a positive response to the question; the downward path
indicates a negative response. De nodes chosen for the decomposition event tree are:

i
Node RP - Is the ini'tial system pressare elevated above the level where initia. ion of steam |

explosions is prevented?

Node FR - Is there less molten core material being coarsely mixed in the water in the
lower plenum (nan is needed to provide the energy release required to rupture ;
the reactor vessel? i

1

Node W A - Is insufficient water mass available in the interaction zo= in the lower plenum
'

to create an explosion of enough magnitude to rupture the acactor vessel?

Node MX - Is the efficiency of the interaction less than required to cause an explosion of
enough magnitude to rupture the reactor vessel?

Node SX - Is there either no long, coherent, continuous water slug overlying the reaction
zone or insufficient energy transfer from the steam explosion delivered to the
slug to transmit the energy from the expansion of the steam in a coherent
fashion?

Node VF - Does the liquid slug fail to impact the reactor vessel upper head with sufficient |

energy to fail the reactor vessel?

De end-states of the tree represent the state of the containment due to postulated in-vessel
steam explosions.

SC - Success; both the vessel and the containment remain intact

Containment failureCF -

38.4 Quantification of the Decomposition Event Tree

his section discusses the assignment of the split fractions at each of the nodes on the
decomposition event tree. Multiplication of the split fractions along a path of the tree results
in the probability of the accident following that particular path. De summation of the
probabilities of the paths that result in a particular end-state is the probability of that end-state.

38.4.1 Node RP

is the initial system pressure elevated above the level where initiation of steam explosions is
prevented?

e ,1995 W @ 0USe
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Success Criteria:
Per subsection 38.2.1, the occurrence of a steam explosion is of negligible likelihood for,

conditions where the reactor coolant system is pressurized above 0.5 MPa.a

In the PRA analysis for all core da:nage sequences, drainage of the molten core material into
the lower plenum essentially always occurs at low reactor system pressure.

Probability of initial system pressure below 0.5 MPa (failure of node) = 1.0

Downstream Considerations:
Success of Node RP leads directly to end-state SC. If initial system pressure is below
0.5 MPa, in-vessel steam explosions can potentially occur. This potential is examined further
in subsequent nodes of this decomposition event tree.

38.4.2 Node FR

Is there less molten core material being coarsely mixed in the water in the lower plenum than
is needed to provide the energy release required to rupture the reactor vessel?

Success Criteria:
Less mass of corium than that needed to threaten reactor vessel integrity must be premixed
in the water in the lower plenum.

Per subsection 38.2.2, the maximum mass of molten debris that coel be particulated and
mixed is about 1000 kg. This is far less than the quantity necessary to challenge the reactor
vessel. Since vessel failure is then considered to be unrealistic, the likelihood of having a
sufficient molten mass coarsely mixed will be set at 10'8. 'Ihis value was used to characterize
those postulated behaviors which are found to be unrealistic in the ROAAM process applied
to the Mark I liner melt-through (Reference 38-38).

Probability of enough core material being coarsely mixed (failure of node) = 0.001

Downstream Considerations:
Success of node FR leads directly to end-state SC. If there is enough molten core material
draining into the lower plenum to challenge the reactor vessel, the potential exists for the
debris to actually mphire the vessel and fait containment through an in-vessel steam explosion.
This potential is examined further in subsequent nodes of this decomposition event tree.

38.4.3 Node WA

is insufficient water mass available in the interaction zone in the lower plenum to create an
explosion of enough magnitude to rupture the reactor vessel?

Success Criteria:
Less than 1000 kg premixed in the interaction zone.
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Per subsection 38.2.3, sufficient water mass is always available in the lower plenum when the
core debris drains into it.

Probability of sufficient water mass being available (failure of node) = 1.0

Downstream Considerations:
Success of node WA leads directly to end-state SC. If the debris drams into a sufficient pool
of water, the potential exists for an in-vessel steam explosion of enough magnitude to rupture
the reactor vessel. 'lhis potential is examined further in subsequent nodes of this
decomposition event tree.

38.4.4 Node MX

is the efficiency of the interaction less than required to cause an explosion of enough
magnitude to rupture the reactor vessel?

Success Criteria:
Efficiency of interaction less than required.

Per discussion of this issue in subsection 38.2.4, an interaction with an efficiency which would
challenge the vessel is unrealistic, so, like node FR, the likelihood will be set to 0.001.

Probability of interaction with more than required efficiency = 0.001

Downstream Considerations:
Success of node MX leads directly to end-state SC. If the efficiency of the interaction is large
enough, the potential exists for an explosion of enough magnitude to rupture the reactor
vessel. 'lhis potential is examined further in subsequent nodes of this decomposition event
tree.

38A.6 Node SX

is there either no long, coherent, continuous water slug overlying the reaction zone or
insuficient energy transferfrom the steam explosion delivered to the slug to transmit the
energyfrom the expansion of the steam in a coherentfashion?

Success Criteria:
No water slug or insufficient coherent energy transmission.

Per discussion of this issue in subsection 38.2.5, formation of a continuous overlying slug is
unrealistic, so, here again, the likelihood will be set to 0.001.

Probability of coherent transmission of energy to liquid slug = 0.001
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Downstream Considerations:
Success of node SX leads directly to end-state SC. If energy can be transmitted to a water

| slug in a coherent fashion, the potential exists that the slug can impact the reactor vessel head !

with sufficient energy to mpture the head. This potential is examined further in a subsequent I

i node of this decomposition event tree, l

| |

| 38.4.6 Node VF

Does the liquid slug fail to impact the reactor vessel upper head with sufficient energy tofail
the reactor vessel?

|

Success Criteria- I

The liquid slug breaks up and dissipates in the upper plenum and fails to impact the reactor I
vessel upper head with sufficient energy to fail the reactor vessel. ;

i

Per discussion in subsections 38.2.6, 38.2.2, and 38.4.2, the failure of the reactor vessel with
'

consequential failure of the containment due to impact of a liquid slug formed by an in-vessel I

steam explosion is unrealistic, so, as before, the likelihood will be set to 0.001. |

Probability of slug impacting head = 0.001

Downstream Considerations:
Success of node VF leads to end-state SC. As previously discussed, failure of the reactor
vessel is assumed to lead to containment failure through the impact of the reactor vessel upper
head as a missile on the containment wall. Therefore, failure at node VF leads directly to
end-state CF.

38.5 Results

The decomposition event tree is quantified using the split fractions outlined above
(Figure 38-4). Given a core damage severe accident, the conditional probability of
containment failure due to in-vessel steam explosions is an extremely small number. This is
due to the fact that several elements in the chain of events are found to be physically
unrealizable. This number is so small that it loses physical meaning. Hence,it is suggested
that c be used in the event tree instead of the number. An alternate means of showing this

4is to inow less than 10 . This is how the conditional probability is used in the split fraction
for containment event tree nodes CFl and SE.
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Table 38-1

| EXPERIMENTS DEMONSTRATING A HIGH PRESSURE CUT-OFF I

.

| System Pressure
|

Explos.ive Required to Reduced
PnssuresLaboratory Materials Used Eliminate PressureMeasund Explosion Ratio

(MPa/ psia)
(MP@ia)

Argonne (Reference 38-5) Freon-22 and mineral oil 2.5/363 0.2/29 0.04
,

1

Argonne")(Reference 38-4) Freon-22 and mineral oil 2.0/290 0.5n3 0.10

Isp s (Reference 38-2) Water and molten sodium 6.0/870 1.0/145 0.05 I

chloride |

1spra' (Reference 38-3) Water and molten sodium 4.0/580 3.1/450 0.15 |

chloride
!

Sandia' (Reference 38-10) Water and molten corium 1.5/218 0.75/109 0.04
|

Winfrith (Reference 38-11) Water and molten 3.0/435 0.9/131 0.05 l

uranium dioxide
,

'

Sandia (Reference 38-12) Water and molten iron 3.5/508 > 1.01/> 147 > 0.0
thermite

Avedisian (Reference 38-9) t)-Octane and glycerin Not > 0.101/14.7 > 0.04
measured < 0.687/100 < 0.27

i

Magallon and Hohmann Molten UO and water No explosion Pressure = 5/725 Consistent2

(Reference 38-6) observed with 0.5

10/1450
Yamano, et al. Molten iron thermite and Explosions Consistent
(Reference 38-7) water observed with 0.05

when: P = 0.1/15
No explosions

for
P = 1.6/232

Note:
1. Externally triggered systems
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-

Table 38-2
;

b.thDIA IRON-THERMITE TEST
EXPERIMENTS WITH AN ARTIFICIAL TRIGGER

1

Pre Trierer
Melt Water Time to Particle Diameter

Quantity Terrperature Explosion Emciency mm
Run kg K sec. % 3000 K 1800 K j

27 4.2 - 295 1.17 0.42 5.0 1.0 |

29 3.4 - 295 0.92 0.47 4.0 0.8

|

30 3.2 - 295 0.95 036 3.7 0.7

35 12.0 - 295 334 0.20 14.0 2.8

38 13.0 - 295 3.45 0.19 16.0 3.0

41 9.4 - 295 234 0.26 10.8 2.2

|
,

i

l

i
'
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|

Table 38-3

| SANDIA IRON-THERMITE AND CORIUM A+R TESTS
E

Time
Melt Water Water to

Quantity Temperature Mass Explosion Emciency
Run Melt kg K kg sec. % Comments

54 Fe-Al O 13.6 - 295 3500 0.5 Spontaneous2 3 ,

explosion i 1

55 Fe-Al O 13.6 - 295 3500 0.56 Spontaneous !2 3
explosion, triggered
explosion later
-0.64 g PETN

56 Corium A+R 13.6 - 295 3500 - - No explosion
-0.64 g PLTN

57 Corium A+R 13.6 - 295 3500 13 0.01 Weak interaction
-0.64 g PETN

58 Corium A+R 19.4 - 295 3500 03 No explosion-

6 g PETN

59 Corium A+R 19.4 - 295 3500 13 0.05 Mild explosion
-6 g PETN

Revision: 3gg
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39. Decomposition Event Tree Analysis of Ex-Vessel Steam Explosion

CHAPTER 39

DECOMPOSITION EVENT TREE - ANALYSIS OF EX-VESSEL STEAM EXPLOSION

Thermally-induced steam explosions outside the reactor vessel (ex-vessel steam explosions)
have been postulated to occur in core damage severe accident sequences in which debris may
be discharged from the reactor vessel into a pool of water. 'Ihis happens only on failure of
in-vessel retention which,in turn, happens only on failure to submerge the lower head. De i

decomposition event tree (DET) quantifies the contribution to the overall likelihood of
containment failure because of ex-vessel steam explosions given core damage and failure of
in-vessel retention. Results of the quantification of the decomposition event tree provide input
to node CFI on the AP600 containment event tree.

39.1 Discussion of the Issue

Ex-vessel steam explosions could occur in the reactor cavity if molten core debris is
discharged from the reactor vessel into the flooded cavity on failure of in-vessel retention.
Studies evaluating the risk of severe accident sequences have considered ex-vessel steam
explosions as a potential mechanism for early containment failure. Results of analyses '
performed in accordance with significant scale experiments and expansion characteristics of
shock waves form the basis for treatment of ex-vessel steam explosions. Specifically, ex-
vessel steam explosions are addressed by considering the potential for overpressure in the
containment because of rapid steam generation as a result of explosive interactions and the
shock waves that could be created by the interactions and imposed on subcompamnent and
containment walls. Since the energy released from a thermal explosion increases with
increasing mass of molten material, the largest threat to containment integrity from a steam
explosion would be a core melt sequence with a relatively coherent release of molten material
at vessel failure.

He first systematic evaluation of steam explosions was performed by an ad hoc panel of
experts, the Steam Explosions Review Group (SERG) (Reference 39-1). Although this |
evaluation was carried out for in-vessel steam explosions, there are insights for ex-vessel j
steam explosions in Reference 39-1 in terms of fragmentation, intermixing, heat transfer, and
triggering. The NUREG-1150 expert panel on steam explosions (Reference 39-2) agreed that ,

the SERG assessments were appropriate, and made use of them (based on arithmetic
averaging)in their quantification. A specialist meeting on fuel coolant interactions sponsored i
by the Committee on the Safety of Nuclear Installations was held at the Univers* of |
California in Santa Barbara, California on January 5-8,1993 to provide a forum to mscuss |
recent progress regarding steam explosions. The meeting included integral assessments of risk
due to steam explosions; none of these indicated that the SERG conclusions were overstated
(optimistic). The available information provided at the meeting either validated the opinions
generated by the SERG, or demonstrated that there was substantial conservatism in the SERG
assessments and reduced these conservatisms. More explicit Risk-Oriented Accident Analysis
Methodology (ROAAM) quantifications are currently under way (Reference 39-3). j

i

[ W W OUSS hh- Feb 5,
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|

39.2 Discussion of Controlling Phenomena and Uncertainties
i

For large-scale steam explosions to occur in a containment, large fractions of hot molten core ;
Imaterial must be first premixed with the water prior to the explosion as it is released from the

reactor vessel, then finely fragmented and interInixed with the water on the time scale of the
explosion.

The key factors that determine the likelihood, magnitude, and significance of steam explosions j
within a containment include:

He energy required to fail the containment*

He transmission of this energy from the explosion to the containment boundary !.

He amount of core material needed to provide such an energy release.

The fragmentation of the hot material in the water.

He mixing energy requirements when the material is finely fragmented and.

rapidly intermixed during the explosion

He site of an external trigger to initiate the explosion.

He propagation characteristics of the coarsely fragmented system.

Each of these factors must be sufficient to create an event of sufficient magnitude to fail the I

containment. De failure of a single link in this chain to achieve the proper conditions will
preclude an event of such magnitude. ,

i

he major phenomenological questions that control these factors are:

How much core material could be coarsely mixed with water when an explosion event I.

could be initiated?
|

How much water mass would be available in the interaction zone (how much water.

could explode)?

How efficient are interactions with large masses of materials?.

What is the likelihood of the shock waves resulting from an explosion weakening the* *

cavity walls such that the vessel moves and tears one or more containment penetrations?

What is the likelihood that the pressure resulting from the explosion shock wave and.

the longer-term steam overpressure would fail the containment?

Revision: 3
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Each of these is discussed in terms of conditions relevant to the specific question in the
following sections.

39.2.1 How Much Core Material Would Be Involved?

How much core material would be available to coarsely mix with water when a steam
explosion event is triggered? 1

Of particular interest in this question is how much of the molten material could be in a |
particulated form within the reactor cavity. Hence, the focus in these calculations is the extent |

of material that would be molten, particulated, and in the process of settling in the cavity.
i

An order-of-magnitude estimation of the amount of core material needed to provide an energy
release sufficient to fail containment can be performed. case 3BE.cci in the source term j

analysis of the PRA can be taken as a typical vessel failure case. He containment gas !

pressure and temperature just prior to vessel failure in case 3BE.cc1 are 1.3E5 Pa and 400 K,
8respectively (see Figures 34-152,34-153, and 34-162). De containment volume is 48,000 m .

Treating the air in the containment as an ideal gas and taking the gas constant as
8314 Pa m'/kgmole-K leads to an amount of air in the containment of 2000 kgmoles. Per !
Chapter 42, the mean containment failure pressure is 137.1 psig (1.0E6 Pa). Raising 2000 '

8kgmoles of an ideal gas in a volume of 48,000 m from a pressure of 1.3E5 Pa to 1.0E6 Pa
requires a temperature increase of 2800 K. Air has a molecular weight of 29 kg/kgmole and
a specific heat at constant volume of 716 J/kg K (Reference 39-4). De energy needed to
raise the temperature of 2000 kgmoles of air 3000 K is 1.3E11 J. Derefore, the expected
energy deposition required to fail the AP600 containment would be about 1.1E11 J.

He mechanical work delivered by a completely efficient thermal interaction is considered
in Reference 39-5; this shows a specific work term of 815 kJ/kg of water vaporized with a

,

final pressure of 3 atmospheres, which in turn requires almost 2800 kJ/kg of thermal energy '

transfer. As a result, the necessary corium mass undergoing a complete reaction from 2500
K to the coolant saturation temperature to fait containment would be about 3.0E5 kg.
However, typical steam explosion measurements show large scale interactions to be less than
1 percent efficient (Reference 39-6). For conservatism in this analysis it is assumed that the

'

interactions are of the order of 10 percent efficient. Rus, a mass of about 3.0E6 kg would
be required.

In the source term analysis of the AP600 PRA, the debris mass in the reactor cavity is just
over 1.3E5 kg in case 3BE.ccl. Even without considerations of particulation (which provides
a significant limitation), there is significantly less core material within the reactor cavity than
is needed to fail the containment through a steam explosion in the case of a vessel failure
sequence. However, particulation will still be considered.

T W OUS8 FebdN,$Ns
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-

39.2.1.1 Water Depletion during Pre-Mixing

Water depletion refers to the fonnation of a voided (high steam fraction) region when melt
pours into water. Water depletion (voiding) during premixing was postulated (Reference 39-7)
as a mechanism that limits the amount of debris mass that can participate in a steam
explosion. His mechanism has been investigated analytically (Reference 39-8) and
demonstrated experimentally (Reference 39-9). A coarse premixed configuration is a
prerequisite condition for a steam explosion. Steam is produced by the radiative and
convective heat transfer from capillary size melt (fuel) particles during the premixing of these
two fluids. High steam generation rates would drive water out of the mixing region, thereby
depleting the water and limiting the size of the potentially explosive interaction. Specifically,
large quantities of high temperature melt cannot coexist with large quantities of water in such
a coarsely mixed configuration. Furthermore,largely voided premixtures are very inefficient
for energy transfer should an explosion be initiated (triggered).

39.2.1.2 Multi-Dimensional Venting of the Interaction Zone

Multi-dimensional venting of the explosion or interaction zone may occur in open pool
geometries or shallow pools for configurations with large aspect ratios (Reference 39-10). ;

This phenomenon is particularly important when dynamic pressure loads are quantified on
structures adjacent to steam explosions. Direct venting of the explosion zone reduces the peak j

dynamic pressure. Furthermore, reflections of pressure waves off the free surface of the pool
mitigate the transmitted component of the load on affected structures such as the reactor cavity
walls.

39.2.1.3 Limited Debris Jet Penetration into Cold (Sub-Cooled) Water Pools

Limited debris jet penetration for high-velocity jets entering highly subcooled pools may lead
to highly dynamic breakup patterns. The high-velocity jet could result from high-pressure
melt ejection or long " free-fall" distances for gravity-driven draining of melt from
depressurized reactor pressure vessels. (High-pressure sequences themselves are very unlikely
because of the large depressurization capability for the design, and because of hot leg creep
rupture if the core should be overheated at high pressures.) "Ihe dynamic and localized rapid
pressure generation would lead to melt fragmentation and quenching and the destruction of
the coarse melt premixed configuration. His destruction by fragmentation and quenching of
the coarse melt masses by forced, small-scale, but intense interactions is called " penetration
cutoff" (Reference 39-10). This localized breakup would tend to prevent deep pool
penetration.

39.2.1.4 Triggering

Given that a coarse premixed configuration can be produced, an event that triggers the
initiation and propagation of a steam explosion is required. Spontaneous triggering of a steam
explosion may occur when molten debris contacts the water pool surface, when debris contacts
structures or piping submerged in the water, or when debris coritacts the submerged concrete

DUNMe ,1995 6
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surface (floor or wall). In any case, only a limited amount of debris is likely to be available
to participate in the steam explosion due to the difference in time scales for the leading edge
of the debris to contact the wetted surfaces compared to the time to discharge the molten
debris mass from the failed reactor vessel. He steam explosion will disperse the available
core debris and water, and disrupt the required premixed configuration and quench (solidify)
at least a portion of the core debris. Since only a fraction of the molten debris would
participate, this limits the amount of energy available to participate in the steam explosion.

39.2.1.5 Core Material Available

he limited potential for premixing of fuel and water prior to triggering and propagation was
first outlined by Henry and Fauske (Reference 39-7). Quasi-steady one-dimensional analyses
accounting for radiative and convective heat transfer from capillary size fuel particles
suggested sufficient steam generation rates to " flood" or deplete the water and, therefore, limit
a potentially explosive premixture to a few hundred kilograms.

He most advanced calculations (three fluid formulation) as well as hot particle experiments
were presented by neofanous (Reference 39-3), demonstrating excellent agreement between
measured and calculated void distributions. Utilizing a water depletion criterion corresponding

2to a void fraction of 0.7 along with a fuel pour area of 2 m (fuel pour diameter about 1.6 m)
and a fuel particle size of 2 centimeters, Deofanous' calculations suggest a peak premixing
value of about 1.5 tonnes at atmospheric pressure condition.

A related issue is the fuel particle size to be used in the premixing calculations. Relevant
quenching expenments (Reference 39-11) suggest that the capillary size is a good
representation of the average measured particle size for the fraction of corium jet experiencing
breakup. Since radiative heat transfer would appear of prime importance (as clearly illustrated
by neofanous' comparison between the CHYMES and PM-ALPHA calculations), to a first
order the premixing fuel mass would be proportional to the assumed premixture fuel
dimension. Beofanous' calculation of 1.5 tonnes based on a 2 centimeters fuel particle is
reduced to about 300 kg when the capillary size of 0.4 centimeters is used, even when a very
large fuel pour diameter of 1.6 m:ters is assumed.

In summary, excellent progress has been made toward improving the quantification, as well
as experimental confirmation, of the water depletion phenomenon in limiting the fuel mass
in the premixing stage of an energetic steam explosion. For pour diameters of the order of
0.1 meter, the premixing would be largely independent of pressure. This is consistent with
the Three Mile Island Unit 2 estimate of a few hundred kilograms at a pressure of about 7
MPa (Reference 39-12).
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39.2.2 How Much Water Would Be Involved? l
|

How much water mass would be available in the interaction zone ifan explosion could occur?
|

'Ihis decomposition event tree assesses the potential for an ex-vessel steam explosion
challenging the integrity of the containment given that vessel failure has occurred. The
conditional state of vessel failure assumes that drainage of the in-containment refueling water
storage tank inventory to the reactor cavity has failed. Therefore, at most the successful l

operation of the passive injection capability (core makeup tank and accumulators) and primary
;

system inventory would be available to flood the cavity. This total inventory would be
sufficient to temporarily submerge the lower vesel head and provide cooling. However, as
this water was boiled away it would eventually collect in the in-containment refueling water
storage tank. Given the failure of the in-containment refueling water storage tank drainage
paths, the water would not returt .o the cavity and maintain a submerged reactor pressure
vessel condition. This process could leave a water pool in the reactor cavity approximately
1.4 meters deep. This is the vertical displacement between the bottom of the lower head and
the reactor cavity floor. For those non-loss-of-coolant accident sequences where neither
pdmary system inventory nor the passive injection could collect in the reactor cavity, only
condensation on surfaces beneath the condensate collection system elevation (approximately
at the level of the operating deck) would collect in the reactor cavity. This could result in a
water pool in the reactor cavity a fraction of a meter deep. Thus, water would always be
expected to be present in the reactor cavity, although in some cases it would be expected to '

be a shallow pool. Furthermore, the AP600 plant design assures that the reactor cavity will
be flooded. It is assumed there is always sufficient water in the reactor cavity to cause a
steam explosion.

1

4 39.2.3 What is Efficiency of Interaction?

How epicient are interactions with large masses of materials?

Explosion efficiency is defined as the fraction of stored thermal energy in the melt material
that is converted to explosion mechanical energy. Large-scale steam explosion efficiency
experiments have been carried out at Sandia Laboratories in two different test series, one
using an iron thermite mixture (Reference 39-6) to simulate the degraded core material and
the other incorporating both an iron-thermite and a corium-thermite (Reference 39-13), which
had a higher melting temperature and was a more realistic simulant of the anticipated debris
character.

In the first set of experiments (Reference 39-6), the iron thermite melt had a temperature of I

about 3000 K as it left the melt generator and was discharged directly into a 0.9 meter !

diameter vessel filled with water. For all those experiments carried out with an artificial |
trigger, the water was at the ambient temperature, assumed to be 295 K. The reported ,

conditions for the various experiments of interest are listed in Table 39-1 for the melt |
quantity, water temperature, time to explosion, and reported explosion efficiency (as compared '

to the stored energy in the melt material). Given the mass of material discharged into the test
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vessel, the water temperature, and the melt temperature, the pre-explosion fragmentation sizes
can be evaluated from the film boiling fragmentation model. (In these experiments the
ambient pressure was always slightly less than 0.1 MPa.) he melt temperature resulting from
the thermite reaction was about 3000 K and results in reaction products of metallic iron (Fe)
and ahuninum trioxide (Al O ). The melting temperature of the aluminum trioxide is about2 3

2300 K and that of metallic iron is about 1800 K. Consequently, solidification of either of
these constituents requires a substantial decrease in temperature and the resulting
fragmentation process could continue as the melt cools (lower temperatures reduce the film
boiling steam generation rate and allow finer particulation). De various levels predicted for
melt temperatures of 3000 K and 1800 K are illustrated in Table 39-1, and as shown, the
lower temperature predicts a radius 1/5 of that typical of the higher temperature fragmentation
condition. Dese calculated values bracket the coarse prefragmentation states that could be
rapidly dispersed on an explosive time scale by the mixing energy from the explosive
detonator. However, the salient point displayed in the table is not the explosive detonator.
he most important point shown in the table is that the combination of the magnitude of the
melt, the subcooled water temperature, and the large vessel cross-sectional area allow
significant coarse prefragmentation of the melt prior to the onset of an explosive interaction.
It should also be noted, that the largest fagmentation sizes prior to the explosion are 1.6
centimeters in diameter (in close agreement with the pre-explosion sizes reported for the
Sandia experimenters in othu publicatiom) (Reference 39-14). Dese sizes were deduced
from movies taken in similar-sized vessels with transparent viewing ports.

To externally trigger an explosive interaction, a 0.64 gram charge of high explosives was
used. Assuming this detonator to be PETN, or an equivalent material, the explosive reaction
products are essentially all gaseous and the work delivered to the corium-water mixture by
the detonator can be equated to the heat of explosion. For PETN, this is about 5800 J/gm of
material, his can be treated as the crergy available to intermix materials prior to the
explosive energy transfer. To achieve such intermixing on an explosive dme scale, it is
assumed that it occurs in an ms interval with a final particle size sufficiently small to enable
an efficient thermal energy transfer (about 500 pm in diameter). %Is particle size range is
also in general agreement with the post-explosion particle sizes found in these experiments.

A second test series was performed at Sandia with a different test vessel (1.2 meters internal
diameter) and molten material generated from both iron-aluminum oxide thermite and a
corium-A+R thermite. His latter reaction had products of aranium dioxide, zirconium
dioxide, nickel oxide, stainless steel, and molybdenum, he minimum liquidus temperature
for this mixture is reported to be 2770 K, which is considerably greater than the 2300 K
temperature for aluminum oxide. Boiling steel limited the maximum temperature for the
corium reaction to 3070 K.

In this second test series, external triggering was also induced by explosive detonators, but
two different sizes were used. One was the same as that employed in the first iron-thermite
test (0.64 gram of PETN), and the other was a detonator plus a lead-covered explosive core
0.76 meter in length and containing 6 grams of PETN. This second method represented a

j much more energetic trigger than that used in the thermite tests. In fact, the pulse duration
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for the corium A+R event in run 59, which used this larger trigger, was not much different
than that represented by the trigger alone. Additionally, the measured work (about 30 kJ) was

| less than the work released by the high explosive (about 35 kJ).

Table 39-2 lists the experimental conditions and observations for the tests in which molten
material was successfully discharged into the interaction vessel. As illustrated, explosions
were observed with the iron thermite as initiated by both spontaneous and artificial triggers.
However, with the corium A+R melt, only one mild explosion is reported and this was
triggered by the 6 gram PETN external trigger.

From these results, it can be concluded that the efficiency of interactions involving degraded
core material and water is less than about 0.5 percent, even with artificial triggers.

39.2.4 What is the Likelihood of Containment Falhare Due to Tearing of Coctainment
Penetrations?

What is the likelihood of the shock waves resultingfrom an explosion weakening the cavity
walls such that the vessel moves and tears one or more containment penetrations?

Since a steam explosion would occur in the confines of the cavity, the shock wave would
impact the cavity floor and walls. 'Ihe severity of the shock wave would be mitigated
somewhat by the shallowness of the water poolin the cavity (Reference 39-15). 'Ihe shock
wave impact will not bave a significant effect on the massive reinforced concrete structure of
the cavity. If the sonic velocity of a concrete wall 1 meter thick is taken to be 1000 m/s, the
far side of the wall would not experience any change due to the initiation of a shock wave
imposed on it for at least I millisecond. At this time, the outer surface of the wall would
experience the arrival of a compression wave and the transmittal of a rarefaction wave back
toward the explosive source. This would indicate a velocity in the wall of about 4 m/s if the

8density of the wall is assumed to be 2000 kg/m . Movement of the wall due to tids induced
velocity would be counteracted by the tensile strength of the wall, which is principally the
steel reinforcement within the wall. Forces developed by straining the reinforcement would
reduce the velocity in the wall. Since the loadings associated with the shock wave have a
duration of a few milliseconds, velocities induced by the transmittal of the wave through the |

wall would only result in a few millimeters displacement. Experiments with reinforced
concrete walls have demonstrated that substantially greater displacements would be required
to structurally fail such members (Reference 39-16). 'Iherefore, the dynamic response of the
cavity wall is so small that the concrete structure, and ultimately the containment, can be j

assumed not to respond. i

|

|

|
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1

39.2.5 What is the Likelihood of Containment Failure Due to Shock Wave and/or
Overpressure?

What is the likelihood that the pressure resulting from the explosion shock wave and the |
longer term steam overpressure wouldfail the containment? |

|
'

A significant ex-vessel steam explosion could occur only in ue reactor cavity of the AP600.
he plant design provides that the cavity will accumulate water before any other
compartments. For low-pressure vessel failure, the debris-water interaction is limited to the
cavity because debris will not be transponed to other parts of the containment. For a high
pressure sequence, the debds can be transported to other compartments in the containment,

lbut not before passing through the cavity pool. The AP600 design is such that it cannot have
an isolated pool outside the cavity that can be contacted by molten debris if the cavity is dry.
High-pressure sequences are very unlikely because of the large depressurization capability for

,

the design, and because of hot leg creep rupture if the core should be overheated at high )
pressures which will probably fall under the residual risk (negligible). Dere is little chance l

of damaging equipment required for recovery, since no essential equipment is located in the
cavity. Shock waves created in the cavity by the steam explosion would dissipate in a few
meters.

Due to the distance between the cavity and the containment wall, a shock wave created by an
ex-vessel steam explosion would not challenge the integrity of the containment wall. De
amplitude of the impulsive pressure loading that could occur on the containment shell because
of a steam explosion in the reactor cavity would be on the order of a few psi
(Reference 39-17).

Case 3BE.cci in the source term analysis of the PRA shows a containment gas pressure spike
right after vessel failure to 3.2E5 Pa (46 psia). Per Reference 39-17, the ex-vessel steam
explosion contribution to this is 0.3 psi from steam generation and 1.3 psi from shock wave.
Per Chapter 42, the containment failure probability at 46 psia is much less thsn 6.12E-8.

39.3 Development of the Decomposition Event Tree

he decomposition event tree structure developed for quantifying the contdbution of this
decomposition event tree to the probability of containment failure is presented in Figure 39-1.
De questions posed at each node on the tree examine and quantify the uncertainties identified
in the analysis presented in the previous sections. De upward path at each node indicates a
positive response to the question; the downward path indicates a negative response. De
nodes chosen for the decomposition event tree are:

Is there less molten core material being coarsely mixed in the water in theNode FR -

reactor cavity than is needed to provide the energy release required to fail the
containment?
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Node WA - Is insufficient water mass available in the interaction zone in the reactor
cavity to create an explosion of enough magnitude to fail the containment? j

Node MX - Is the efficiency of the interaction less than required to cause an explosion of
enough magnitude to fail the containment?

Node WF - Are the resulting shock waves insufficient to weaken the cavity walls such
that the vessel moves and tears out one or more containment penetrations?

Node CF Is the pressure resulting from the explosion shock wave and the longer-term-

steam overpressure less than that required to fail containment?
!

l

The end-states of the tree represent the state of the containment due to postulated ex-vessel
steam explosions.

Success; the containment remains intactSC -

Containment failure following an ex vessel steam explosionCF -

39.4 Quantification of the Decomposition Event Tree

1his section discusses the assignment of the split fractions at each of the nodes on the
decomposition event tree. Multiplication of the split fractions along a path of the tree results
in the probability of the accident following that particular path. The summation of the
probabilities of the paths that result in a particular end-state is the probability of that end-state.

1

39.4.1 Node FR

is there less molten core material being coarsely mixed in the water in the reactor cavity than
is needed to provide the energy release required tofail the containment?

Success Criteria:
Per subsection 39.2.1, a minimum of 3.0E6 kg of corium must undergo a complete reaction
from 2500 K to the coolant saturation temperature to challenge containment integrity. ;

Per subsection 39.2.1, the maximum mass of molten debris that could be particulated and
mixed is about 1000 kg. This is far less than the quantity necessary to challenge the
containment. Since containment failure is then considered to be unrealistic, the likelihood of
having a sufficient molten mass coarsely mixed will be set at 10r$. This value was used to
characterize those postulated behaviors which are found to be unrealistic in the Risk-Oriented
Accident Analysis Methodology process applied to the Mark I liner melt-through
(Reference 39-18). i

i

| Probability of enough core material being coarsely mixed (failure of node) = 0.001 i

| !
;
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Downstream Considerations- |

Success of node FR leads directly to end-state SC. If there is enough molten core material
draining into the reactor cavity to challenge the containment, the potential exists for the debris
to actually fail containment through an ex-vessel steam explosion. 'Ihis potential is examined
further in subsequent nodes of this decomposition event tree.

39.4.2 Node WA

is insuficient water mass available in the interaction zone in the reactor cavity to create an
explosion of enough magnitude tofail the containment?

l

Success Critena:
Insufficient water in reactor cavity to cause a steam explosion which could fail the
containment.

Per subsection 39.2.2, sufficient water is always available in the reactor cavity when the core
debris drains into it.

Probability of sufficient water mass being available (failure of node) = 1.0

Downstream Considerations:
Success of node WA leads directly to end-state SC. If the debris drains into a sufficient pool
of water, the potential exists for an ex-vessel steam explosion of enough magnitude to fail the
containment. This potential is examined further in subsequent nodes of this decomposition
event tree.

39.4.3 Node MX

is the eficiency of the interaction less than required to cause an explosion of enough
magnitude tofail the containment?

Success Criteria:
Efficiency of interaction less than required.

Per discussion of this issue in subsection 39.2.3, an interaction with an efficiency which would
challenge the containment is unrealistic, so, like node FR, the likelihood will be set to 0.001.

Probability of interaction with more than required efficiency = 0.001

Downstream Considerations:
Success of node MX leads directly to end-state SC. If the efficiency of the interaction is large
enough, the potential exists for an explosion of enough magnitude to fail the containment.
'Ihis potential is examined further in subsequent nodes of this decomposition event tree.

i

{
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39.4.4 Node WF

Are the resulting shock waves insufficient to weaken the cavity walls such that the vessel
moves and tears one or more containment penetrations?

Success Criteria:
Loads resulting from steam explosion does not challenge integrity of reactor cavity (interior)
walls.

Per discussion of this issue in subsection 39.2.4, the probability of the load resulting from a
,

steam explosion directly challenging the integrity of the reactor cavity (interior) walls is
unrealistic, so, like node FR, the likelihood will be set to 0.001.

Probability of challenging integrity of interior walls = 0.001

Downstream Considerations:
Failure of node WF leads directly to end state CF. Even if there is success of node WF, the
potential exists for the explosion to fall the containment directly. This potential is examined
further in the next node of this decomposition event tree.

39.4.5 Node CF

is the pressure resulting from the explosion shock wave and the longer term steam
overpressure less than that required tofail containment?

Success Criteria:
Loads resulting from explosion do not challenge integrity of containment boundary.

Per discussion of this issue in subsection 39.2.5, the probability of the load resulting from a
steam explosion directly challenging the integrity of the contamment boundary is unrealistic,
so, here again, the likelihood is set to 0.001.

Probability of challenging integrity of containment = 0.001

Downstream Considerations:
Failure at node CF leads directly to end-state CF. Success of node CF leads to end-state SC.

39.5 Results

'Ihe decomposition event tree is quantified using the split fractions outlined above
(Figure 39-2). Given a core damage severe accident and vessel failure, the conditional
probability of containment failure due to ex-vessel steam explosions is an extremely small
number. This is because several elements in the chain of events are found to be physically
unrealizable. This number is so small that it loses physical meaning. Hence, it is suggested
that c be used in the event tree instead of the number. An alternate means of showing this
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4is to show less than 10 . This is how the conditional probability is used in the split fraction
for containment event tree node CF1.
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| Table 39-1
i

{
l SANDIA IRON TIIERMITE TEST

EXPERIMENTS WITH AN ARTIFICIAL TRIGGER :

Pre Trierer
Melt Water Time to Partic!e Diameter

i Quantity Temperature Explosion Efficiency mm
i Run kg K sec. % 3000 K 1800 K

!

27 4.2 - 295 1.17 0.42 5.0 1.0

29 3.4 - 295 0.92 0.47 4.0 0.8

30 3.2 - 295 0.95 036 3.7 0.7

35 12.0 - 295 334 0.20 14.0 2.8

| 38 13.9 - 295 3.45 0.19 16.0 3.0

41 9.4 - 295 234 0.26 10.8 2.2 ]
I

,

t

1

1
i
|
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Table 39-2

SANDIA IRON-TIIERMITE AND CORIUM A+R TESTS

Melt Water Water Time to
Quantity Temperature Mass Explosion Efficiency

Run Melt kg K kg sec. % Comments

54 Fe-Al O 13.6 - 295 3500 0.5 Spontaneous2 3

explosion

55 Fe-Al O 13.6 - 295 3500 0.56 Spontaneous2 3

explosion, triggered
explosion later
-0.64 g PETN

56 Corium 13.6 - 295 3500 No explosion- -

A+R -0.64 g PETN

57 Corium 13.6 - 295 3500 13 0.01 Weak interaction
A+R -0.64 g PEIN

58 Corium 19.4 - 295 3500 03 - No explosion
A+R 6 g PETN

59 Corium 19.4 - 295 3500 13 0.05 Mild explosion -6 g
A+R PETN

i

|

!
|
|

|
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CIIAPTER 40

DECOMPOSITION EVENT TREE - |

ANALYSIS OF EX-VESSEL DEBRIS COOLABILITY !

His decomposition event tree (DET) quantifies the likelihood of ex-vessel debris coolability
in the reactor cavity. Ex. vessel debris coolability must be established to prevent molten core-
concrete interaction (MCCI) which can threaten containment integrity by noncondensible gas
generation and concrete ablation. De purpose of the decomposition event tree is to provide i

'

a structured, AP600 design-specific assessment of the phenomenological uncertainties related
to debris coolability and to provide input to the DQ and SCC nodes of the AP600 containment
event tree.

40.1 Discussion of the Issue 1

|

To assure ex-vessel debris coolability, the necessary water inventory must be maintained in
the cavity, and the debris must remain in a coolable geometry. The cavity can be flooded

l
prior to vessel failure by gravity draining of the in-containment refueling water storage tank
(IRWST) (automatic or manual actuation of the cavity flooding valves), as specified in the
AP600 containment event tree. If this is successful, debris coolability is relevant only in the ,

event that submerging the reactor vessel is unable to prevent vessel failure. In accident I
sequences where the in-containment refueling water storage tank is unavailable, accumulators :
and core make-up tanks can provide water to the cavity. To maintain cavity water inventory, j
steam created by debris quenching must be recirculated back to the cavity. The passive

'

containment cooling system provides cooling of the steel containment shell and thereby
recirculates steam from the containment atmosphere back to the cavity. De long-term cavity
water inventory is considered in both the PC and RW nodes of the AP600 containment event
tree. Since sufficient initial inventory is always present in the AP600 reactor cavity to quench
the debris and because maintenance of the inventory is addressed in other nodes of the I
containment event tree, coolant inventory considerations are not addressed in the quantification

of node DQ.

Even with the necessary water inventory, the debris may not be coolable if the cavity
geometry or debris configuration does not promote sufficient heat transfer from the debris to
the water. For a fixed volume, debris thickness (or surface area) can limit the total heat
transfer rate if the debris cannot disperse. De debris is most likely coolable ifit is dispersed
into a thin layer. Debris dispersal is addressed in the AP600 design by the large cavity area |

and absence of unguarded cavity sumps where debris can accumulate in a thick layer. De
debris configuration affects the heat flux to water as well. Two configurations, debris bed
or continuous slab, are possible. He continuous slab might limit water ingression into the
debris becat:se fissures or cracks may not be present.
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40.2 Discussion of Controlling Phenomena and Uncertainties

40.2.1 Reactor Vessel Pressure at Vessel Failure

If vessel failure results in high-pressure melt ejection, gas flow from the vessel disperses
debris, in the form of discrete particles or a thin coherent wave, throughout the cavity and
other contalmnent compartmerfs. High-pressure melt ejection occurs if the reactor coolant
system is not depressurized and the reactor vessel fails by debris impingement and ablation
of the lower head. If the vessel fails in this mode, the debris is expelled first and the exiting
gases entrain debris as particles or coherent waves. A reactor vessel pressure of several
hundred psi is required to entrain debris, in the case of low-pressure melt ejection, the debris
remains in the cavity and debris dispersal must be assessed, assuming the cavity is flooded.
High-pressure melt ejection will not occur if the initiating event is a large loss-of-coolant
accident; the automatic depressurization system is successful; the operator depressurizes the
reactor coolant system after core damage has occurred; the hot leg or surge line fails due to
high temperature creep rupture; or the reactor vessel fails due to creep rupture above the
debris bed in the lower plenum, which allows the gas to exit before the debris and prevents
entrainment. The decomposition event tree analysis for thermally-induced failures of the
reactor coolant system pressure boundary (Section 37) demonstrates that hot leg creep
generally occurs prior to reactor vessel lower head failure for high pressure sequences and the
containment event tree conservatively assumes containment failure for all high-pressure melt 1

ejection events. Therefore, no high-pressure melt ejection events are considered in the
quantification of the ex-vessel debris coolability decomposition event tree.

40.2.2 Debris Mass Expelled from the Reactor Vessel

"Ihe thickness of the debris bed depends on the extent of the debris dispersal, the debris
spreading area, and the mass of debris expelled. For a low-pressure sequence where the

,

debris is essentially limited to the cavity area, the minimum debris thickness is determined by l
the amount of debris that is expelled from the reactor vessel. A value of 25 centimeters has |

Ibeen used as a criterion for debris coolability (Reference 40-1), although coolability might
also depend on the configuration. Experiments suggest that a molten pool of 15 centimeters
is coolable and may be coolable up to 25 centimeters (Reference 40-2). Assessments of
condensed debris thickness were made by assuming that the debris is dispersed throughout the
AP600 cavity (Reference 40-3). An upper bound of 43 centimeters results from assuming that
the debris includes the mass of UO zirconium, the core support plate, and the reactor vessel2

lower head. 'Ihis value overstates the debris thickness because the reactor vessel lower head
may not be part of the debris, especially if the cavity is flooded or partially flooded. If the
reactor vessellower head is excluded, the condensed debris thickness becomes 25 centimeters.

If any part of the core remains in-vessel, or if the entire core support plate is not molten, the
uniform, condensed debris thickness would be less than 25 centimeters.
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40.2.3 Ex Vessel Steam Explosions

if the reactor vessel falls and the cavity is flooded or partially flooded, there is the potential
for a steam explosion in the cavity. A steam explosion promotes coolability by fragmenting
debris and dispersing it throughout the cavity and perhaps other parts of the containment.
Therefore, debris dispersal is likely if a steam explosion occurs. He likelihood of an ex-
vessel steam explosion is the subject of a separate decomposition event tree.

40.2.4 Debris Configuration

De potential debris configuration riust also be considered in the event that a high-pressure
melt ejection or steam explosion does not occur. Two configurations are possible: a
continuous phase underlying coolant and a fragmented debris bed. A continuous phase, or
stab, is expected whenever there is insufficient water to quench and fragment the debris
initially. A fragmented debris bed can become continuous if decay heat cannot be removed
and the debris re-melts.

Debris coolability can be limited in the slab configuration if the hest transfer mechanism is
one-dimensional conduction. One-dimensional conduction occurs if cracking and water
ingression into the debris does not occur. A large stable crust across the top of the debris
might prevent cracking and water ingression, but stable crusts on the AP600 scale have not
been observed experimentally. Stable crusts have been observed in small-scale molten core-
concrete interaction experiments (References 40-4 and 40-5). Argonne National Laboratory ;

performed similar, but dry, experiments for the Aerosol Containment Experiments program, |
but stable continuous crusts were not observed in the 50 cm square test apparatus.
Evaluations of crust phenomenology (suspended or floating) suggest that the crust
phenomenology varies with increasing scale. De results may indicate that a stable crust is
less likely in the AP600 cavity design, which is much larger than any test apparatus used to
date.

He debris bed will be fragmented if any of the following occur: a steam explosion in the
cavity, high-pressure melt ejection, or the debris falls through a deep water pool. De depth
of the water pool required for jet break-up is given by (Reference 40-6):

b = 6.25 (p/p,)*
D

where:

the break-up lengthL =

the init'" jet diameterD =

the corium densityp, =

the water densityp, =
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;

Using a corium density of 8000 kg/m' and a water density of 1000 kg/m', the break-up length
(or pool depth) is 18 times the initial debris jet diameter. His result suggests that the
required break-up length for a corium debris jet would be on the order of a few meters, with
an exact value depending on the initialjet diameter and the pool temperature. De pool depth
in AP600 is more or less limited by the 1.34 meters between the cavity floor and the reactor l

vessel lower head bottom. If the pool depth is much larger than 1.34 meters, ex-vessel ;

cooling will, in all likelihood, prevent vessel failure. Derefore, partial debris tragmentation |
Is expected in the absence of steam explosions or high-pressure melt ejection. Part of the |
debris bed may be fragmented, while other parts may be continuous pools. Partial debris
fragmentation should still prevent the formation of a continuous slab that inhibits water I
ingression.

l

40.2.5 Debris Spreading

Debris must spread over the cavity floor to provide heat transfer surface area and reduce the ;
-

debris thickness. High-pressure melt ejection or an ex-vessel steam explosion results in debris
fragmentation and debris spreading. For other sequences, debris spreading may be limited by
freezing, although debris spreading might occur even in low. pressure sequences with cavity.

flooding. Nonuniformly distributed debris that is not coolable will ultimately heat up, melt,
and spread further. Gas sparging by concrete ablation aids in spreading of molten or partially
molten debris.

1

40.2.6 Long-Term Heat Flux from the Debris to Overlying Water

To maintain debris coolability, the heat flux from the debris to overlying water must be large
enough to remove decay heat in the long term. The AP600 cavity design meets the advanced
light water reactor Utility Requirements Document design requirement (References 40-2 and
40-7). His requirement is based on a debris bed with water ingression and heat transfer
capability equal to or greater than saturated flat plate critical heat flux. (The requirement also
states that the sump depths must be kept to a minimum, or else sumps must be built with

2curbs or obstructions to keep debris out.) A heat flux of 1 MW/m , which is actually slightly
less than flat plate critical heat flux, but typical of 2 to 3 millimeters particle debris beds, is
used as a reference. His reference heat flux is justified because film boiling is unstable for )
low thermal conductivity oxides and irregular surfaces. Also, a stable crust cannot be
maintained, and water will ingress and contact the debris.

Several conservatisms are built into the advance light water reactor requirement. A decay |
power of 1 percent and a design factor of 0.5 are both assumed. In the long term, a decay
power of 1 percent is conservative because it corresponds to decay heat at about two or three
hours into the accident - a very early vessel failure time for the AP600 design. He design l

factor states that the heat flux necessary to remove decay heat must really be less than
20.5 MW/m . His mquirement takes no credit for debris ejection from the cavity or debris

retention within the vessel. The effective decay power would be reduced to 0.5 percent if
vessel failure occurs at two or three hours, but 50 percent of the debris remains in-vessel. He

;
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advance light water reactor requirement also takes no credit for vaporization of volatile fission
products that can amount to 30 percent of decay heat (Reference 40-3). |

2De AP600 cavity area of 53 m provides conservatism over and above the advance light
water reactor requirement. He required heat flux for debris coolability in AP600 is given by: !

|

u , 0.01 (1933 MWth) = 0.37 MW/m 2q
53 m2 i

i

ne required heat flux is reduced even further if vessel failure occurs well after two hours, j
or if volatile fission product vaporization is credited because of the reduced decay heat in the !

debris. If vessel failure occurs at, say, eight hours, (decay heat is G.67 percent of rated power)
and volatile fission product vaporization is credited, the required heat flux would be

20.17 MW/m .
!

|

Given debris dispersal and spreading over the full cavity area, the necessary heat flux for
2decay heat removal (0.37 MW/m as an upper bound) is far less than the reference heat flux

2of 1.0 MW/m , Derefore, long-term heat flux is given no further consideration for the
decomposition event tree. The decomposition event tree is concerned primarily with
establishing debris dispersal or spreading.

40.3 Development of the Decomposition Event Tree

A number of assumptions are used to develop and quantify the ex-vessel debris coolability
decomposition event tree:

Vessel failure with cavity flooding is the initiating event for the decomposition event.

tree.

High-pressure melt ejection does not occur..

Partial debris fragmentation occurs if the cavity is initially flooded. The debris forms*

a continuous slab if the cavity is not initially flooded.

De long-term heat flux from debris to overlying water will be large enough to remove.

decay heat if the debris is fragmented and covers the entire cavity area.

The decomposition event tree suucture developed for quantifying the likelihood of ex-vessel
debris coolability is presented in Figure 40-1. De questions posed at each node on the tree
examine and quantify the uncertainties identified in the analysis presented in the previous
sections. decomposition event tree nodes are as follows:

Node DM - Is the debris mass high (or low)?
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|

Node SE Do steam explosions occur?-

Node DD is the debris dispersed and/or does it spread throughout the cavity?-

End-states can be defined as follows:

NCC - No short-term molten core-concrete interaction; debris is coolable long-term.

SCC - Short-term molten core-concrete interaction occurs initially; debris is coolable
long-tcrnn.

LCC - Short-term molten core-concrete interaction occurs; debris is not coolable
long-term.

End-states NCC and SCC are successes while end-state LCC is not.

40.4 Quantification of the Decomposition Event Tree

his section discusses the assignment of the split fractions at each of the nodes of the
decomposition event tree. Multiplication of each of the split fractions along a path of the tree
results in the probability of the accident following that particular path. The summation of the
probabilities of the paths that result in a particular end-state is the probability of the end-state.

40.4.1 Node DM

is the debris mass high?

Success Criteria:
he mass of debris expelled at vessel failure is roughly the entire mass of the core. He mass
of debris expelled is " low" if in-vessel debris retention is significant, (such as 30 to
50 percent).

The AP600 design suggests that most of the core will melt pdor to vessel failure. The AP600
core is not segmented and fuel pins heat up fairly uniformly during an accident progression.
There are no spots in the core that could stay relatively cool (as in a boiling water reactor
core) until vessel failure. Because the AP600 design has no reactor vessel lower head
penetrations and in many cases may be submerged in water for a period of time, the time
between core relocation to the lower plenum and reactor vessel failure can be several hours.
This allows continued heat transfer from the debris in the lower plenum to the damaged core
region, instead of rapid vessel failure and relocation to the containment cavity. Debris
accumulates and heats up continually in the lower plenum until vessel failure finally occurs
and the debris relocates to the containment cavity.

,

|
'

MAAP4 analyses in Chapter 34 show that all of the core relocates to the lower plenum before
vessel failure, and relocation to the containment cavity can occur. Re same analyses also
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l !

show that the debris temperature increases steadily between relocation to the lower plenum
and vessel failure. De MAAP4 analysis case 3BE.cci from Chapter 34 is considered here
to illustrate. Case 3BE.cci is a severed direct vessel injection line with in-conti mment

! refueling water storage tank failure. Both accumulators and one core make-up wik are

| available, and at least one train of the automatic depressurization systems is operational.
Passive containment cooling water is also available to cool the containment shell. The entire
core relocates to the lower plenum prior to vessel failure, which occurs at about 11 hours.
MAAP4 assumes the reactor vessel lower head fails at the bottom by creep rupture.

J
'The debris mass expelled from the reactor vessel depends on the vessel failure mode

| (Reference 40-3). Jet ablation or impingement is not likely to fail the reactor vessel lower
'

head because the AP600 design has no lower head penetrations. Analyses using the
THIRMAL code developed by Argonne National Laboratory indicate complete corium jet
breakup, droplet solidification, and particle quenching prevent or mitigate jet ablation and
impingement on the reactor vessel lower head (Reference 40-8). Two other scenarios are
possible. Initial reactor vessel failure might occur due to creep rupture of the reactor vessel
wall, in the form of a local " blister" at or just above the debris surface. His failure mode

,

! prevents high-pressure melt ejection because the reactor coolant system gas exits and does not
entrain debris; a crust forms on the top of the debris and prevents contact between the exiting
gas and the liquid debris (Reference 40-3). His failure mode limits the amount of debris
expelled from the vessel. Solid debris and perhaps some molten debris would remain in the
vessel. On this reasoning, the MELTSPREAD analysis (discussed below) presented in
(Reference 40-9) assumed that 25 percent of the debris remains in-vessel, although there was

| no strong support for this value. Moody states that the in-vessel debris retention could be
I somewhere between 30 to 50 percent (Reference 40-8), and suggests that water or steam

entering the failed reactor vessel can cool debris and prevent it from relocating. An
; alternative scenario states that reactor vessel lower head fails globally (around the entire
| circumference of the lower head), and releases all the debris in the lower head to the cavity.

His scenario has been analyzed by Rempe, et al. (Reference 40-10), but Rempe makes no

,

judgment about the likelihood of global failure relative to local creep rupture failure.
|

Based on the discussion of vessel failure for the AP600 design in WCAP-13388
(Reference 40-3) and the calculation of vessel wall thinning in the in-vessel retention of core
debris decomposition event tre Chapter 36, the best-estimate vessel failure mode for the
AP600 is a local failure at the top of the debris pool accumulated in the lower plenum. Such;

a vessel failure would result in a low debris mass being ejected. Rus, the split fraction for'

|
expelling a low debris mass at vessel failure is assigned a value of 0.9.

| Probability of high debris mass: 0.1
Probability oflow debris mass: 0.9

|
,
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!

40.4.2 Node SE - Steam Explosions

Do steam explosions occur?

Success Criteria:
Steam explosions sufficient to disperse debris, given cavity flooding and vessel failure.

The probability of ex-vessel steam explosions, given vessel failure and cavity flooding, is
included as part of the steam explosions decomposition event tree. For the ex-vessel cooling
decomposition event tree, the intermixing of finely fragmented core debris and water causes
a sufficient steam explosion to disperse the debris. 'D1is probability is 0.1, based on the

*

results of node MX in the ex-vessel steam explosion decomposition event tree.

Probability of ex-vessel steam explosion: 0.1
Probability of no ex-vessel steam explosion: 0.9

40.4.3 Node DD - Debris Dispersal

is the debris dispersed and/or does it spread throughout the cavity?

Success Criteria: 1
'

In the absence of high-pressure melt ejection or steam explosions, the debris spreads to cover
the entire cavity and assumes a coolable (thin) layer.

Corium spreading with an overlying pool has been considered through several different
,

approaches (References 40-2 and 40-8) and in Chapter 36, although for the AP600 design, '

results seem consistent. 'Ihe different approaches are considered here for the AP600 cavity
design. Debris spreading in water pools has been considered experimentally by Greene

]
(Reference 4013). Greene characterized debris spreading by a spreading number N, and |

dimensionless thickness t' as follows: |

N, = (M/p)*h,
|

H he,,

t' = (M/p)"t
where:

I
debris mass (kg)M =

debris density (kg/m') ;p =

debris enthalpy, including superheat (J/kg)h, =

g= water enthalpy, including subcooling (J/kg)

water depth (m)H =

debris thickness (m)t =

|
I
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A correlation for the dimensionless thickness and spreading number is given by:

t * = 0.026 N,"

The following values are appropriate for the AP600 design (References 40-2 and 40-3):

M 120,000 kg=
58000 kg/mp =

253 mA =

h, 1.25E6 J/kg=

H 2m=

h. 2.56E6 J/kg=
li

This results in the following:

N, 0.62=

t' 0.0331=

0.08 mt =

he actual debris thickness would be 25 centimeters, assuming the debris spread uniformly
about the cavity. Because the thickness predicted by Greene's correlation is less than
25 centimeters, the debris would be expected to spread uniformly throughout the cavity. Note
that Greene's experiments did not include molten debris-concrete interaction, which suggests
that this correlation underpredicts the actual debris spreading expected under severe accident
conditions.

Moody considered molten core debris spreading in advaaced light water reactors
(Reference 40-8). Moody did not feel that Greene's experimetits could be applied to the
AP600 design. Moody presented results from the MELTSPREAD code, analytical
calculations, and scaling analyses of corium spreading. MELTSPREAD was developed by
Argonne National Laboratory to predict corium spreading (Reference 40-9). MELTSPREAD
treats the phenomena of spreading, puddling, freezing, remelting, core-concrete interaction,
convective leat transfer, and internal heat generation. Two key uncertainties in corium
spreading are the debris viscosity and debris temperature at which spreading stops. For the
calculations presented in (Reference 40-8), MELTSPREAD assumes Newtonian variation of
viscosity with temperature and debris immobilization when the debris temperature reaches the
solidus value. In one case, MELTSPREAD was applied to the cavity design shown in
Figure 40-2, subject to these assumptions:

a.) ne vessel is submerged.
b.) De release rate is 8200 kg/s for 10 seconds.
c.) De debris superheat is 12 K, and the debris temperature must decrease 92 K to freeze.
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d.) He initial water subcooling is 30 K.
e.) De concrete is limestone.

|

The calculation included a detailed representation of the AP600 circular cavity, rectilinear
| keyway, doorway to the reactor coolant drain tank, and the reactor coolant drain tank
| compartment. One-dimensional spreading was calculated using 25 nodes to represent the
'

complicated cavity geometry (Figure 40-2).

He geometry considered for the MELTSPREAD analysis presented in Reference 40-9 is not
the current AP600 cavity design. It is similar in size and configuration to the current AP600
design, however, and the results of the MELTSPREAD analysis are still worthwhile.
MELTSPREAD remits for the selected cavity design show little "malspreading" or concrete
ablation. MELTSPREAD predicts that by 60 seconds, the melt layer within the cavity is
approximately uniform. A second case was considered with a debris superheat of 0 K.
MELTSPREAD still predicts uniform spreading over the full cavity region. MAAP4 results
show that the debris superheat can be much greater than 12 K and suggest that both
MELTSPREAD results may be conservative for most AP600 accident sequences.

| Melt spreading was considered by Kazimi (Reference 40-11) for the Mark I boiling water
! reactor containment liner melt-through concern. Kazimi considered semi-circular debris

spreading on a dry floor. His approach is adapted here to consider the case with overlying
water. The AP600 cavity geometry is not modeled, but circular debris spreading is assumed
instead.

A heat balance for the leadmg edge can be written as:

(1)p c_dT (2n rS) = q" (2nrS) - q3 2n r - q, 2n r
- -

dt

where:

the debris densityp =

the debris specific heatc =

the outermost radiusr =

6 the debris depth=

q" the volumetric heat source=

f= the heat loss to concrete

the heat loss to water- =
q,

De volumetric heat source must include chemical reaction rates that can dominate decay heat.I

Gases liberated during core-concrete interaction react with zirconium. He heat generation
rate is limited by the rate at which concrete can be decomposed. In turn, the rate at which
concrete can be decomposed is limited by the downward heat flux. If Q is the maximum
chemical reaction rate per unit weight of the concrete, then:

Revision: 3 ggrg,,

| February 28,1995 23'3|:: 6 OE
I a:upapraec40.wpt:td 40-10



|

l

!

~ = :: . ..
1::

40. Decomposition Event Tree - Analysis of Ex Vessel Debris Coolability

1

(2) i-

q"' S = Q
sr |

Iwhere H.c is the decomposition enthalpy. If f is the fraction of the decomposed gases that
react within the melt, then the heat balance can be written as:

(3).

p c _dT (2x rS) = go 2xr 1 - f -Q._i.- q,2xr
- < -

dt H,,

Assuming:

dr W |dl = p2xrS
dt ;

and: j

(5)
y = 1 - f _Q_J.

H,,

then:

(6)dT . -

di c - - go 2x ty - q, 2x r
dr

Heat fluxes ; and | must be specified. Before melt solidification, q can be approximatedq q
by:

2 (7)q$ = 20 (T - T )2 W/mo

2where To is the concrete decomposition temperature. 'Ihe reference heat flux of 1 MW/m

is used for q|. Substituting these assumptions into equation 6:

dT (20 (T -T)2 y + q|) 2x r (8)
___ = -
dr rti c

Values for T, rh, and c must be specified, as well as initial conditions for the debris
temperature and spreading radius, to evaluate equation 8. Kazimi used the data presented in
Table 40-1. Limestone / common-sand properties are used here. Values of Q = 2.2 MJ/kg and
H.c = 3.6 MJ/kg are used, and f = 0.5, by assumption. Therefore, T = 0.69. The specific heat
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used by Kazimi is 600 J/kg for an oxidic pour. 'Ihe pour rate di is uncertain, but the
discussion presented for node DM shows that entire core debris mass can relocate from the
lower plenum to containment cavity. AP600 pour rates should be large, relative to the pour
rates used in (Reference 40-12) to evaluate the Mark I boiling water reactor liner melt-through

; issue (i.e.100 to 800 kg/s). For the MELTSPREAD analysis discussed above,8200 kg/s was
| applied for 10 seconds. To account for uncertainties, pour rates between 1000 kg/s and 10000

kg/s are considered here. A value of 0.2 meters is assumed for the initial pour radius and
2600 K is assumed for the initial debris temperature.

|

To evaluate equation 8, approximate the final spreading radius by:

A, = g rr

2where A, is the cavity area and r,is the spreading radius For a cavity area of 53 m , r, =
4.1 m. Equation 8 is evaluated to find the temperature at the debris spreading front, T,. If

T, is greater than 2200 K, debris spreading to r, occurs. Equation 8 was integrated
numerically to yield the following results:

$ h b
1000 Kg/s 4.1 m 1920 K
2000 Kg/s 4.1 m 2117 K

. 8200 Kg/s 4.1 m 2432 K
| 10000 Kg/s 4.1 m 2458 K

|. Although the application of Kazimi's analysis to the AP600 is approximate, these results
suggest that for high pour rates (greater than 3000 Kg/s) the leading edge of the debris will
not cool to immobilization before spreading throughout the cavity. At reactor vessel failure,
the debris mass in the lower plenum relocates quickly to the containment cavity. The debris,

| pour rate is very large if the lower head fails globally dde to creep rupture around the rctor i

|vessel circumference.
i

The foregoing analyses demonstrate that the debris should spread about tre AP600 i
containment cavity. None of these analyses consider the AP600 cavity design exactly and i

each is subject to uncertainty. 'Ihe probability of debris spreading throughout the cavity is |

| assigned a value of 0.9. This reflects a lack of conclusive analysis for the AP600 cavity
design, rather than any randomness in the debris spreading process. 'lhis probability could
increase, so as to approach 1.0, if further analyses are performed for the AP600 design.

1

Probability of debris spreading throughout the cavity: 0.9 i

Probability of "malspreading": 0.1 |
|

|

|

|
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40.5 Results
|

The results of the AP600 ex-vessel debris coolability decomposition event tree are summarized
below.

The amount of debris released from the vessel is highly uncertain Vessel failure could occur
locally due to creep rupture in the lower head, and some fraction of the debris could remain
in-vessel. Vessel failure could occur globally due to creep rupture along the diameter of the
reactor vessel lower head, and the entire contents of the lower head could relocate to the
cavity.

Debris spreading is likely even for low pressure sequences with cavity flooding. The long-
term heat flux to overlying water will be large enough to remove decay heat because debris
dispersal and spreading create the necessary heat transfer surface area.

End-states with a high debris mass expelled could show short-term concrete ablation, but
significant molten core-concrete interaction will not occur if the debris spreads throughout the ;
containment cavity. End-states with a low debris mass could show short-term concrete i
ablation, but significant molten core-concrete interaction will not occur.

End-state frequencies are summarized as follows.
|
|

End-state SCC - 0.162 )
End-state LCC - 0.009 '

End-state NCC - 0.829 ;
1
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Table 40-1
i

PROPER 1IES OF THE MAIN CONCRETE TYPES (FROM REFERENCE 40-11)

Limestone IJCS Basaltic
1

Solidus Point, Tu (K) 1690 1420 1350 |

Liquidus Point, T , (K) 1875 1670 1650 j
Decomposition Point,' To (K) 1750 1500 1450 l

Decomposition Enthalpy, Ho (MJ/kg) 2.5 1.8 0.83

Effective Heat'.ng Enthalpy,' H , (MJ/kg) 5.0 3.6 2.75
Water Contem, H O (wt%) 6.0 4.7 2.02

Gas Content, CO (wt%) 36 21 1.52

Gas Reaction Energy,' Q (MJ/kg) 3.2 2.2 0.42

"To = Tw + 0.33 (T , - Tw)

7

6H,, = H3 +f c,dT
300

'

1 'wt%
,Or * O ,o + wt% b,H190 ig 44

< >

Qg,o = 300 MJ/kg mol H O2

Qco, = 270 MJ/kg mol CO2
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|SE|NITIATOR DM DD

YES
*

1 NCC O.01

0.9
2 SCC O.081

0.9

1.0 0,1
3 LCC 0,009

0.1
4 NCC O.09

0.9
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41. Decomposition EveEt Tree - Hydrogen Combustion Analysis

CHAPTER 41

DECOMPOSITION EVENT TREE - HYDROGEN COMBUSTION ANALYSIS

The likelihood of a global buming of combustible gases in the containment and the challenge
to the containment integrity are considered in this analysis. A global burn is defined as a
combustion event that occurs containment-wide with a hydrogen (and a carbon monoxide)
concentration at or above the lean downward flame propagation limits and includes
deflagrations and detonations. The probability of such an event is quantified using
decomposition event trees (DETs). The results of the quantification of the decomposition
event tree provide input to nodes hcl, HC2, and HC3 on the AP600 containment event tree
(CET). In the containment event tree, node hcl indicates the likelihood of a global bum
during the in-vessel phase of the accident, node HC2 indicates the probability of a global burn
prior to 24 hours after the onset of core damage, while node HC3 indicates the probability
between 24 and 72 hours after the onset of core damage. This analysis also provides input
to the quantification of the containment failure nodes CF1, CF2, and CF3 on the containment
event tree.

41.1 Discussion of the Issue

In the course of a severe accident in the AP600 plant, a substantial amount of hydrogen and
carbon monoxide can be generated because af the oxidation of metals. The AP600
containment is provided with glow plug igniters to control the concentration of the
combustible gases. However, combustible gas can accumulate in the containment at
flammable concentrations if the igniter system fails to function. The amount and type of
combustible gases produced depends on the progression of the accident.

If vessel failure does not occur, the amount of hydrogen in the containment is limited to the
in-vessel generation only. If vessel failure occurs with water in the cavity, an additional
amount of hydrogen may be generated from ex-vessel fuel-coolant interactions. Funhermore,
if the debris layer in the cavity is not coolable or if insufficient water is available in the
containment to cool the debris, and subsequent thermal attack of concrete occurs, an additional
amount of hydrogen and other combustible gas, such as carbon monoxide, can be generated.

Since the pressure rise or dynamic loads associated with a large energy release from a
combustion event in the containment could be substantial, the containment integrity depends
on the likelihood of combustion and the containment pressure at the time af the burn.
Hydrogen combustion is evaluated during three time frames: early, intermediate, and late. The
early time frame is from the onset of core damage until vessel failure (or until complete core
relocation to the lower head of the vessel if no vessel failure occurs). The intermediate time
frame is from vessel failure (or until complete core relocation if no vessel failure occurs) to
24 hours after the onset of core damage. The late time frame is from 24 to 72 hours after the
onset of core damage.
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41. Decomposition Event Tree - Hydmgen Combustion Analysis

41.2 Controlling Phenomena

Conditions required for combustion in the containment are the flammability limits of the
containment gas mixtures and the presence of an ignition source. Typically, a spark is '

sufficient to cause ignition. If the mixture temperature is above -1000 K, auto-ignition can
occur without the presence of an ignition source. The flammability limits are determined by
the concentrations and temperature of the combustible gas-air-inertant mixture. Hydrogen,
carbon monoxide, and the oxygen in the air are the reactants in the combustion reaction.
Steam, carbon dioxide, and excess nitrogen in the mixture act as inertants that may inhibit the
reaction.

Hydrogen-air-steam mixtures can bum in several modes: diffusion flames, slow and
accelerated deflagrations, and detonations (Reference 41-1). Buming of unmixed hydrogen
near the source results in a diffusion flame. Diffusion flames are stationary and result
primarily in thermal loads on nearby structures or equipment. Deflagrations or detonations
are buming of premixed mixtures. In practical terms, a slow deflagration is a flame that
travels at a speed much slower than the speed of sound such that the pressure inside the
containment equilibrates during the combustion. No dynamic loads are generated.
Accelerated deflagrations or accelerated flames travel fast enough to generate shock waves and
dynamic loads. Detonations travel at supersonic velocities and also generate significant
dynamic loads. The static loads that result from deflagrations can be predicted and bounded. l

The maximum dynamic loads from accelerated flames and detonations are difficult to
calculate.

The static loads associated with deflagrations are limited by thermodynamics. If all of the
i

chemical energy available in the mixture is converted to temperature and pressure, then the
maximum pressure is limited by the adiabatic isochoric (constant volume) complete
combustion (AICC) pressure. The actual pressure would drop over time from this peak
because of heat losses to water, structures, and equipment in containment. Dynamic pressure
loads are not limited by the adiabatic isochoric complete combustion value because the local
pressure is due to very rapid, nonequilibrium combustion.

The mode of combustion depends on the mixture concentrations, initial conditions and
boundary conditions (Reference 41-1). Near the hydrogen source, hydrogen will not be mixed
significantly with the air in the containment. If ignition occurs there, then a diffusian flame
may be fonned. Further downstream from the hydrogen source, mixing will have occurred
and a deflagration or detonation may result, depending on the hydrogen concentration and
geometric boundary factors. In some cases, accelerated flames may also develop to
detonations and are usually called deflagration-to-detonation transition (DDT). The degree
of flame acceleration and occurrence of deflagration-to-detonation transition depend in I

complex and incompletely understood ways on a number of parameters. 'Ihese include i
hydrogen and oxygen concentrations; nature and concentration of inertants; gas temperature |
and pressure before ignition; ignition source; the size and shape of the compartment in which
the combustion occurs; and the number, size, and shape of any obstacles in the compartment. |
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41. Decomposition Evrt Tree Hydrogen Combustion Analysis

In AP600, the likelihood of direct initiition of detonation by sufficiently high energy sources
from equipment in containment does not exist (Reference 41-2), but mechanisms to amplify
a flame to a detonation may occur. Deflagration-to-detonation transition is considered the
most likely mechanism. Transition to detonation is considered in several sections of the
containment (Reference 41-2) for accident sequences that result in hydrogen concentrations
greater than 10 volume percent, including the tunnel connecting the two steam generator
companments, the core makeup tank and equipment bay, in-containment refueling water
storage tank gas space, steam generator compartments, and steam generator annulus.,

Standing diffusion flames on the in-containment refueling water storage trak pool or at the,

in-containment refueling water storage tank vents can be postulated early into an accident
following core uncovery for sequences where the automatic depressurization system provides
a primary depressurization mechanism. A standing diffusion flame at the vent could present
a significant thermal load to the containment steel shell, which is close to some of the vents. ;

However, a stable, standing flame at the vent exit is difficult to produce and is considered to
be highly unlikely. Hydrogen released to the in-containment refueling water storage tank is ;

expected to mix with containment air in the gas space above the water such that, when ignited |

by a glow plug at the vent exit, the flame front flashes back and consumes the bulk of the4

hydrogen in the tank. Depending on the amount of hydrogen released and the duration, this !
could result in periodic deflagrations in the in-containment refueling water storage tank. This
type of burning does not result in a significant thermal loading on the containment shell since
the burn lasts for only a short time (on the order of seconds), and the thermal inenia of the !
containment wall would prevent the temperature from increasing more than several degrees.

i

Hydrogen mixing analyses and, if needed, adjustment to the vent design, will be used to
assure that the diffusion flame induced containment failure mode makes an insignificant I

contribution to the large release frequency in the AP600 PRA. Diffusion flames at the in- !

containment refueling water storage tank vent exits are not considered as a containment failure
mode in this analysis.

In an unlikely event of reactor vessel lower head failure accompanied by debris dryout and
severe core-concrete attack of the reactor cavity floor, gases in the cavity would be at high
temperatures as well as rich in hydrogen. Such a scenario would require failure of most of
the safety injection features. Combustion may occur in the cavity because of auto-ignition.
Standing diffusion flames above the debris or at the cavity exit may also be possible. This
mode of combustion has negligible effects on containment pressures, but could be significant
in reducing the unbumed amount of combustible gases and oxygen in the containment
(Reference 41-3). Thermal loads from such diffusion flames are inside the containment
compartments and do not present a threat to the containment shell.

41.3 Assumptions and Phenomenological Uncertainties

Because of phenomenological uncenainties, a number of assumptions are necessary in the
construction and quantification of the decomposition event tree.
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41. Decomposition Eve:t Tree - Hydrogen Combustion Analysis

41.3.1 Degree of Cladding Oxidation

The degree to which the claddmg is oxidized during the in-vessel phase of the accident
sequence determines the amount of hydrogen released to the containment during the early time
phase. The mass of hydrogen produced is an important parameter in detennining the
hydrogen concentration and the flammability limits of the gas mixtures in the containment
companments.

For each of the accident classes examined on the containment event tree, a best-estimate and

a bounding-estimate of the integrated hydrogen mass produced during the in-vessel phase have
been made. These estimates are based on MAAP4 analysis of the accident sequences,
consideration of the uncenainties in the MAAP4 models, the events that occurred during the
Three Mile Island Unit 2 accident, and a review of the expen opinion clicitation for in-vessel
issues performed for NUREG-1150 (Reference 41-4). The estimate also considers the effect
of water addition to the core pre- and post-relocation and to debris in the lower head of the
reactor vessel.

The estimates for hydrogen production for each accident class are presented in Table 41-1.
The best-estimate hydrogen production for each accident class is the mass of hydrogen
produced in the MAAP4 analysis of the accident sequence that represents the accident class.
The upper bound-estimate for each accident sequence is based on the review of the hydrogen
production described above. A brief description of the events contributing to the hydrogen
production for each accident class is provided below.

Accident class I A, high pressure sequence: the core is uncovered and initially heats up until
the hot leg nozzle fails because of creep. The accumulators inject, reflood, and quench the
overheated but intact core. A second heatup occurs, and the core relocates to the lower head.

,

A small amount of in-containment refueling water storage tank water can inject into the vessel |
when the debris dries out.

Accident class 1 AP, small loss-of-coolant accident (LOCA) with passive residual heat removal
and no depressurization: the core uncovers, heats up, and relocates to the lower head. A
small amount of in-containment refueling water storage tank water can inject into the vessel
when the core debris dries out.

Accident class 3BE with no reflood, fully depressurized with gravity injection failure: the
core uncovers, heats up, and relocates to the lower head. No water addition can occur.

Accident class 3BE/3BR with reflood, operator floods cavity: the core uncovers, heats up,
and begins to form a molten pool in the core region. When the water level in the cavity
reaches the break elevation, water refloods into the vessel. A significant ponion of the core
is blocked by the formation of the molten pool and remains hot after the reflood. Zirconium
in the crust of the debris and in relocating pool material oxidizes, and hydrogen production
continues for a time, even after the reflood has covered the core region. Accident class 3BR
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cases are lumped into this category because of the post-core damage reflood and potential for
additional hydrogen production.

Accident class 3C, vessel rupture: the core uncovers very rapidly at the accident initiation,
heats up rapidly, and relocates. Water injection cannot reflood the core until the cavity is
filled. After that time, the injection rate cannot keep pace with the quench rate. Hydrogen
production is limited by the core relocation.

Accident class 3D, partial depressurization: the core uncovers, heats up, and relocates to the
lower head. A small amount ofin-containment refueling water storage tank water can inject
into the vessel when the core debris dries out.

41.3.2 Flammability Limits

A flammable condition is determined by flammability limits. Flammability limits of a
combustible gas mixture are defined as the limiting gas compositions at a given temperature
and pressure in which a deflagration once ignited will propagate. There is relatively good
information on flammability limits of hydrogen-air-steam mixtures at temperatures less than
149 C. At higher temperatures, such information is lacking. For this reason, extrapolation
of flammability limits to higher temperature, as in the model developed by the Advanced
Reactor Severe Accident Program for use in the MAAP4 code (Reference 41-5), and shown
in Figure 41-1, is considered to be a reasonable approach.

For hydrogen, there are two lean propagation limits considered, upward and downward. At
lean upward propagation limits, flames will propagate upward because of buoyancy. At lean
downward propagation limits, flames will propagate upward and downward throughout the
volume by their own reaction kinetics. Hence, the extent of flame propagation (or combustion

; completeness) for combustion at lean flammability limits is determined by the hydrogen
concentration. This relation is clearly shown in Figure 41-2, which is a result from the
Nevada Test Site (Reference 41-6). For decomposition event tree quantification, the gas
compositions obtained from MAAP4 runs and the MAAP4 flammability limits curves are used
to determine the flammability conditions of an accident.

41.3.3 Definition of Global Burn

Combustion initiated by igniters occurs at lean upward flammability limits with a small
pressure rise. However, with the failure of igniters, combustion of much larger pressure and
temperature consequences at a hydrogen concentration above the lean downward propagation
limits may result. For this reason, the global burn considered in the decomposition event tree
evaluation is defined as combustion at or above the lean downward propagation limits. This
definition includes the possibility that a global bum becomes a detonation, since the
occurrence of a detonation requires a hydrogen concentration much above the lean downward
propagation limits. Combustion regimes and associated adiabatic isochoric complete

W W 85tkigil0US8 WS *
February 28,1995= = = =

41-5 rup60Wressec41.wpr:ib



_ _ .

41. Decomposition Event Tree - Hydrogea CImbustion Analysis

combustion pressure are approximately demonstrated in Figure 41-3 for certain conditions
(Reference 41-7).

41.3.4 Detonation Limits and Loads

A detonation is a supersonic combusdon front that produces a dynamic load in excess of the
adiabatic isochoric complete combustion value. The energy release from the combustion of
the hydrogen-air-steam mixture sustains the shock structure that ignites and bums the mixture.
The detonation limits cannot currently be predicted by any first-principles theory. Engineering
correlations used to predict the limits have been developed based on a measurable quanti:y
called the detonation cell width. For simplified discussion, the detonation cell width can be
considered a characteristic length that describes the sensitivity of the mixtui e to detonation.
The smaller the detonation width, the easier it is to get the mixture to detoi ate and sustain
propagation. For the decomposition event tree quantification, it is assumed tha the likelihood
of direct initiation of detonation by sufficiently high energy sources from any 7bjects in the
containment during accident conditions does not exist (Reference 41-2). Only dethgration-to-
detonation transition is considered, and the method of NUREG/CR-4803 (Referense 41-8) is
used for deflagration-to-detonation transition evaluation. This method is summuized in
Reference 41-2.

Deflagration-to-detonation transition evaluations for hydrogen bums during intermediate and
late time frames (after the in-vessel phase) may also involve a significant volume fraction of
carbon monoxide generated ex-vessel. Deflagration-to-detonation transition due to carbon
monoxide in air is relatively unknown because the buming velocity of carbon monoxide in
air is much smaller than that of hydrogen. Hence, it is expected that the contribution of
carbon monoxide to deflagration-to-detonation transition is small.

For decomposition event tree quantification, it is assumed in the deflagration-to-detonation )
transition evaluation method that the hydrogen concentration used in the calculation is the sum
of the concentrations of hydrogen and carbon monoxide. This conservatively bounds the
effects of carbon monoxide on the likelihood of deflagration-to-detonation transition. Since
the lowest hydrogen concentration for which deflagration-to-detonation transition has been
observed in an intermediate scale FLAME facility at Sandia is 15 percent (Reference 41-9),
the likelihood of deflagration-to-detonation transition is assumed to be zero if the combined
combustible gas concentration is less than 10 percent.

To evaluate deflagration-to-detonation transition loads, it is assumed that the detonation peak
pressure is given as 4.5 adiabatic isochoric complete combustion pressure which is the
maximum reflected peak pressure in one-dimensional geometry (Reference 41-10).

41.3.5 Igniter System

The AP600 igniter system, if operational dming a severe accident, will burn hydrogen as soon
as the lean upward flammability limits are met. Thus, the concentration of hydrogen is
maintained, on average, at the lean upward flammability limits. However, depending on the
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hydrogen release rate and location, a locally high concentration may exist in the
in-containment refueling water storage tank or in the subcompartment where the pipe break
occurs. According to the analysis to demonstrate the AP600 compliance with 10 CFR
50.34(f) (Chapter 47), hydrogen combustion due to the operation of the igniter system results
in low hydrogen concentrations during the transients even with artificially high hydrogen
generation rates assumed in the analysis. Therefore, for accident scenarios in which the
igniter system is operational, a zero conditional probability of having a global bum is I
assumed, if the igniter system is operational from the onset of the accident.

;

41.3.6 Other Ignition Sources

The scenarios with large uncertainties in an occurrence of a combustion event are those in
which the igniter system fails to function. A flammable mixture will not burn without an
ignition source unless the temperature of the mixture is raised up so high (-1000 K) that auto-
ignition becomes possible. An unquenched debris in a relatively dry cavity can be defined
as an ignition source. The highest, but still low, likelihood of having ignition sources (other
than the igniter system) for less extreme conditions where the core relocates to the lower head
but the lower head remains intact, or vessel failure occurs but the debris is quenched in cavity,
is from the following:

High temperature core debris remaining on the reactor pressure vessel wall or high.

temperature internal structures following vessel failure

High temperature gas exiting the reactor coolant system into the containment such as.

from the pipe break or the reactor pressure vessel lower head break

The ignition difficulty associated with the first source is that it is m the environment of high
steam content. However, the chance increases with time (late into an accident) as the global
steam concentration drops because of global pressure reduction from an operating passive
containment cooling system. The initial -60 percent steam concentration in the cavity
following a short tmnsient period, as shown in MAAP4 runs, approaches -45 percent over
the accident time. Although the debris cools off to some degree, an ignition can be
postulated from the contact of high-temperature objects and a reasonably bumable mixture
near the bottom of the broken reactor pressure vessel.

The difficulty associated with the second ignition source is that the exiting gas stream may
not have enough momentum to entrain the surrounding flammable mixture to cause a
reasonable level of mixing. The lack of jet mixing reduces the likelihood of ignition, which
must rely on a less efficient heat transfer mode. Local auto-ignition due to high temperature
at the break location may result in extensive flame propagation.

For decomposition event tree quantification, the likelihood of having ignition sources is
assumed to be 0.5 during the in-vessel phase of the accident. For cases with intact vessel, the
probability of a random ignition source is assumed to be 0.4 for an intermediate burn and 0.1
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41. Decomposition Event Tree - Hydrogen Combustion Analysis

for a late burn. For combustion with vessel failure, the probability of a random ignition
source is 03 for an intermediate burn and 0.4 for a late burn. This is based on a subjective
judgment that the possibility exists but less than 0.5 after the in-vessel phase. The probability |
increases with time because of decaying cavity steam concentration for cases with vessel |
failure and decreases with time as the reactor coolant system cools down for cases with intact
vessel.

.

1

41.3.7 Previous Global Burns

A global burn can consume a substantial amount of hydrogen generated in-vessel from the j
containment atmosphere. If a global bum has been determined to occur in the previous |

hydrogen combustion node or nodes on the containment event tree, the likelihood that I

hydrogen will build up to the flammable level again would depend on whether there is any
significant generation of hydrogen and a sufficient amount of oxygen remaining after the burn.
If the vessel remains intact, it would be unlikely to form even a slightly flammable mixture j
again, not to mention a concentration required for a global bum. If vessel failure occurs and !

the debris is not quenched or not immediately quenched, ex-vessel generation of hydrogen and ;
carbon monoxide due to core-concrete interactions (CCI) could produce a flammable mixture
of high combustible gas concentrations. Therefore, for the case in which the vessel remains
intact or no core-concrete interaction occurs, the conditional probability of having a global
burn, given that a global bum has occurred previously, is assumed to be zero. I

,

41.3.8 Effects of Core-Concrete Interactions

Following the vessel failure event in which molten core debris falls onto the cavity floor, there
are potential ex-vessel sources of hydrogen and carbon monoxide generation. These ex-vessel
sources include the molten core-water interactions and core-concrete interactions in the reactor
cavity. Because of the nature of the much longer time scale of core-concrete interactions (if ;

debris is not cooled or is uncoolable), the combustible gas generation would be dominated by I

core-concrete interactions. If a global bum has occurred previously and no core-concrete
interactions occur, as discussed in subse. tion 413.7, the probability that a global burn wiil
occur again is considered to be zero. However, if core-concrete interactions occur, it would
be necessary to consider an intermediate potential global bum regardless of the occurrence of
an early global burn. If two global bums have occurred, the likelihood of another late global

4

bum will also depend on the availability of oxygen, which may be too little to support a large '

burn.
|

41.4 Hydrogen Combustion during the In-Vessel Phase
|

When the reactor core is uncovered, the heat transfer from the cladding is significantly
attenuated, and the cladding heats up. At temperatures above approximately 1200 K (1700 F),
the zirconium in the cladding chemically reacts with passing steam, stripping the oxygen from
the water molecules, producing hydrogen. This is commonly called the in-vessel hydrogen
production. The likelihood of hydrogen combustion, deflagration and detonation, and the

|
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threat to containment integrity during the early, in-vessel phase of the accident is investigated I

in this section.

41.4.1 MAAP4 Analyses for Early Hydrogen Combustion

MAAP4 analyses for each of the AP600 PRA accident classes with the hydrogen combustion
models turned off provide information on the hydrogen mixing in the containment and
possible peak pressures from randomly ignited bums. This section presents the results and
conclusion of the MAAP4 analysis for each of the "no ignition" cases with respect to
hydrogen combustion. For each of these cases, bounding hydrogen release sensitivities are
:dso presented. A complete description of each of the accident sequences for these accident
classes appears in Chapters 34 and 45.

The following "no ignition" cases are presented:

Accident class IA, loss of feedwater (Figures 41-4 through 41-12)=

Accident class I AP, small loss-of-coolant accident with passive residual heat removal=

and failure to depressurize (Figures 41-13 through 41-21)

Accident class 3BE, loss-of-coolant accident with fully depressurized reactor coolant*

system and gravity injection failure and no core reflood (Figures 41-22 through 41-30)

Accident class 3BE, core not reflooded and passive containment cooling water failed=

(Figures 41-31 through 41-39)

Accident class 3BE, core reflooded and passive containment cooling water failed=

(Figures 41-40 through 41-48)

Accident class 3BE, core reflooded through break (Figures 41-49 through 41-57)=

Accident class 3C, vessel rupture (Figures 41-58 through 41-66)=

Accident class 3D, partial depressurization case (Figures 41-67 through 41-75)=

A summary of the results of these sequences with respect to hydrogen combustion can be
found in Table 41-2 for the best-estimate hydrogen generation cases and Table 41-3 for the
bounding-estimate hydrogen generation cases.

The conclusions from the analyses with respect to early hydrogen combustion are summarized
below.

In cases in which the automatic depressurization system operates fully or partially,=

hydrogen is released to the in-containment refueling water storage tank through the

"**"3
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depressurization system spargers. The hydrogen concentration becomes high for a time,
given the small volume of the tank and the no-ignition assumption. If the igniters are
assumed to be operating, this concentration is held to the lower flammability limits and
does not accumulate in the tank. If the igniters are not operational, a burn in the tank
could undergo transition to detonation if a bum in the upper compartment could
propagate to the in-containment refueling water storage tank (IRWST). The potential
of deflagration-to-detonation transition in the in-containment refueling water storage
tank for each case are presented in Tables 41-2 and 41-3. The potential for
deflagration-to-detonation transition in the in-containment refueling water storage tank

. is determined based on the in-containment refueling water storage tank gas space |'
conditions at the times that the containment is globally flammable, l

For the best-estimate hydrogen generation, accident classes lA and 3BE/3BR with*

: reflood are globally flammable and have the potential to undergo transition to i
'

detonation in the lower compartments of the containment.

For the bounding estimate hydrogen generation, accident classes IA,3BE/3BR with*

reflood, and 3C are globally flammable and have the potential to transition to
detonation.

Failure of the passive containment cooling water causes the containment pressure to*

increase significantly, and only the bounding-estimate 3BE/3BR case with core reflood
|

,

becomes globally flammable, i

For each of the cases that become globally flammable, the adiabatic isochoric complete*

combustion peak pressure and temperature for deflagration of the hydrogen are<

presented in Tables 41-2 and 41-3. None of the deflagration cases fail the containment
based on the conditional containment probability distribution presented in Chapter 42.

,

41.4.2 Decomposition Event Tree Analysis for Early Hydrogen Combustion

The decomposition event tree structure for quantifying the likelihood of deflagrations and
detonations in the containment during the in-vessel phase of the accident is presented in
Figure 41-76. To answer the questions posed at each node on the tree, the examination and
quantification of each of the uncertainties identified previously are required. Except for node
DF/DT, the upward path at each node indicates a positive response to the question; the
downward path indicates a negative response. The nodes chosen for the decomposition event
tree are as follows:

'
Node OX - Is the hydrogen generation represented by the best-estimate

hydrogen generation?

Is the containment not globally flammable during the in-vesselNode FL -

phase of the accident?

Westiligh0USeFe 28,1995 6,o
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|

Node IGS - Is there no ignition source present?

l
Node DF/DT - Is the combustion initiated as a deflagration (upward branch) or a

detonation (downward branch)?

Node DDTI - Does a burn fail to undergo transition to detonation in the |
in-containment refueling water storage tank? l

Node DDT2 - Does a burn fail to undergo transition to detonation below the
operating deck?

The end-states of the tree represent the hydrogen combustion event that occurs during the in-
vessel phase of the accident for the particular path. The end-states are as follows:

NB - No global combustion
GB Global deflagration-

DD - Detonation by direct energy deposition
DT - Deflagration-to-detonation transition

End-states DD and DT am assumed to lead to containment failure with a probability of 1.0.

A sequence of questions asked by the decomposition event tree is a logical check for the
requirement of combustion. First, the amouct of hydrogen generated and flammability limits
are verified. Then the ignition source is checked. If both requirements are met, a combustion
event will occur. Combustion will take place in the form of either deflagration or detonation
depending on the hydrogen concentration and strength of the ignition source. If combustion
results in deflagration, the possibility of deflagration-to-detonation transition is further
checked.

41.4.3 Quantification of the Early Hydrogen Combustion Decomposition Event Tree

This section discusses the assignment of the split fractions at each of the nodes on the
decomposition event tree. Multiplication of each of the split fractions along a path results in
the probability of the accident followin;; that particular path. The summation of the
probabilities of the paths that result in a particular end state is the probability of that end-state.
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1

41.4.3.1 Node OX

is the hydrogen generation represented by the best-estimate hydrogen generation?

Success Criteria:

MAAP4 hydrogen generation nepresentative of the accident class hydrogen generation.

The bounding-estimate hydrogen value is assumed to represent the hydrogen generation at
three standard deviations on a normal distribution. Therefore, the failure of node OX is
assigned the following value for all cases:

Failure Probability of Node OX = 0.025

Downstream Considerations:
The amount of hydrogen in the containnant directly influences the flammability limits and
likelihood of transition to detonation.

41.4.3.2 Node FL

is the containment not globallyflammable during the in-vesselphase of the accident?

Success Criteria:
Hydrogen concentration less than the downward flammability limit.

This node is assigned a value of either 0 or 1, based on the gas compositions and the
containment tempentures for the best-estimate and bounding-estimate cases. The failure
probabilities (containment globally flammable) for node FL for each case are summarized in
Table 41-4.

Downstream Considerations:
If the containment gases are not flammable, then no combustion can occur.

41.4.3.3 Node IGS

Is there no ignition source present?

Success Criteria:
Flammable hydrogen not ignited in the containment.

As discussed in subsection 41.3.6, during the in-vessel phase, the probability of a random
ignition source is assumed to be 0.5 in all cases. Therefore, the following failure probability
is assigned to node IGS:

Failure Probability of Node IGS = 0.5

i
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.

Downstream Considerations: i

If there is no ignition source, hydrogen cannot burn regardless of the flammability of the gas |'
mixture. i

41.4.3.4 Node DF/DT

is the combustion initiated as a deflagration or a detonation?

Success Criteria:
,

No source of sufficient energy to trigger detonation. !

,

'

A review of the AP600 (Reference 41-2) concluded that no triggers of sufficient energy to
trigger a direct detonation exist in the containment. Therefore, the following failure
probability is assigned to node DF/DT:

Failure Probability of Node DF/DT = 0.0

Downstream Considerations: I
A detonation in the containment leads to end-state DT and is assumed to fail the containment.

41.4.3.5 Node DDT1

Does a bum fail to undergo transition to detonation in the in-containment refueling water
storage tank?

|
<

Success Criteria

Upper compartment not globally flammable, or in-containment refueling water storage tank j
hydrogen mole fraction less than 0.1 or steam fraction greater than 0.4 or deflagration-to-
detonation transition not predicted by methodology of Reference 41-8.

Given that the igniters are not functioning, the only ignition source for the in-containment
refueling water storage tank gas space is a propagated flame from the upper compartment.
If the upper compartment is not flammable. then no deflagration-to-detonation transition can
occur in the in-containment refueling water storage tank. If the hydrogen mole fraction is less
than 0.1 or if the steam mole fraction is greater than 0.4, then the detonation cell width is too
large to consider detonation.

Based on the above success criteria and the methodology for calculating the likelihood of
deflagration-to-detonation transition, there are four cases in which the failure probability of
node DDTl is non-zero. These cases and the failure probability of node DDTI are presented
in Table 41-5.

Downstream Considerations:
A detonation in the containment leads to end-state DT and is assumed to fail the containment.

W ENEL Revision: 3
- Eh February 28,1995

41-13 u:\ap6cosprassec41.wpt:ib

_-



. _ . _ . _

41. Decomposition Evert Tree Hydrogen Combustion Analysis

41.4.3.6 Node DDT2

Does a burn fail to transition to detonation in the lower compartment?

Success Criteria:.

Hydrogen mole fraction less than 0.10 or steam mole fraction greater than 0.40 or
deflagration-to-detonation transition not predicted by methodology of Reference 41-8.

Based on the success criteria, there are six cases that have a non-zero probability of
undergoing a transition to detonation. These cases and the failure probabilities are presented
in Table 41-6.-

Downstream Considerations:

A detonation in the containment leads to end-state DT and is assumed to fail the containment.

41.4.4 Early Hydrogen Combustion Decomposition Event Tree Quantification Results

The results of the quantification of the early hydrogen combustion decomposition event trees
for each of the cases are presented in Table 41-7. For each case, the table shows the
probability for each decomposition event tne end-state and the split fraction applied to the
containment event tree node hcl (early hydrogen combustion), and the split fraction applied
to containment event tree node (early containment failure) CF1, given failure of hcl. Local
detonations in the in-containment afueling water storage tank are conservatively assumed to
result in containment failure with a probability of unity. Accident class 3BF13BR with a
reflooded core has the highest likelihood of containment failure since this case produces the
most hydrogen and releases a portion ofit through the in-containment refueling water storage
tank, increasing the likelihood of local detonation.

41.5 Intermediate and Late Hydrogen Combustion

Following vessel failure, or after the in-vessel hydrogen production is completed, the hydrogen
behavior in the containment must be assessed to determine impact on containment integrity
in time frames out to 24 hours after core damage and from 24 to 72 hours after core damage.
Containment event tree node HC2 and CF2 assess the hydrogen combustion and containment
failure up to 24 hours after core damage, and nodes HC3 and CF3 assess the hydrogen
combustion and containment failure probabilities to 72 hours. The split fractions for these
nodes are determined in the following section.

41.5.1 MAAP4 Analysis Results and Conclusions for Intermediate and Late Hydrogen
Combustion

The results of MAAP4 analysis are used to support the decomposition event tree construction
and quantification of intermediate and late hydrogen combustion. A set of MAAP4 analyses
have been performed to examine long-term hydrogen combustion and phenomena that may
contribute to the likelihood of combustion and containment failure.
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The accidents analyzed are initiated by a loss of all feedwater to the steam generators and by
a 2-in. loss-of-coolant accident. Based on these two initiating events, sensitivities on in- and
ex-vessel hydrogen production and flammability were performed so that a variety of accident
conditions considered in the AP600 containment event tree would be covered. This includes i

cases in which the vessel remains intact, vessel failure occurs, passive containment cooling
system operates or does not operate, igniter system functions or not, and core-concrete I

iinteractions occur to varying degrees. The MAAP4 case descriptions and results are presented
in Tables 41-8 and 41-9. I

l

These MAAP runs do not represent typical AP600 specific accident class sequences from the
PRA results. Rather, they examine a wide range of long-term combustion phenomena in the i

'

containment. The conclusions of the MAAP4 analyses with respect to post-in-vessel phase
hydrogen combustion are summarized as follows:

If all of the core debris is released from the lower head to the containment at the time=

of vessel failure, there is a minimum ex-vessel generation of combustible gases that
occurs during the short-term core-concrete interaction. This combustible gas generation
occurs even if water is present in the cavity prior to the drainage of core debris and is
recirculated for debris cooling by the passive containment cooling system. The mole
number of gases (H and CO) generated ex-vessel is at least a factor of 1.5 of the in-2

vessel portion. The ex-vessel generation of combustible gases is a result of uncoolable
debris for a period of time following vessel failure. After this period, the debris may
eventually become coolable.

Vessel failure occurs when cavity flooding by the in-containment refueling water=

storage tank fails. The degree of ex-vessel generation of combustible gases is inversely
proportional to the number of water (core makeup tanks and accumulators) sources
available for injection.

For cases in which vessel failure occurs and passive containment cooling system is*

operational, an early global burn may not prevent the containment atmosphere from
meeting the flammability conditions required for a second global bum again later in
time. An early global burn can consume all of the in vessel hydrogen. However, the
remaining ex-vessel portion is at least 1.5 times the in-vessel portion.

When the igniter system operates, hydrogen combustion occurs locally where hydrogen=

is released (in-containment refueling water storage tank and pipe break location).
Hydrogen is maintained below the lower flammability limits during an early phase of
core melt. The same observation is supported by analyses presented in Chapter 47. A
global burn does not occur at any time during accident sequences analyzed even if an
artificially high rate of in-vessel hydrogen generation is used.

In some cases in which debris is quenched in the cavity or remains in the vessel lower*

head, gas temperatures in the reactor coolant symm remain high, above 1000 K
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(1340 F), even if the containment gas temperatures are lower,400 K (260 F). The
reactor coolant system gas temperatures decline slowly over time. A drop of a few |
hundred degrees Kelvin is typical over a 72-hour period. The reactor coolant system |
high temperature gas could be a potential ignition source. |

|

With safety injection from at least three out of four tanks (two accumulators and two !*

core makeup tanks), debris will quench if vessel failure occurs. 'Ihe debris surface |
temperature for most of the time will be relatively low (about the cavity gas j

temperature). Such debris does not show a sign of being an ignition source. There is j
*

only a relatively short time frame when the debris surface temperature is above 1000 K. |

This time frame is immediately after vessel failure.
|

Debris can not be quenched when less than three out of four tanks (two accumulators*

and two core makeup tanks) injection is available due to the inability to recirculate
1

water to the cavity. A large amount of ex-vessel generation of hydrogen and carbon !
.

monoxide accompanies severe core <oncrete interactions. Steam inerting does not occur |

under these conditions because of a limited amount of containment water. The debris 1

3

surface temperature is above 1000 K, and is a potential ignition source. I

41.5.2 Decomposition Event Tree Analysis for Intermediate and Late Hydrogen Combustion

The decomposition event tree stmeture developed for quantifying the likelihood of
intermediate and late hydrogen combustion is presented in Figure 41-77. The questions posed
at each node on the tree examine and quantify the uncertainties identified in subsection 41.2.
The upward path at each node (except node DF/DT) indicates a positive response to the ;

question; the downward path indicates a negative response. For node DF/DT, the upward path
'

indicates deflagration, while the downward path indicates detonation by direct energy
deposition. The nodes chosen for the decomposition event tree are the followmg:

J
l

Node FL.
1

,

Does the containment atmosphere fail to become flammable?

Node IGS:
1

Are there no sources capable ofignition?

Node DF/DT: !

Does combustion take place in theform of deflagrations, or does it take place in theform of
detonations?

Node DDT:

Does deflagration-to-detonation transitionfail to occur, given an occurrence ofdeflagration?

e 28,1995 W W65tiligh0USS |
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The end-states of the tree represent the modes of combustion:

NB - No global combustion
GB - Global deflagration
DT - Deflagration-to-detonation transition

The sequence of questions asked by the decomposition event tree is a logical check for the
requirement of combustion. First,

Split Fraction Node

x FL

y IGS

1 DF/DT

z DDT

The split fraction node DF/DT is predetermined at this step to be unity according to the
evaluation that no high energy sources exist in the containment to cause detonation by direct-
energy deposition (Reference 41-2).

Second, the flammability limits are verified. Then the ignition source is checked. If both
requirements are met, a combustion event will occur. Combustion will take place in the form
of either deflagration or detonation, depending on the hydrogen concentration and the strength
of the ignition source. If combustion results in deflagration, the possibility of deflagration-to-
detonation transition is further checked.

41.5.3 Quantification of the Intermediate and Late Hydrogen Combustion Decomposition Event
Trees

In this subsection, the decomposition event tree quantification is presented for AP600
containment event tree nodes HC2 (for intermediate combustion) and HC3 (for late
combustion). Assignment of the split fractions at each of the nodes on the decomposition
event tree will be made. Multiplication of each of the split fractions along a path of the tree
results in the probability of the phenomena following that particular path. He summation of
the probabilities of the paths that result in a particular end-state is the probability of that end-
state. The success criteria and the split fractions for each decomposition event tree node are
defined as follows:

The containment atmosphere does not satisfies the flammability limits.
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41. Decomposition Ev:Et Tree - Hydrogen Combustion Analysis

Surface temperatures of debris in cavity or gas temperatures at reactor coolant system*

break do not exceed 1000 K

The occurrence of deflagration=

No occurrence of deflagration-to-detonation transition-

Based on these success criteria, the value of split fractions (x, y, and z) will be assigned. In
terms of the decomposition event tree node split fractions (see Figure 41-77), the probability
for each end-state can be represented as:

Probability for occurrence of detonation = xyz*

Probability for occurrence of deflagration = xy (1-z)=

Probability for no combustion = 1 - xy*

Probability for combustion = xy-

Since the likelihood of intermediate and late hydrogen combustion depends strongly on
accident progression states, quantification of the decomposition event tree has to be performed
for each progression state. The accident progression states are defined in terms of a set of
containment event tree nodes that are in front of nodes HC2 and HC3. Only containment
event tree nodes that affect the flammability conditions and the generation and consumption
of hydrogen need to be considered. With this approach, the accident progression states are
grouped into eight cases. These are shown in Tables 41-10 and 41-11.

41.5.3.1 Intermediate Hydrogen Combustion (CET Node HC2) |

Quantifications of the decomposition event tree for an intermediate hydrogen burn event
(containment event tree node HC2) are presented. in this section. The results are shown in
Table 41-10. In assigning the split fractions for node FL (gas composition flammability), the
results of MAAP4 analyses are used. Values for the flammability limits and hydrogen
concentration result in either zero or one split fraction. The split fractions for node IGS
(ignition source) are assigned 0.4 for cases in which debris is in-vessel and 0.3 if debris is
quenched in the cavity, as discussed in Section 41.3. The split fractions for node DDT are
determined based on gas compositions obtained from MAAP4 runs using the method
described in Reference 41-8. It is noted that a burn in case 6 will be the most challenging
to containment integrity. Because of the limited amount of containment water, all accident
progression states with unquenched debris can be lumped together regardless of the status of
the passive containment cooling system. Steam inetting (at least 55 percent steam) dominates
the flammability conditions only for cases with quenched debris and non-operating passive
containment cooling water. . Descriptions for each case are given below. The meaning of
symbols used for identifying entry conditions for each case is given in Table 41-10.

W WestinghouseFe a 28,1995 .
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4

|

Case 1: IG

nis case involves an operation of the igniter system. As discussed previously, the igniter
system keeps the containment atmosphere below the lower flammability limits unless the
containment is steam-inerted. A global bum for this case is extremely unlikely.

Case 2: No IG, PCCS, PB, No VF

nis case involves only in-vessel hydrogen generation. The amount of in-vessel generation |
can lead to the flammability limits required for a global burn if the passive containment
cooling system operates. However, since a large portion of this hydrogen inventory bums |
previously, the remaining hydrogen will be much lower than the requirement.

Case 3: No IG, PCCS, PB, DQ

This case involves vessel failure with short-term core-concrete interaction in which the debris
is eventually quenched. There is a certain amount of ex-vessel generation sufficient to reach
the flammability limits required for a global burn even if an early global burn has occurred.

Case 4: No IG, PB, No DQ |

This case involves severe core-concrete interactions that generate a tremendous amount of i

combustible gases. Hence, even if a bum has occurred previously, a second burn is still very
likely both in terms of flammability limits and ignition sources. Severe core-concrete
interactions are a result of too little water in the containment (cavity flooding failure and
injection of two out of four tanks or fewer). Because of this limited amount of water, the
differences between cases with and without passive containment cooling water operating in
terms of combustion likelihood are negligible. Therefore, this case is applied regardless of

,

the status of the passive containment cooling water.

Case 5: No IG, PCCS, No PB, No VF

This case involves only in-vessel hydrogen generation with passive containment cooling water
operating. The probabilities calculated for flammability and for deflagration-to-detonation
transition in the containment in the early time frame (node HC1) are used to quantify the
intermediate hydrogen combustion probabilities.

Case 6: No IG, No PB, No DQ

This case, similar to case 4, involves severe core-concrete interactions. The likelihood and
consequence for combustion are greater than case 4 because no burn has occurred previcusly,
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Case 7: No IG, PCCS, No PB, DQ
;

This case, similar to case 3, involves vessel failure with quenched debris. Because of the no
previous burn condition, the combustion consequence is greater than case 3.

Case 8: No IG, No PCCS, No VF or DQ

This case involves failure of the passive containment cooling system with no vessel failure
or quenched debris. The amount of containment water injected is at least three of four tanks
(accumulator and core makeup tanks) in order to quench the debris. His amount of water
is sufficient to maintain steam concentration above 55 percent. Hence, the atmosphere is
inerted throughout the sequence.

The quantification of the decomposition event tree for each of these cases is presented in
Table 41-10.

41.5.3.2 Late Hydrogen Combustion (CET Node HC3)

Quantification of the decomposition event tree for a late hydrogen bum event (containment
,

event tree node HC3) is presented in this section. The results of the quantification are shown
in Table 41-11. Assignment of split fractions is done similar to that of a intermediate
hydrogen bum event (containment event tree node HC2). In assigning the split fractions for
node FL, values for the flammability limits are obtained or can be anticipated resulting in
either zero or one split fractions.

The split fractions for node IGS (ignition source) is assigned 0.1 for cases in which debris is
in vessel (intact vessel) and 0.4 if the debris is quenched in the cavity as discussed in
subsection 41.3.6. He split fractions for node DDT are determined based on gas
compositions using the method described in Reference 41-8. It is noted that the existence of
case 4 depends on whether containment failure has occurred previously because of a previous

i
global bum. '

If a previous global bum occurs at an early hydrogen combustion node (containment event
tree hcl), containment will remain intact, but the combustible gas inventory will be reduced.
If a bum occurs at an intermediate hydrogen combustion node (containment event tree HC2),
there will be no oxygen to support further combustion.

i

The meaning of symbols used for identifying entry conditions for each case is provided in )
Table 41-11. Descriptions for each case are given below. 1

,

Case 1: IG

This case involves an operation of the igniter system. As discussed previously, the igniter i
system keeps the containment atmosphere below the lower flammability limits, unless the i

containment is steam-inerted. A global bum for this case is extremely unlikely. |
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Case 2: No IG, PCCS, PB, No VF

This case involves only in-vessel hydrogen generation. The amount of in-vessel generation
can lead to the flammability limits required for a global bum if the passive containment
cooling system operates. However, since a large portion of this hydrogen inventory burns
previously, the remaining hydrogen will be much lower than the requirement.

Case 3: No IG, PCCS, PB, DQ

This case involves vessel failure in which the debris is eventually quenched. There is a
certain amount of ex-vessel generation sufficient to reach the flammability limits required for
a global bum even if an early global bum has occurred. However, if an intermediate global
burn has occurred, the likelihood of reaching the flammability limits again is zero. The value
of x in this case is equal to the probability of no burn at containment event tree node HC2
for cases with quenched debris (case 3 or 7 of Table 41-9).

Case 4: No IG, PB, No DQ

This case involves severe core-concrete interactions that generate a tremendous amount of
combustible gases. Even if an early burn has occurred, another burn is still possible both in
terms of flammability limits and ignition sources. Severe core-concrete interactions are a
result of too little water in the containment (failure to flood the cavity and injection of only
two out of four tanks or less). Because of this limited amount of water, the differences
between cases with and without passive containment cooling system operating in terms of
combustion likelihood are negligible. 'Iherefore, this case is applied regardless of the status
of the passive containment cooling system. However, if an intermediate global bum has
occurred previously, the likelihood of reaching the flammability limits again is zero because
of insufficient availability of oxygen. For this case, x is equal to the probability of no bum
at containment event tree node HC2 for unquenched debris (case 4 or 6 of Table 41-10).

Case 5: No IG, PCCS, No PB, No VF

This case involves only in-vessel hydrogen generation with passive containment cooling
system operating. The probabilities calculated for flammability and for deflagration-to-
detonation transition in the containment in the early time frame (node hcl) are used to
quantify the late hydrogen combustion probabilities.

Case 6: No IG, No PB, No DQ

This case, similar to case 4, involves severe core-concrete interactions. The likelihood and
J

consequence for combustion are greater than case 4 because no burn has occurred previously.
'

t

i

k
Revision: 3[ W85tingh0USB 6 February ~28,1995

41-21 u:Wa\sec41.*Pf:lb

!



--

-, .

41. Decomposition Event Tree - Hydrogen Combustion Analysis

!
Case 7: No IG, PCCS, No PB, DQ

;

This case, similar to case 3, involves vessel failure with quenched debris. Because of the no
previous bum condition, the combustion consequence is greater than case 3.

.

Case 8: No IG, No PCCS, No VF or DQ

This case involves failure of the PCCS with no vessel failure or quenched debris. The amount I

of containment water injected is at least three of four tanks in order to quench the debris.
This amount of water is sufficient to maintain steam concentration above 55 percent. Hence,
the atmosphere is inerted throughout the sequence.

41.5.4 Intermediate and Late Hydrogen Combustion Decomposition Event Tree Quantification
Results

j The results of the quantification for intermediate combustion and late combustion are
presented in Tables 41-10 and 41-11, respectively. These tables show the conditional
probabilities of each end-state, given one of the eight cases discussed in the sections above.

1

Four of eight cases identified have a potential to challenge the containment by deflagration.
They are cases 3,4, 6, and 7. A global bum in these cases involves combustible gases
generated both in and ex-vessel. MAAP 4 analyses of deflagration pressure peaks for these
cases were performed in addition to those described previously. The results are summarized
in Table 41-12 for an intermediate combustion event and in Table 41-13 for late combustion
event. Other cases do not have a global burn (cases 1,2, and 8) or burn only the in-vessel
hydrogen (case 5), which produces a pressure peak too low to produce a non-zero containment
failure probability. Based on the deflagration pressures and the AP600 containment fragility
curve, the split fractions for containment failure due to deflagrations and detonations were
determined and listed in the tables. To obtain detonation loads, it was assumed that the loads
are equal to the deflagration pressures multiplied by 4.5. This results in a split fraction of I
for containment failure due to detonations in all these cases. The likelihood of containment
failure due to a burn is given in Table 41-14 for an intermediate combustion event, and in
Table 41-15 for a late combustion event. In case 6 for both intermediate and late combustion
events, all oxygen gas was consumed by the bum. Case 6 represents the most severe (upper
bound) combustion event that could be postulated. It is noted that the deflagration-to-
detonation transition loads dominate the conditional probability of containment failure due to
combustion. The zero conditional probability for HC3 case 4 (Table 41-15) implies that, for
accident sequences with unquenched debris in cavity, there would be no oxygen to support
a later bum if a previous intermediate bum has already occurred. The previous global burn
at node HC2 would have consumed most oxygen present in the containment.

The split fractions applied to containment event tree nodes HC2, CF2, HC3, and CF3 are
presented in Tables 41-14 and 41-15 as well.
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Table 41-1

AP600 INTEGRATED IN-VESSEL HYDROGEN GENERATION

Best Estimate Bounding-Estimate

Active Clad Active Clad
Mass H Reacted Mass H Reacted2 2

Accident Class (kg) (%) (kg) (%)

1A 482 77 610 98

1AP 397 64 530 85

3BE No Reflood 288 46 440 70

3BE/3BR Reflood 614 98 740 118

3C 360 58 518 83

3D 365 58 530 85

,

4
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41. Decomposition Event Tree - Hydrogen Combustion Analysis

Table 41-2

AP6'X) HYDROGEN COMBUSTION PEAK PRESSURE AND
TEMPERATURE ESTIMATES2

Best-Estimate Hydrogen Generation Cases

3BE
3BE 3BF1 No 3BF13BR |
No 3BR Reflood Reflood |

1A 1AP Reflood Reflood PCS Fall PCS Fall 3C 3D i

Pre-Burn Gas Comp
mole fraction H 0.115 0.07 0.06 0.135 0.05 0.10 0.08 0.072

mole fraction steam 0.16 0.28 0.25 0.20 0.50 0.40 0.25 0.35

Mass of H (kg) 482 397 288 614 378 614 325 3802

Pre-Burn 1.4 1.5 1.5 1.5 2.5 2.1 1.6 1.8
Press (bar) 400 375 375 370 390 380 360 365
Temp (K)

!

4.5 - - 5.3 - - - -

Post-Burn 1330 - - 1440 - - - -

Press (bar)")
Temp (K)")

Cond Prob CF doe to 0 0 0 0 0 0 0 0
Deflagration *

Cond Prob of DDT in 0 0 0 0.01 0 0 0 0
IRWST2)

Cond Prob of DDT in 0.01 0 0 0.01 0 0 0 0
Lower Compt *

Note:
(1) AICC peak pressure and temperature
(2) Based on conditional containment failure probability distribution (Chapter 42)
(3) Based on methodology outlined in Reference 41-6

6
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41. Decomposition Event Tree - Hydrogen Combustion Analysis

1

Table 41-3

AP600 HYDROGEN COMBUSTION PEAK PRESSURE AND
TEMPERATURE ESTIMATES

Bounding Estimate Hydrogen Generation Cases

3BE 3BF)
3BE 3BF/ No 3BR
No 3BR Reflood Reflood

1A 1AP Reflood Reflood PCS Fall PCS Fall 3C 3D

Pre-Burn Gas Comp
mole fraction H 0.14 0.09 0.09 0.17 0.06 0.115 0.12 0.082

mole fraction steam 0.16 0.28 0.25 0.20 0.50 0.40 0.25 0.35

Mass of H (kg) 610 530 440 740 440 740 520 4402

Pre-Burn 1.4 1.5 1.5 1.5 2.5 2.1 1.6 1.8

Press (bar) 400 375 375 370 390 380 360 365
Temp (K)

5.3 - - 5.8 - 7.0 4.6 -
1

Post-Burn 1500 - - 1675 - 1155 1310 -

Press (bar)*
Temp (K)*

Cond Prob CF due to 0 0 0 0 0 0 0 0
Deflagration *

Cond Prob of DDT in 0 0 0 0.01 0 0.01 0.1 0
IRWST*

Cond Prob of DDT in 0.01 0 0 0.1 0 0 0.01 0
lower Compt *

_

Note:
(1) AICC peak pressure and temperature
(2) Based on conditional containment failure probability distribution (Chapter 42)
(3) Based on methodology outlined in Reference 41-6

W WBStingt100S8pe 2g,1995 '
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41. Decompositio2 Ev:nt Tree - Hydrogen Combustion Analysis

|

Table 41-4 j

AP600 EARLY HYDROGEN COMBUSTION DET SPLIT FRACTIONS FOR i

NODE FL |

Failure Probabilities for Node FL - Early Hydrogen Combustiot ')ET

Best-Estimate Hydrogen Bounding-Estimate Hydrogen
Case Generation Generation

Igniters On 0 0

PCS Off-

(All Except 3BE Reflood) 0 0

1A 1 1 j

IAP 0 0
!

'

3BE No Reflood 0 0 i

j3BE/3BR Reflood PCS On 1 1

3BE/3BR Reflood PCS Off 0 1 |

3C 0 1

3D 0 0

Revision: 3
T Westinghouse E. NEL42'a= February 28,1995
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41. Decomposition Event Tree - Hydrogen Grabs: on Analysis

i

Table 41-5

CONDITIONAL PROBABILITY OF DEFLAGRATION-TO DETONATION
TRANSITION IN THE IRWST FOR LARLY HYDROGEN COMBUSTION

IN AP600 CONTAINMENT

Node DDT1 Failure
Case Probability

3BE/3BR With Reflood, PCS On, Best-Estimate H 0.013

3BE/3BR With Reflood, PCS On, Bounding-Estimate H 0.012

3BE/3BR With Reflood, PCS Failed, Bounding-Estimate H 0.012

3C, PCS On, Bounding-Estimate H 0.102

All Others 0.0

. . .

,

Table 41-6 i

CONDITIONAL PROBABILITY OF DEFLAGRATION-TO-DETONATION
TRANSITION IN THE LOWER COMPARTMENTS FOR EARLY

HYDROGEN COMBUSTION IN AP600 CONTAINMENT

Node DDT2 Failure
Case Probability

1 A PCS On, Best-Estimate H 0.012

1 A, PCS On, Bounding-Estimate H 0.012

^

3BE/3BR With Reflood, PCS On, Best-Estimate H 0.012

3BE/3BR With Reflood, PCS On, Bounding-Estimate H 0.102

3C, PCS On, Bounding-Estimate H 0.012

All Others 0.0

Revision: 3
E. NEL W W85tingh0US8February 28,1995
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41. Decomposition Event Tree - Hydrogen Combustion Analysis !
I ,

, :,

I
| '

l
Table 417 )

QUANTIFICATION RESULTS OF THE
EARLY HYDROGEN COMBUSTION DET '

Case NB GB DT DD P,ici Per,

Igniters On
(All Cases) 1.0 0.0 0.0 0.0 0.0 0.0

PCS Fail, Ign Fail (All cases,
Except 3BE Reflood) 1.0 0.0 0.0 0.0 0.0 0.0

1A
Ign Fail, PCS Sue 0.5 0.495 5.E-3 0.0 0.5 0.01

1AP
Ign Fail, PCS Sue 1.0 0.0 0.0 0.0 0.0 0.0

3BE No Reflood
Ign Fail, PCS Suc 1.0 0.0 0.0 0.0 0.0 0.0;

3BE/3BR Reflood
Ign Fail, PCS Sue 0.5 0.489 0.011 0.0 0.5 0.022

3BE/3BR Reflood
Ign Fail, PCS Fail 0.9875 0.0124 1.25E-4 0.0 0.0125 0.01

3C

| Ign Fail, PCS Sue 0.?875 0.0111 1.36E-3 0.0 0.0125 0.11
|

| 3D
Ign Fall, PCS Suc 1.0 0.0 0.0 0.0 0.0 0.0

w gga EN_EL
Revision: 3

|
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41. Decomposition Evelt Tree Hydrogen Combustion Analysis

Table 41-8 (Sheet 1 of 2)

SUMMARY OF MAAP4 ANALYSES FOR
LOSS-OF FEEDWATER SEQUENCES

.

MAAP RUN #

Key Parameters LF3 LF4(s' LF4A(8'8 LF5 LF5A<ss)

Core Uncovery (hr.) 4.8 3.5 3.4 4.9 4.9
Core Relocation (hr.) 6.9 5.5 5.4 6.6 6.7
Lower Head Failure (hr.) No 8.9 8.9 21.3 No
In-Vessel Clad Ox. (%) 42 34.8 35 34.8 40 :

'

Production: In-Vessel H (kg) 390 325 330 325 3702

Ex-Vessel H (kg) No 205 370 240 No2

Ex-Vessel CO (kg) No 4950 12500 6300 No
Early H (%) >8%"' >8% <8.3 <4.9%* <6.82 i

Late * H /CO (%) -4.1/0 -8.6/5.7 ~9.3/12.3* <2.5/2.5(* <4.6/0*
'

2

Ignition Source See"* See"" See"* Seco 23 3,,u33
t

Very Latem Ha /CO (%) -4.3/0 -9.0/6.0 - <2.4/2.0 <4.6/0 |
Ignition Source See"* See"" - See ) See"3)U2

Safety Features

Accumulators (2) 2 2 1 2 2

CMT (2) 2 1 1 2 2
ADS (Stages) 3 3 3 3 3

Feedwater (Ail) No No No No No
PRHR Functional No No No No No
PCS Functional Yes Yes Yes No No
ignite:s Operational No No No No No
IRWST Injection No No No No No

Note:
(1) Globally burned; containment pres. - 2.64x10' Pa (8) Steam > 55%
(2) Globally burned at 33% steam; containment failed (9) Burn allowed at 24 hr
(3) Local burns in IRWST (10) Debris in cavity
(4) Steam >80% (11) Up Plen Temp = 650 K to 700 K
(5) Burning suppressed initially (12) Up Plen Temp = 1200 K
(6) Up to 24 hr. (13) Up Plen Temp = 1300 K to 1400 K
(7) Up to 72 hr. (14) Up Plen Temp = 1400 K to 1500 K

Resision: 3 ENEL W WeStingt10USeFebruary 28,1995 '"' -r
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41. Decomposition Event Tree - Hydrogen Combustion Analysis

I
1

Table 41-8 (Sheet 2 of 2)

SUMMARY OF MAAP4 ANALYSES FOR
LOSS-OF-FEEDWATER SEQUENCES

MAAP RUN #

Key Parameters LFSA") LF5B"' LF5C") LF5D"''

' Core Uncovery (hr.) 4.9 3.55 3.4 2.3

Core Relocation (hr.) 6.7 5.3 5.1 3.75

Lower Head Failure (hr.) No 8.8 8.8 7.56

in-Vessel Clad Ox. (%) 40 33.8 35 28.2
Production: In-Vessel H (kg) 370 317 326 2652

,

Ex-Vessel H (kg) No 210 1400 850 l2

Ex-Vessel CO (kg) No 4360 54000 31000 i
Early H (%) <6.8 <6.3 <6.7 <5.4 I

2

Intermediate H /CO/H O (%) <4.6/0/>55 <4.6/<2.8/>64 <11/<24/>38 <13/<24/>26*2 2

Ignition Source Steam inened Steam-inerted Debris * Debris *
Late H /CO/H O (%) <4.6/0/>55 <5.4/<3.4/>58 <13/<28/>34 -

2 2

Ignition Source Steam-inerted Steam-inerted Debris * -

Safety Features

Accumulators (2) 2 2 1 0

CMT(2) 2 1 1 1

ADS (Stages) 3 3 3 3

Feedwater (All) No No No No
PRHR Functional No No No No
PCS Functional No No No No
Igniters Operational No No No No
IRWST Injection No No No No

Note:
(1) Debris surface temperature > 1000 K
(2) Containment failure occurred (globally burned; cont. pres. > 1.037 MPa)
(3) Debris surface temperature > 700 K
(4) Burning suppressed initially; allowed for 1/2 hour at 24 hours |

||
3

;!
|

W WeStirigt10USS WS. "
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) 41. Decomposition Event Tree - Hydrogen Combustion Analysis

L !

:

Table 419

SUMMARY OF MAAP4 ANALYSES FOR4

HOT LEG 2" SMALL LOCA

MAAP RUN #
,

Key Parameters SLO 2 SLO 6 SLO 5Am
*

Core Uncovery (hr.) 1.85 1.8 1.8
Core Relocation (hr.) 3.35 3.29 3.36
Lower Head Failure (hr.) 8.3 8.6 8.35

-

In-Vessel Clad Ox. (%) 34 37 36.5
In-Vessel H Production (kg) 318 345 340
Ex-Vessel H Production (kg) 220 216 2202,

Ex-Vessel CO Production (kg) 5600 5500 5600
"

Early H (%) >8%* See* <6.8%* |2

Intermediate (Up to 24 b.) H /CO (%) 6.4/6.0(* <3.6"'/<2.8 <5/<3.5(* |
.

2

3 Gas Temp in Broken Loop (K) =l100 <900 <1000 1

] Late (Up to 72 hr.) H/CO (%) 0.0/0.0 <3.5/<2.7 ~5/5.6* |

Gas Temp in Broken Loop (K) < 800 <5.0 <6004

Safety Features

Accumulators (2) 1 1 1

CMT (2) 2 2 23

; ADS (Stages) 3 3 3

Feedwater (All) No No No !
PRHR Functional No No No
PCCS Functional Yes No No

| Igniters Operational No Yes No
IRWST Injection No No No

:

!

Note:
(1) Local burns in IRWST, upper comp., SG comp.
(2) Local burns in SG, IRWST
(3) Local burns in upper comp.
(4) Steam > 65% T <410 K,

; (5) Steam > 55% T < 410 K
j (6) Globally burned; containment pressure = 7.% x 10' Pa

; (7) Burning suppressed

,

<

Revision: 3 ENEL W @ use; February 28,1995 m'ME='-
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41. Decomposition Evnt Tree Ilydrogen Combustion Analysis

Table 41-10

DET QUANTIFICATIONS FOR
INTERMEDIATE HYDROGEN COMBUSTION

(CET NODE HC2)

Case N~B GB DT
# Conditions x y z (1 xy) xy(1 z) (xyz) DD

1 IG 0 1 0 1 0 0 0

2 No IG, PCS. PB, No VF 0 - - 1 0 0 0

3 No IG, PCS, PB, DQ 1 0.3 0.01 0.7 0.297 3.0E-3 0

4 No IG, PB, No DQ 1 1 0.1 0 0.9 0.1 0

5 No IG, PCS, No PB, No VF
1A 1 0.4 0.01 0.6 0.396 4.0E-3 0
1AP 0 0.4 0 1 0 0 0
3BE/3BR Reflood 1 0.4 0.012 0.6 0.3952 4.8E-3 0
3C 0.025 * 0.4 0.01 0.99 9.9E-3 1.0E-4 0
3D 0 0.4 0 1 0 0 0

6 No IG, No PB, No DQ 1 1 0.5 0 0.5 0.5 0

7 No IG, PCS, No PB, DQ l 0.3 0.01 0.7 0.297 3.0E-3 0

8 No IG, No PCS, DQ or No 0 - - 1 0 0 0
VF

Igniter system operatesIG =

PCS = PCCS operates
Global burn has occurred previouslyPB =

Vessel failure occursVF =

DQ = Debris in cavity is quenched, short-term CCI occurs

1

Note: |
(1) Only bounding-estimate hydrogen generation case is flammable

|

|
|

|
|
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dl. Decomposition Evrt Tree Hydrogen Combustion Analysis

Table 41-11

DET QUANTIFICATIONS FOR
LATE HYDROGEN COMBUSTION

(CET NODE HC3)

Case NB GB DT DD
# Conditions x y z (1xy) xy(1 z) xyz

1 IG 0 1 - 1 0 0 0

2 No IG, PCS, PB, No VF 0 - - 1 0 0 0

3 No IG, PCS, PB, DQ 0.7* 0.4 0.01 0.72 0.2772 2.8E-3 0

4 No IG, PB, No DQ 4 23 1 0.5 -l ~0 -O O
'

5 No IG, PCS, No PB, No VF
1A 1 0.1 0.01 0.9 0.099 1.0E-3 0
1AP 0 0.1 0 1 0 0 0
3BE/3BR-Reflood 1 0.1 0.01 0.9 0.0988 1.2E-3 0

,

3C 0.025 * 0.1 2 0.998 1.975E- 2.5E-5 0
'

3D 0 0.1 0.01 1 3 0 0
0 0

No IG, No PB, No DQ
6 1 1 0 0.5 0 1

'

No IG, PCS, No PB, DQ 0.5 0.5
"

7 1 0.4 0.6 4.0E-3 0
No IG, No PCS, DQ or No 0.01 3.96E-1 ;

1 0 0 I8 VF 0 -

0
.

IG = Igniter system operates
PCS = PCCS operates
PB = Global burn has occurred previously
VF = Vessel failure occurs
DQ = Debris in cavity is quenched, short term CCI occurs

Note: |

(1) Equal to a split fraction of no burn (1-xy) for case 3 or 7 of Table 41-10
(2) Equal to a split fraction of no burn (1-xy) for case 4 or 6 of Table 41-10
(3) Only bounding-estimate hydrogen generation case is flammable

Revision: 3
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41. Decomposition Eve:t Tree - Hydrogen Combustion Analysis

i
|

Table 41-12

ANALYSIS OF PRESSURE PEAK DUE TO INTERMEDIATE
COMBUSTION EVENT (HC2)

Case 3* Case 4* Case 6* Case 7*

Early H Burn Yes Yes No No2

Pre-burn Gas Comp.

H /CO (vol.%) 6.4/6.0 6.7/11.4 9.7/12.5 8.6/5.6 |2

H 0/CO (vol.%) 40/0 36/0 33/0 34/0 |2 2

Amount Burned
H (kg-mole) 215 205 288 ?68 )2

CO (kg-mole) 200 346 368 178 i

Pre-Burn
Temp. (K) 440 380 380 380

Pres. (MPa) 0.26 0.23 0.24 0.21
]

Post-Burn
1 Temp. (K) 1554 1809 1952 1569

Pres. (MPa) 0.796") 0.946"' 1.064 * 0.767*'

Containment Failure Probability * O 2.36E-2 6.67E-1 0
Due to Deflagrations

Containment Failure Probability * 1 1 1 1

Due to Detonations
-t

Note:
(1) Based on the AP600 containment failure probability distribution (Chapter 42)
(2) Based on MAAP run # SLO 2
(3) Based on MAAP analysis similar to run # LF4A except that ignition sources are also assume from

8.7 to 8.9 hr. in addition to, from 24 to 24.5 hr. (run # LF4A-4A)
(4) Based on MAAP analysis to run # LF4A except that containment failure is not allowed (run # LF4A-

6A); all oxygen was consumed by the bum
(5) Based on MAAP analysis similar to run # LF4, except that ignition sources are assumed from 24 hr.

(run # LF4-7A)
(6) Containment failure does not occur or is not allowed for this calculation

_
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41. Decomposition Event Tree - Hydrogem Combustion Analysis

Table 41-13

ANALYSIS OF PRESSURE PEAK DUE TO
LATE COMBUSTION EVENT (HC3)

Case 3* Case 4* Case 6'* Case 7*

Early H Burn Yes Yes No No2

Pre-burn Gas Comp.

H /CO (vol.%) >6.4/6.0 7.8/13 10.8/13.6 9.2/6.12

H 0/CO (vol.%) <40/0 28/0 26/0 28/02 2

Amount Burned
H (kg-mole) 215 205 290 2682

CO (kg-mole) 200 393 364 178

Pre-Burn
Temp. (K) 440 370 370 370
Pres. (MPa) 0.26 0.196 0.22 0.18

Post-Burn
,

Temp. (K) >l554 1995 2110 1679
Pres. (MPa) <0.796* 0.90l* 1.0l* 0.745*

Containment Failure Probability * 0 2.21E-3 2.19E-1 0
Due to Deflagrations

Containment Failure Probability * 1 1 1 1

Due to Detonation

Note:
(1) Based on the AP600 containment failure probability distribution (Chapter 42)
(2) Based on MAAP run # SLO 2
(3) Based on MAAP analysis similar to run # LF4A except that ignition sources are assumed from

8.7 to 8.9 hr. and from 65 hr. (run # LF4A-4B)
(4) Based on MAAP analysis similar to run # LF4A except that ignition sources are assumed from 65 hr.

(run # LF4A-6B); all oxygen was consumed by the burn
(5) Based on MAAP analysis similar to run # LF4, except that ignition sources are assumed from 65 hr.

(run # LF4-7B)
(6) Containment failure does not occur or is not allowed for the calculation

Revision: 3 ENEL W Westingtl0USBFebruary 28,1995 ' " " - '
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41. Decompositio2 Evrt Tree - Ilydrogen Combustion Analysis !

Table 41-14

DET QUANTIFICATIONS FOR
INTERMEDIATE HYDROGEN COMBUSTION

(CET NODES HC2, CF2)

P(HC2) P(CF2)
Case CET CET

# Conditions GB DT CFc, CFw ICF Node Node

1 IG 0 0 0 0 0 0 0

2 NoIG,PCS,PB, 0 0 0 0 0 0 0
No VF

3 No IG, PCS, PB, DQ 0.297 3.0E-3 0 3.0E-3 3.0E-3 0.3 0.01

No IG, PB, No DQ 0.9 0.1 2.lE-2 0.1 1.21E-1 1 1.21E-1

5 No IG, PCS, No PB,
No VF
1A 0.396 4.0E-3 0 4.0E-3 4.0E-3 0.4 0.01
1AP 0 0 0 0 0 0 0
3BR/3BE-Reflood 0.3952 4.8E-3 0 4.8E-3 4.8E-3 0.4 0.012
3C 9.9E-3 1.0E-4 0 1.0E-4 1.0E-4 0.01 0.01
3D 0 0 0 0 0 0 0

6 No IG, No PB, No DQ 0.5 0.5 3.3E-1 0.5 8.3E-1 1 8.3E-1

7 No IG, PCS, No PB, 0.297 3.0E-3 0 3.0E-3 3.0E-3 0.3 0.01

DQ
0 0 0 0 0 0 0

8 No IG, No PCS, DQ or
No VF

IG Igniter system operates=

PCS PCCS operates=

PB Global burn has occurred previously=

Vessel failure occursVF =

Debris in cavity is quenchedDQ =

Conditional probability of global deflegrationGB =

Conditional probability of detonationDT =

Conditional probability of cen'.ainment failure due to deflagration = GB* split fraction for CF due toCFe, =

deflagration (Table 41-12)
Conditional probability of containmen; failure due to detonation = DT* split fraction for CF due toCFm =

detonation (Table 41-12)

W WeStlDgt100Se M "
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41. Decanposition Event Tree o Hydrogen Combustion Analysis

Table 41-15

DET QUANTIFICATIONS FOR
LATE HYDROGEN COMBUSTION

(CET NODE HC3, CF3)

P(HC3) P(CF3)
Case CFce CET CET

# Conditions GB DT CFor ICF Node Node

1 IG 0 0 0 0 0 0 0

2 No IG, PCS, PB, No VF 0 0 0 0 0 0 0

3 No IG, PCS, PB, DQ 0.2772 2.8E-3 0 2.8E-3 2.8E-3 0.3 9.33E-3

4 No IG, PB, No DQ -0 ~0 0 0 0 0 0

5 No IG, PCS, No PB, No a

VF 0.099 1.0E-3 0 1.0E-3 1.0E-3 0.01 0.1

1A 0 0 0 0 0 0 0
1AP 0.0988 1.2E-3 0 1.2E-3 1.2E-3 0.1 0.012
3BR/3BE Reflood 1.975E-3 2.5E-5 0 2.5E-5 2.5E-5 2.0E.3 0.0125
3C 0 0 0 0 0 0 0
3D

6.lE-1
6 No IG, No PB, No DQ 03 0.5 1.lE-1 0.5 6.lE-1 1

0.01
7 No IG, PCS, No PB, 0.396 4.0E-3 0 4.0E-3 4.0E-3 0.4

DQ 0
8 0 0 0 0 0 0

No IG, No PCS, DQ or
No VF

e -_

IG Igniter system operates I=

PCS PCCS operates=

Global burn has occurred previouslyPB =

Vessel failure occursVF =

DQ Debris in cavity is quenched=

Conditional probability of global deflagrationGB =

Conditional probability of detonation !DT =

Conditional probability of containment failure due to deflagration = GB* Split Fraction for CF due to ICFo, =

deflagration (Table 41-13) ]
Conditional probability of containment failure due to detonation = DT* Split Fraction for CF due to |CFor =

detonation (Table 41-13) i

l
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41. Decomposition Event Tree - Hydrog:n Combustion Analysis
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Figure 41-1

Flammability Limit Fit at Elevated Temperatures (Reference 415)
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41. DecompJsition Event Tree Hydrog:n Combustion Analys's
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CHAPTER 42
;

|

CONDITIONAL CONTAINMENT FAILURE PROBABILITY DISTRIBUTION |
,

| 42.1 Introduction I
1

i

The probability distribution for containment failure due to internal pressurization of the
containment has been developed for the AP600 containment vessel.

l

The AP600 containment and its structural properties are described in subsection 3.8.2 of the |
AP600 Standard Safety Analysis Repon (SSAR). Based on a detailed examination of the l

stmetural design of the AP600 containment vessel as described in subsection 3.8.2 of the I
SSAR, the limiting containment failure modes that have been identified include: )

General yielding of the cylindrical shell I.

Buckling of the ellipsoidal head.

Buckling of the 22-ft. equipment hatch.

Buckling of the 16-ft. equipment hatch.

Yielding of the personnel airlock.

Other containment failure modes are examined failure, as discussed in subsection 3.8.2 of the
SSAR. Based on detailed evaluations,it was determined that other failure modes, such as
general yielding of the ellipsoidal head and failure of the piping penetrations, are not
considered to be independent containment failure modes. Rather, these other failure modes
are bounded by more failure criteria for the limiting failure identified above.

Each of the limiting failure modes is examined to determine the best estimate of the mean
failure pressure. In addition, the random and subjective uncertainties associated with each of
the failure modes are identified. These failure characteristics are then used to develop a
probabilistic model to predict the containment failure due to internal static pressurization. The
details of the model development and the results of the analysis are presented in the following
sections.

42.2 Probabilistic Model

To define the probability of a containment failure due to internal pressurization,it is necessary
to select a statistical distribution with the correct properties. The engineering justification for
a particular probability density function must be made based on the gathering and evaluation
of relevant information that can serve to characterize the nature of the random data and
physical processes that lead to the random data. The nature of the random data, and in
particular any limits or bounds on the data, are as important as the predicted means and
variances from statistical analysis of the data. Thus, specific limits in the data and
characteristics, such as skewness, must be utilized to specify the probability density function.
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42. Conditional Containnwnt Failure Probability Distribution )
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Four potential probability distributions are considered: the Gaussian, the Gamma, the Gumbel,
the log-normal, and the Weibull.

Based on a review of the characteristics of the four potential probability distributions,it was
determined that both the Weibull and the lognormal distributions would be suitable to describe
the containment failure probabilities. An additional review of the containment failure
probability distributions reported in a number of the Individual Plant Examinations submitted
to the Nuclear Regulatory Commission (in response to the Commission's Generic Letter
88-20) indicates that the lognormal distribution is the most commonly used distribution form
for predicting containment failure from internal pressurization. Therefore, the lognormal
distribution is selected to construct the conditional containment failure probability distribution.

42.3 Containment Failure Characteristics

The characteristic parameters for containment failure due to internal pressurization are derived
from detailed analyses of the containment vessel, supplemented by applicable test data for
certain design features of the containment, as described in subsection 3.8.2 of the SSAR. For |
the construction of the conditional containment failure probability distribution, the required j
characteristic parameters are the mean failure pressure and the statistical variance that
represent the uncertainty associated with the mean value.

42.3.1 Mean Values for Containment Failure

The development of the conditional containment failure pmbability distribution requires the
specification of the mean value for containment failure for each of the possible containment ;

failure modes. Subsection 3.8.2 of the SSAR provides values for the ultimate containment '

pressure capability at 100*F and 400*F.

The information presented in subsection 3.8.2 of the SSAR is based on the most limiting
failure modes with respect to internal containment pressure. The subsection also provides
information that the actual containment failure would be expected to occur at an internal
pressure that is about 15 percent higher than the ultimate pressure specified, based on an
assumed increase in the strength of the actual materials used in construction of the
containment vessel. Reference 42-1 confirms that the actual yield strength of containment
construction materials can typically be expected to be 12 to 22 percent higher than the
specified minimum material strength. Since the mean containment strength is used to
construct a probability distribution that includes random uncertainties in material properties
as well as subjective uncertainties in modelling of the containment strength, it is appropriate
to use the expected, as-built containment strength (i.e., the 15 percent increase over the
nominal value) for the meca value of the distribution.

The containment internal pressure value used for the mean value of the containment failure
probability distribution is the expected failure pressure, evaluated at 400*F. A review of the
severe accident sequences in which the containment internal pressure approaches the failure
pressure of the containment (including the decomposition event trees in Section 43 of the
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42. Conditional Containment Failure Probability Distribution

!

! AP600 Level 2 PRA) leads to the conclusion that the containment sheli is likely to be at the
| containment saturation temperature (for the internal containment pressure) for most severe

accident sequences. With the passive containment cooling provided by the containment
design, the highest likelihood of containment failure due to overpressurization is due to
extreme cases of severe accident phenomena (e.g., hydrogen burns and noncoolable ex-vessel
core debris). In the case of hydrogen burns, the highest reported containment temperature
prior to the burn was on the order of 330*F. In the case of a noncoolable ex-vessel debris
bed, the highest containment temperature is less than 400*F. Therefore, the use of a uniform
containment shell temperature of 400*F for evaluation of the containment material properties
is bounding for the prediction of the conditional containment failure probability distribution.

he values used to construct the conditional containment failure pecbability distribution are,

'

identified in the next section.

42.3.2 Uncertainties in Containment Failure

ne uncertainties identified and examined include both random uncertainties and subjective
uncertainties. The broad categories of uncertainties considered are:

Geometric Properties: This category of uncertainty is principally concerned with the
variations between the as-built containment vessel and the design utilized in the analysis.
Some of these variations include containment dimensions, placement of stiffeners, and
thickness of the steel plates used to make up the containment vessel. Also included in this
category are construction practices such as the strength of weldments, etc. It has been
reported [ Reference 42-1] that the overall uncertainty in the containment strength is generally
insensitive to variations in geometric properties, except for buckling mode of failure.

I

Structural Analysis: The uncertainties in the overall containment strength can be sensitive to
uncertainties in assumptions and models used in the structural analysis of the ultimate strength
of the containment structure. Some of the sources of uncertainty include, but are not limited
to: the definition of containment failure used in the analysis, the simplified geometric model
used in the analysis, the analysis method, the analysis focus of failure locations and modes,
the effect of non-uniform geometries, the effect oflocal temperature and the interpretation of
test results to construct the analytical model. These uncertainties must be subjectively
evaluated since no complete investigation of these uncertainties is available. Reference 42-1
provides several estimates of the actual-to-predicted results, which vary according to the
failure mode assumed in the analysis, the person doing the evaluation, and the method of
analysis, he range suggested by these values is a mean value for the actual-to-predicted
results tending to unity and a standard deviation in the range between 0.08 and 0.24.
Reference 42-2 suggests that a value of 0.12 be used in constructing the probability
distribution for the ultimate strength of the containment.

Material Properties: Uncertainties in material properties can be important in estimating the
overall containment failure uncertainty. On the surface this appears to the most easily

|
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l

!

quantified from data on materials used in construction, particularly if field test specimens are
available. However, the total uncertainties in materials should also consider, but are not
limited to the estimation of statistical properties from a small sample [e.g., is the calculated
mean the real mean) and assumptions on ur.iformity of properties. There is a wide range of
application of material properties to estimate uncertainties and, except for the buckling mode
of failure, most analyses neglect all uncertainties except the random, measurable variations in
material properties. Reference 42-1 provides several estimates of the uncertamty in material
properties that show a coefficient of variance in the range of 0.044 to 0.11 for conditions that
may be applicable to the passive containment shell. Reference 42-2 recommends that a
coefficient of variance between 0.06 and 0.08 be used to define the random variance in
material properties for the contninment shell. Finally, based on sampling of test results of

|
material similar to that specified for the AP600 containment shell as described in subsection '

3.8.2 of the SSAR, the coefficient of variance was found to be 0.048.

|
Gross Errors: Gross errors in construction und / or design are not quantifiable since they lead l
to catastrophic results that are not predictable by reliability methods.

]
|

The values used to constniet the conditional containment failure probability distribution are
identified in the next section.

42.4 Containment Failure Predictions

42.4.1 Containment Cylindrical Shell

The response of the cylindrical portion of the containment vessel to internal pressurization has
been analyzed, and the results reported in subsection 3.8.2 of the SSAR. The best estimate
of the pressure at which failure would occur is 166 psig, based on actual material properties
at a uniform containment wall temperature of 100*F. 'Ihis was adjusted to 138 psig to
account for a 400'F upper bound wall temperature at high internal pressures, based on
evaluation of the containment conditions for the range of severe accidents predicted in the
PRA.

A coefficient of variance of 0.06 is used to represent the random uncertainty in material
properties, consistent with References 42-1 and 42-2. For the subjective uncertainty associated
with modelling of the ultimate containment failure pressure, a coefficient of variance of 0.16
is used. This value is derived from Reference 42-1 for membrane yielding failures in steel
shell containment structures.

42.4.2 Ellipsoidal Upper Head

'Ihe response of the ellipsoidal upper head of the containment vessel to in.ernal pressurization
has been analyzed, and the results are reported in subsection 3.8.2 of the '3SAR. Three failure
modes are identified in subsection 3.8.2 of the SSAR: yielding at the crown, yielding at the
knuckle region, and incipient buckling. Failures due to tensi!c stresses are bounded by the
variations considered for yield of the cylindrical shell. On'y the buckling failure mode at the
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l
i

knuckle region can be considered to be an independent failure mode that must be separately j
considered in determining the conditional contamment failure probability distribution.

De best-estimate internal pressure at which the ellipsoidal head of the containment vessel
would fail due to post-yield bucklir.g in the knuckle region is 192 psig, using minimum
specified yield strength of the containment claterials at 100*F. This is reduced to 163 psig
at the 400*F upper bound containment wall temperature.

,

A coefficient of variance of 0.06 is used to represent the random uncertainty in material
properties, consistent with References 42-1 and 42-2. For the subjective uncertainty associated
with modelling of the ultimate containment failure pressure, a coefficient of variance of 0.14

,

is used. This value is consistent with References 42-1 and 42-2 for the buckling mode of '

containment failure.

42.4.3 Equipment Hatches

The response of the 22-ft. and 16-ft, diameter equipment hatches to internal pressurization has
been analyzed, and the results are reported in subsection 3.8.2 of the SSAR. De best
estimate of the pressure at which falhue would occur for the 16-ft. equipment hatch is 241
psig at a uniform containment wall temperature of 100*F, based on 150 percent of the critical
buckling pressure as indicated by a review of test data. He matching value for the 22-ft.
hatch is 294 psig. Dese values are adjusted to 226 and 275 psig, respectively, to account for
the 400*F upper bound containment wall temperature.

A coefficient of variance of 0.06 is used to represent the random uncertainty in material
properties, consistent with References 42-1 and 42-2. For the subjective uncertainty associated
with modelling of the ultimate containment failure pressure, a coefficient of variance of 0.14
is used. This value is consistent with Re.ferences 42-1 and 42-2 for buckling failures.

42.4.4 Personnel Airlock

The response of the personnel airlock to internal pressurization has also been analyzed, and
the results are reported in subsection 3.8.2 of the SSAR. He estimated pressure at which
failure would occur is in excess of 300 psig, based on test results. Since the mean failure
pressure is far above the mean failure estimates for the other containment failure modes, no
further analysis of the personnel airlock is performed. Since its expected contribution to the
overall containment failure probability distribution is negligible, it is not included further in
the development of the conditional containment failure probability distribution.
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42. Conditional Containment Failure Probability Distribution

42.5 Overall Failure Distribution
i

Based on the uncertainties defined above and the best-estimate containment failure pressure
at the bounding severe accident temperature of 400*F, a containment failure probability
distribution can be constructed. De mean value and uncertainties used to construct the
lognormal distributions for each failure mode are given in Table 42-1. ;

he containment failure probability distribution is constructed by assuming that all of the
uncertainties and all of the failure modes are independent of each other. Dat is, the
containment failure probability distribution for a particular failure mode (e.g., cylindrical shell)
is constmeted by developing the failure distribution assuming only random error and then
developing another distribution assuming only subjective error. He two probability
distributions are then combined to define the containment failure probability distribution for |

that particular failure mode. His process is carried out for each failure mode and the overall
containment failure probability distribution is defined by combining the failure probability

,

'

distributions for each failure mode.

In all cases, a lognormal distribution is assum:d. The best-estimate failure pressure is used !
as the mean value. De appropriate lognormal standard deviation is defined from the i

coefficient of variance according to:

COV = (exp( 2) - 1.0)"

where: COV = coefficient of variation
S lognormal standard deviation=

De failure probability distributions are combined at any given containment pressure by
summing the probability of exceedance at that pressure for each distribution according to:

Pe, = 1.0 -(( 1.0 -Pe,) *(1.0 -Pe ) *... * ( l.0 -Pe,))2

where: Pe, overall probability of exceedance at any containment=

pressure

individual probabilities of exceedance at any containmentPe through Pe, =i
preuure

Using the parameters given ic Table 42-1, the conditional containment failure probability
distribution is developed using a lognormal distribution for each of the failure modes. Figure
42-1 presents a graphical representation of the conditional containment failure probability
distribution for each of the failure locations as well as the overall failure distribution for the
AP600 coritainment.
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42. Conditional Containment Failure Probability Distribution
--

The conditional containment failure probability for each of the failure locations and the
cumulative containment failure probability, over the range of 90 to 200 psig, is given in Table
42-2.

42.6 Summary and Conclusions

The cumulative containment failure probability distribution has been developed, using
lognormal distribution, which is based on best-estimate predictions of containment strength
and accounts for random uncertamties in material properties and subjective modelling
uncertainties. Based on this model, the mean internal pressure at which the AP600
containment vessel is predicted to fall is 132 psig. This is the best-estimate or expected
contamment failure pressure. This value is comparable to, or slightly higher than, the
expected containment failure probability for other conventional pressurized water reactor
(PWR) plants using pre-stressed or post-tensioned concrete containment structures.

The 5th and 95th percentile failure probabilities are 116 psig and 146 psig, respectively.

The cutoff for consideration of containment failure due to internal pressurization during a
severe accident is defined as the pressure at which the containment failure probability is less |
than IP. Below this point the failure probability is so low that, when combined with the !

small core damage frequency numbers, the overall probability of a core damage accident
resulting in containment failure is in the 10 range. This is generally considered to be a8

negligible calculated number. From the lognormal distribution, the containment pressure
corresponding to a 104 probability of failure is 94 psig.

42.7 References

42-1 " Reliability of Containments Under Overpressure," L. Greimann and F. Fanous, Pressure
Vessel and Piping Technology,1985, pp. 835 - 856.

42-2 " Reliability of Steel Containment Strength," L. Greimann, et. al., NUREG/CR-2442, June
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42. Conditional Containnwnt Failure Probability Distribution

Table 42-1

PARAMETERS USED IN THE CONSTRUCTION OF THE
AP600 CONTAINMENT FAILUPE PROBABILITY DISTRIBUTION

Failure Location Failure Mode Mean Failure Coemeient of Variance
Pressure 8

(Psig) Structural Modelling

Cylindrical Shell Membrane Yield 138 0.06 0.10

Ellipsoidal Head Buckling 144 0.06 0.14 l

22-Ft. Equipment Hatch Buckling 275 0.06 0.14

16-Ft. Equipment Hatch Buckling 226 0.06 0.14 |

Personnel Hatch Buckling 300 0.06 0.14
' ' All mean failure pressures are those specified at 400 'F

1
.

a

|
'
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Table 42-2

CUMULATIFt . CONTAINMENT FAILURE PROBABILITY
Containment Probability of Containment Failure

Pressure
(psig) Cylinder Head 22-ft. Hatch 16-ft. Hatch Total

90 0.00 1.15E-05 0 0 1.15E-05

95 9.69E-05 6.90E-05 0 0 1.66E 04

100 6.50E-04 2A7E-04 0 0 8.97E-04

105 3.19E-03 8.62E-04 0 0 4.05E-03

110 1.22E-02 2.53E43 0 0 1 A7E-02

115 3.64E42 6.44E-03 0 0 4.26E-02 )
120 9.20E 02 1.50E-02 0 0 1.06E-01

125 2.09E-01 2.91E42 0 0 232E-01

130 4.02E-01 5.44E 02 0 0 435E-01

135 6333-01 9.12E-02 0 0 6.66E-01 1

140 8.16E-01 1 A8E-01 0 3.59E-05 8A3E 01

145 933E-01 2.23E-01 0 1.12E-04 9.48E.01

150 9.82E-01 3.45E-01 0 3.26E-04 9.88E-01

155 9.96E 01 4.95E-01 0 8.60E-04 9.98E-01

160 9.99E-01 6.64E41 0 2.00E-03 1.00E+00

165 1.00E+00 8.01E-01 1.06E-05 4.60E-03 1.00E+00 I

170 1.00E+00 9.05E-01 3.14FA)5 8.99E-03 1.00E+00

175 1.00E400 9.61E-01 8.94E45 1.71E-02 1.00E+00

180 1.00E+00 9.88E-01 2.08E44 2.92E-02 1.00E400 !

185 1.00E+00 9.96E-01 5.00E44 4.99E-02 1.00E+00

190 1.00E+00 9.99E-01 1.04E 03 7.76E42 1.00E+00

195 1.00E@ 1.00E400 2.10E-03 1.18E-01 1.00E+00

200 1.00E+00 1.00E+00 4.19E-03 1.77E 01 1.00E+00,
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43. Release Frequency Quantification

CHAPTER 43

RELEASE FREQUENCY QUANTIFICATION

43.1 Containment Event Tree Quantification

The containment event tree is quantified by linking fault trees to system nodes to define the
failure probabilities at those nodes and by applying scalar probabilities obtained from the
decomposition event trees to the failure probabilities for the phenomenological nodes.
Table 43-1 provides a list of the nodes and the method used to quantify them. The WLINK
code (Reference 43-1) was used for the fault tree linking, and the CADET code
(Reference 43-2) was used for the overall containment event tree quantification.

43.1.1 Contalmnent Event Tree Base Quantification

The split fractions (fault tree links and scalars) assigned to each node and the documentation
for the assignments are provided in Table 43-2. The results and discussion of the accident
class sequences fmm the containment event trees are presented below. The overall results are
summarized in Table 43-3. The dominant sequences in each release category are presented
in Tables 43-5 through 43-15.

43.1.1.1 Accident Class IAC

Sequences initiated by a transient or a very small loss-of-coolant accident with no reactor
coolant system depressurization prior to core damage are grouped into accident class lA.
Automatic depressurization system failure is often due to failure of both core makeup tanks
to inject into the reactor coolant system, thus failing to generate the signals to open the
depressurization valves. The containment event tree considers operator actions to depressurize
the reactor coolant system following core damage. Successful depressurization allows the
accumulators to inject and reflood the core and the in-containment refueling water storage tank
water to inject to maintain long-term core cooling, if these systems are available. Successful
depressurization cases are looped into accident class 3BRC to evaluate the long-term
considerations of depressurization. Acciden'. class 3BRC bins together sequences in which
core damage occurs prior to potential gravity injection. Sequences that are not depressurized
are termed 1 AC sequences. Approximately 8 percent of accident class I A goes to I AC.

The sequences not actively depressurized are evaluated for potential thermally induced failures
of the steam generator tubes and reactor coolant system piping. Sequences that have no
failures of the reactor coolant system piping or steam generator tubes and fail the reactor
vessel from relocation of debris to the lower head below the core debris bed level result in
high-pressure melt ejection. Because of the low probability of these sequences, no analyses
of the associated phenomena and their potential to challenge containment integrity were
performed. Instead, high-pressure melt ejection sequences are conservatively assumed to fail
containment early and produce, at a minimum, short-term core-concrete interaction. These
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high-pressure melt ejection cases are binned into the CFE C release category (0.97 percent of
the 1 AC sequences). Steam generator tube failure sequences are binned into the containment
bypass release category BP (3.34 percent of the 1 AC sequences). Given the large uncertainty
in the size of a creep rupture failure, failures of the reactor coolant system piping are assumed
not to be large enough to allow the in-containment refueling water stowge tank water to inject
and re-cover the core.

Success of containment isolation, passive containment cooling water, and igniters is evaluated
for accident class I AC. If containment isolation fails, the sequences are evaluated for possible
vessel failure and fission-product release contributions due to core-concrete interactions. If
the vessel does not fail, or if the debris is cooled and there is no core-concrete interaction, the
sequence is binned into release category CI (32.4 percent of IAC). If the debris is not
coolable or if water cannot be recirculated to the cavity to maintain cooling, the sequence is
binned into release category CI-C (0.15 percent of I AC).

In 3.1 percent of the sequences, the hydrogen igniters are failed; in less than 0.01 percent of
the sequences, passive containment cooling water fails. In 1.5 percent of the sequences, the
operator action to actuate cavity flooding fails, resulting in vessel failure. If gravity injection &

is available, the in-containment refueling water storage tank water injects into the cavity
through the reactor vessel after vessel failure and floods the cavity and lower containment.
Ex-vessel debris coolability and containment water inventory for long-term debris cooling are
evaluated.

De in-containment refueling water storage tank water is subcooled and,ifinjected after vessel
failure, absorbs the decay heat of the core debris, allowing containment pressure to fall and
hydrogen to become flammable during the intermediate (vessel failure to 24 hours) time frame
despite the failure of the passive containment cooling water. If the debris is coolable, the
water becomes saturated and the pressurization of containment inerts the containment
atmosphere for late (24 to 72 hours) hydrogen combustion. The likelihood of hydrogen
combustion and containment failure in the intermediate and late time frames is evaluated
considering debris coolability and previous burning scenarios. If containment has not failed
and the debris is coolable, the sequences are checked for possible leakage exceeding the
technical specifications and resulting in a large release (release category XL,0.5 percent of
l AC). If the debris is not coolable, the sequences are binned into the CFV release category
(<0.01 percent of IAC) to indicate possible basemat failure after 72 hours. The remaining
sequences are binned into the intact containment release categories ICP (<0.01 percent of
I AC) and IC (62.6 percent of I AC).

The frequencies of each release category for accident class IAC, as well as the overall
frequency of each release category, are presented in Table 43-3.

43.1.1.2 Accident Class 1APC

Sequences initiated by a very small loss-of-coolant accident or a small loss-of-coolant accident

with successful passive residual heat removal and no reactor coolant system depressurization
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prior to core damage are grouped into accident class I AP. Automatic depressurization system
failure is due mainly to common cause failure of the depressurization valves to open. The
containment event tree considers operator actions to depressurize the reactor coolant system
following core damage. Successful depressurization allows the in-containment refueling water
storage tank water to inject to maintain long-term core cooling if the system is available.
Successful depressurization cases are looped back into accident cla.s 3BRC to evaluate the
long-term considerations of depressurization. Accident class 3BRC bins together sequences
in which core damage occurs prior to potential gravity injection. Sequences not depressurized
are termed 1 APC sequences. Approximately 17 percent of accident class I AP goes to 1 APC.

Passive residual heat removal significantly reduces the reactor coolant system pressure. The
IAPC sequences do not have the potential for thermally induced failures of the steam
generator tubes and reactor coolant system piping since the pressure loading on the
components is smail, and the heat transport from the core to the components via natural
circulation is not efficient at lower pressures.

Success of contair. ment isolation, passive containment cooling water, and igniters is evaluated
for accident class 1APC. If containment isolation fails, the sequences are evaluated for
possible vessel failure and fission-product release contributions due to core-concrete
interactions. If the vessel does not fail, or if the debris is cooled and there is no core-concrete

interaction, the sequence is binned into release category CI (1.2 percent of 1 APC). If the
debris is not coolable or if water cannot be recirculated to the cavity to maintain cooling, the
sequence is binned into release category CI-C (0.02 percent of I APC).

In 25 percent of the sequences, the hydrogen igniters are failed; in less than 0.01 percent of
the sequences, passive containment cooling water fails. In 8.5 percent of the sequences,
operator action to actuate cavity flooding fails, resulting in vessel failure. If gravity injection
is available, the in-containment refueling water storage tank water injects into the cavity
through the vessel after vessel failure and floods the cavity and iower containment. Debris
coolability and water inventory for long-term ex-vessel debris cooling are evaluated. If the
cavity flooding is successful, the vessel will most likely not fail, and the debris will be
maintained in the vessel. If the vessel does fail, the failure location is expected to be above
the debris pool (see Chapter 36) which would significantly limit the mass of debris that could
relocate to containment. Vessel failure below the debris pool has the potential to relocate a
large molten debris mass into the reactor cavity. If the vessel fails below the debris pool into
a fully flooded cavity and a steam explosion occurs, then containment is assumed to fail from
the inability to vent the cavity, resulting in an early containment failure with no core-concrete
interaction.

The in-containment refueling water storage tank water is saturated from the operation of the
passive residual heat removal and steams from the boiling due to heat transferred from the
core debris or reactor vessel. The likelihood of hydrogen combustion and containment failure
in the intermediate and late time frames (24 to 72 hours) is evaluated considering debris
coolability and previous buming scenarios. If containment has not failed and the debris is
coolable, the sequences are checked for possible leakage exceeding the technical specifications
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and resulting in a large release (release category XL,0.8 percent of IAPC). If the debris is
not coolable, the sequences are binned into the CFV release category (0.02 percent of I APC)
to indicate possible basemat failure after 72 hours. The remaining sequences are binned into
the intact containment release categories IC (98 percent of 1 APC) and ICP (less than 0.01
percent of I APC).

The frequencies of each release category for accident class IAPC, as well as the overall
frequency of each release category, are presented in Table 43-3.

43.1.1.3 Accident Class ID

Accident class ID represents transients with partial reactor coolant system depressurization.
It has a very low frequency of occurrence. Class ID sequences are grouped together with
class 3D, which includes loss-of-coolant accident events with partial depressurization. 'Ihis
combination is considered to be conservative since, in class ID sequences, fission products
are scrubbed in the in-containment refueling water storage tank prior to vessel melt-through.
In class 3D, there is no fission-product scrubbing.

43.1.1.4 Accident Class 3BE

Sequences initiated by a loss-of-coolant accident with successful reactor coolant system
depressurization but failure of the gravity injection prior to cora. damap are grouped into
accident class 3BE. Failure of the gravity injection is due to common cause failures of the
in-containment refueling water storage tank injection line check valves.

The 3BE sequences are fully depressurized and do not have the potential for thermally
induced failures of the steam generator tubes and reactor coolant system piping tiice the
pressure loading on the components is small, and the heat transport from the core to the
components via natural circulation is not efficient at lower pressures.

Success of containment isolation, passive containment cooling water, and igniters is evaluated
for accident class 3BE. If containment isolation fails, the sequences are evaluated for possible
vessel failure and fission-product release contributions due to core-concrete interactions. If
the vessel does not fail, or if the debris is cooled and there is no core-concrete interaction, the
sequence is binned into release category CI (0.13 percent of 3BE). If the debris is not
coolable or if water cannot be recirculated to the cavity to maintain cooling, the sequence is
binned into release category CI-C (less than 0.01 percent of 3BE).

In 0.6 percent of the sequences, the hydrogen igniters are failed; in 0.01 percent of the
sequences, passive containment cooling water fails. In 3.4 percent of the sequences, operator
action to actuate cavity flooding fails, resulting in vessel failure. Gravity injection is not
available, by dermition of the accident class, and debris coolability and water inventory for
long-term ex-vessel debris cooling are evaluated. If the cavity flooding is successful, the
vessel will most likely not fail, and the debris will be maintained in the vessel. If the vessel
does fail, the failure location is expected to be above the debris pool (see Chapter 36) which
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would significantly limit the mass of debris that could relocate to containment. Vessel failure
below the debris pool has the potential to relocate a large molten debris mass into the reactor
cavity. If the vessel fails below the debris pool into a fully-flooded cavity and a steam
explosion occurs, containment is conservatively assumed to fail (in absence of further analyses
of the phenomena involved). No subsequent core-concrete interaction is assumed since the
debris must quench to produce the steam explosion.

If the cavity is flooded, water can inject into the reactor vessel through the break, reflood the
core, cool the core, and create additional hydrogen. He likelihood of hydrogen combustion
and containment failure in the intermediate and late time frames (24 to 72 hours) is evaluated
considering debris coolability and previous burning scenarios. If containment has not failed
and the debris is coolable, the sequences are checked for possible leakage exceeding the
technical specifications and resulting in a large release (release category XL,0.8 percent of
3BE). If the debris is not coolable, the sequences are binned into the CFV release category
(0.03 percent of 3BE) to indicate possible basemat failure after 72 hours. The remaining
sequences are binned into the intact containment release categories IC (99 percent of 3BE) and
ICP (0.01 percent of 3BE).

The frequencies of each release category for accident class 3BE, as well as the overall
frequency of each release category, are presented in Table 43-3

43.1.1.5 Accident Class 3BRC

Accident class 3BR includes sequences in which the reactor coolant system is fully
depressurized and the in-containment refueling water storage tank is potentially available, but
the accumulators and core makeup tanks are not. Core melt occurs because the gravity
injection cannot refill the vessel fast enough to prevent core damage upon the initial
blowdown of the reactor coolant system. This subclass has a very low frequency of
occurrence (less than 1 percent of the core damage frequency). A containment event tree is
constructed mainly because of the importance of the transfers from accident classes 1 A, I AP,
and 3D. Accumulators and core makeup tanks are addressed in tae event tree because they
are potentially available for classes I A, I AP, and 3D sequences, which are transferred to this
accident class following successfullong-term reactor depressurization. The 3BR accident class
including the contributions from the IA, IAP, and 3D accident classes is termed 3BRC.
Seventy-three percent of the frequency of accident class 3BRC comes from successfully
depressurized accident class l A sequences; 5.7 percent comes from successfully depressurized
3D sequences; and 9.6 percent of the 3BRC frequency is from successfully depressurized
1 AP sequences.

The 3BRC sequences are fully depressurized and do not have the potential for thermally
induced failures of the steam generator tubes and reactor coolant system piping since the
pressure loading on the components is small, and the heat transport from the core to the
components via natural circulation is not efficient at lower pressures.
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Success of containment isolation, passive containment cooling water, and igniters is evaluated
for accident class 3BRC. If containment isolation fails, the sequences are evaluated for
possible vessel failure and fission-product release contributions due to core-concrete
interactions. If the vessel does not fall, or if the debris is cooled and there is no core-concrete
interaction, the sequence is binned into release category CI (0.6 percent of 3BRC). If the
debris is not coolable or if water cannot be recirculated to the cavity to maintain cooling, the
sequence is binned into release category CI-C (less than 0.01 percent of 3BRC).

In 0.5 percent of the sequences, the hydrogen igniters are failed; in 0.01 percent of the
sequences, passive containment cooling water fails. The availability of cavity flooding, debris
coolability, and water inventory for long-term ex-vessel debris cooling is evaluated. In almost
100 percent of the cases, the cavity floodmg is successful since flooding will occur at the time
of depressurization unless the gravity injection lines fall. If the cavity flooding is successful,
the vessel will most likely not fall, and the debris will be maintained in the vessel. If the
vessel does fail, the failure location is expected to be above the debris pool (see Chapter 36)
which would significantly limit the mass of debris that could relocate to containment. Vessel
failure below the debris pool has the potential to relocate a large mohen debris mass into the

,

reactor cavity. If the vessel fails below the debris pool into a fully-flooded cavity and a steam *

explosion occurs, then containment is conservatively assumed to fall (in absence of further
analysis of the phenomena involved). No subsequent core-concrete interaction is assumed.

If the cavity is flooded, water can inject into the reactor vessel and reflood the core, cool the
core, and create additional hydrogen. The likelihood 4 1 hydrogen combustion and
containment failure in the intermediate and late time frames (24 to 72 hours) is evaluated
considering debris coolability and previous burning scenarios. If containment has not failed
and the debris is coolable, the sequences are checked for possible leakage exceeding the
technical specifications and resulting in a large release (release category XL,0.8 percent of
3BRC). If the debris is not coolable, the sequences are binned into the CFV release category
(less than 0.01 percent of 3BRC) to indicate possible basemat failure after 72 hours. De
remaining sequeuces are binned into the intact containment release categories IC (99 percent
of 3BRC) and ICP (0.01 percent of 3BRC).

The frequencies of each release category for accident class 3BRC, as well as the overall
frequency of each release category are presented in Table 43-3.

43.1.1.6 Accident Class 3C

Accident class 3C includes all sequences in which the core is damaged following reactor
vessel rupture that occurs as an initiating event. De core melt cannat be arrested in the
reactor vessel because the time required to overheat the core is less than the time needed to
flood the cavity and refill the vessel through the break.

The 3C sequences are fully depressudzed and do not have the potential for thermally induced
failures of the steam generator tubes and reactor coolant system piping since the pressure
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loading on the components is small, and the heat transport from the core to the components
via natural circulation is not efficient at lower pressures.

Success of containment isolation, passive containment cooling water, and igniters is evaluated
for accident class 3C. The containment isolation failure node takes into account the
possibility of containment breach consequential to the initiating event (for example, due to
penetration failure caused by the relative displacement of the vessel). If containment isolation
fails, the sequences are evaluated for fission-product release contributions due to core-concrete
interactions. If the debris is cooled and there is no core-concrete interaction, the sequence
is binned into release category CI (0.2 percent of 3C). If the debris is not coolable or if water
cannot be recirculated to the cavity to maintain cooling, the sequence is binned into release
category CI-C (0.04 percent of 3C).

In 0.12 percent of the sequences, the hydrogen igniters are failed; in 0.01 percent of the
sequences, passive containment cooling water fails. Because of the nature of the initiating
event, vessel failure is ensured. The best-estimate location for the failure is considered to be
a local failure at the lower head weld. Gravity injec: ion, debris coolability, and water
inventory for long-term ex-vessel debris cooling are evaluated. If the vessel fails below the
debris, and the debris is ejected into a fully flooded cavity and a steam explosion occurs, then
containment is assumed to fail from the inability to vent the cavity, resulting in an early
containment failure with no core-concrete interaction.

If the cavity is flooded, water can inject into the reactor vessel and reflood the core, cool the
core, and create additional hydrogen. The likelihood of hydrogen combustion and
containment failure in the intermediate and late time frames (24 to 72 hours) is evaluated
considering debris coolability and previous burning scenarios. If containment has not failed
and the debris is coolable, the sequences are checked for possible leakage exceeding the
technical specifications and resulting in a large release (release category XL,0.8 percent of
3C). If the debris is not coolable, the sequences are binned into the CFV release category
(0.9 percent of 3C) to indicate possible basemat failure after 72 hours. The remaining
sequences are binned into the intact containment release categories IC (97 percent of 3C) and
ICP (0.01 percent of 3C).

The frequencies of each release category for accident class 3C, as well as the overall
frequency of each release category, are presented in Table 43-3.

43.1.1.7 Accident Class 3DC

Sequences initiated by a loss-of-coolant accident with partial reactor coolant system
depressurization prior to core damage are grouped into accident class 3D. Full automatic
depressurization failure is due mainly to common cause failure of stage four depressurization
valves to open. The containment event tree considers operator action to depressurire the
reactor coolant system following core damage. Successful depressurization allows the
in-containment refueling water storage tank water to inject to possibly tnaintain long-term core
cooling if the system is available. Successful depressurization cases are looped back into
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accident class 3BRC to evaluate the long-term considerations of depressurization. Accident
class 3BRC bins together sequences in which core damage occurs prior to potential gravity
injection. Sequences not depressurized are termed 3DC sequences. Eighty-nine percent of
accident class 3D goes to 3DC.

The 3DC sequences are depressurized and do not have the potential for thermally induced
failures of the steam generator tubes and reactor coolant system piping since the pressure
loadmg on the components is small, and the heat transport from the core to the components
via natural circulation is not efficient at lower pressures.

Success of containment isolation, passive containment cooling water, and igniters is evaluated
for accident class 3DC. If containment isolation fails, the sequences are evaluated for possible
ve.ssel failure and fission-product release contributions due to core-concrete interactions. If
the vessel does not fail, or if the debris is cooled and there is no core-concrete interaction, the
sequence is binned into release category CI (0.13 percent of 3DC). If the debris is not
coolable or if water cannot be recirculated to the cavity to maintain cooling, the sequence is
binned into release category CI-C (less than 0.01 percent of 3DC).

In 0.24 percent of the sequences, the hydrogen igniters are failed; in 0.01 percent of the
sequences, passive containment cooling water fails. In 0.95 percent of the sequences, operator
action to actuate cavity flooding fails, resulting in vessel failure. If gravity injection is
available, the in-containment refueling water storage tank water injects into the cavity through
the vessel after vessel failure and floods the cavity and lower containment. Debris coolability
and water inventory are evaluated for long-term ex-vessel debris cooling. If the cavity
flooding is successful, the vessel will most likely not fail, and the debris will be maintained
in the vessel. If the vessel does fail, the failure location is expected to be above the debris
pool (see Chapter 36) which would significantly limit the mass of debris that could relocate
to the containment. Vessel failure below the debris pool has the potential to relocate a large
molten debris mass into the reactor cavity. If the vessel fails below the debris level into a
fully-flooded cavity and a steam explosion occurs, containment is conservatively assumed to
fail (in absence of further analysis of the phenomena involved). No subsequent core-concrete
interaction is assumed.

The in-containment refueling water storage tank water is saturated from the operation of the
passive residual heat removal and steams from the boiling due to heat transferred from the
core debris or reactor vessel. The likelihood of hydrogen combustion and containment failure
in the intermediate and late time frames (24 to 72 hours) is evaluated considering debris
coolability and previous buming scenarios. If containment has not failed and the debiis is
coolable, the sequences are checked for possible leakage exceeding the technical specifications
and resulting in a large release (release category XL,0.8 percent of 3DC). If the debris is not
coolable, the sequences are binned into the CFV release category (0.01 percent of 3DC) to
indicate possible basemat failure after 72 hours. The remaining sequences are binned into the
intact containment release categories IC (99 percent of 3DC) and ICP (0.01 percent of 3DC).
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43. Release Frequency Quantification

The frequencies of each release category for accident class 3DC, as well as the overall
frequency of each release category, are presented in Table 43-3.

43.1.1.8 Other Accident Classes

No event trees are developed for the other accident classes, given the very low frequency of
occunence (less than 0.1 percent of the overall core damage frequency). Instead, the
frequencies of these accident classes are conservatively combined with the frequencies of
classes leading to containment bypass (release category BP).

43.1.2 In-Vessel Retention Sensitivity Quantification

The issue of in-vessel retention of core debris is important to the AP600 severe accident
response since the containinent design allows the operator to flood the vessel to reduce the
uncertainty contributions to containment response from ex-vessel phenomena involving the
release of molten debns to containment. The conditional failure probability for in-vessel
retention, given successful cavity flooding, as calculated in the IVR decomposition event tree,
is low (1x10''). To determine the sensitivity of the large-release frequency to the value
calculated for the failure probability of the in-vessel retention, a containment event tree
quantification has been performed. It assumes that the failure probability for in-vessel
retention, given a flooded reactor cavity, is increased by two orders of magnitude to lx10-2,
The results of this sensitivity case are presented in Table 43-4.

The increased pmbability in the failure of the vessel given a flooded cavity increases the
frequency of early, intermediate, and very late containment failures and the likelihood of core-
concrete interaction in containment isolation failure release categories primarily in accident
classes 3BE,3BRC, and 3DC. These accident classes have a high likelihood of successful
cavity flooding. However, because of the dominance of release category BP, which bypasses
containment, the impact of the change to the IVR failure probability does not change the
large-release frequency.

43.2 Containment Event Tree Quantification Conclusions

The overall large-release frequency for AP600 is 1.0x10 events per reactor-year. This4*

frequency includes containment bypass, containment isolation fa ture, excessive
containment leakage, and containment failures. The large-releas frequency is
4.1 percent of the core damage frequency.

The frequency of containment integrity being compromised from the initiation of the.

4
accident is 9.9x10 events per reactor-year. This impaired containment frequency
includes containment bypass, containment isolation failure, and excessive containment
leakage. It accounts for 99 percent of the overall large-release frequency. The impaired
containment frequency is 4 percent of the core damage frequency.
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Re frequency of containment failure is 1.6x10* events per reactor-year. This*

frequency includes early, intermediate, and late containment failures. It acemms for"

1.6 percent of the overall Lrge-release frequency. The containment failur- 'ncy
is 0.06 percent of the core damage frequency.

Re frequency of containment basemat failure is 1.3x10* events per rc. .#*

Basemat failure occurs more than 72 hours after the onset of core damt.ge. The
p frequency accounts for 1.3 percent of the overalllarge release frequency. The basemat
- failure frequency is 0.05 percent of the core damage frequency.

Approximately 58 percent of the initially impaired containment frequency consists of*

unisolated steam generator tube rupture initiating events. Approximately 1.5 percent
of the initially impaired containment frequency is attributed to induced steam generator
tube ruptures.

Re frequency of containment isolation failure is dominated by the accident class I AC*

failures (71 percent) in which co'tainment must often be isolated by operator action
because of failures of the actuation system.

The early containment failure contributes 1.6 percent to the large release frequency.*<

Approximately 64 percent of the early containment failure frequency is due to early
containment failures in the 3C accident class in which rupture of the reactor vessel
initiates the accident. If the failure occurs below the weld at the hemispherical head,
the cases are treated as vessel failures such that none of the debris is retained in the
vessel. A large fraction of molten debris is released to a fully flooded reactor cavity
and is assumed to generate a steam explosion. The early containment failures in
accident class 3C occur based on a conservative assumption that vessel failures
occurring below the core debris and releasing a large molten mass that quenches and
potentially generates a steam explosion in a fully flooded reactor cavity result in failed
containment.

Approximately 0.4 percent of the early containment failure frequency is due to high-*

pressure melt ejection cases. Since the frequency of the high-pressure melt ejection
cases is very small, no further analyses of the associated phenomena were performed.
Instead, high-pressure melt ejection cases are lumped into the early containment failure
release category CFE-C. The frequency of high-pressure melt ejection cases (4.4x10~"
events per reactor-year) is less than 0.02 percent of the core damage frequency and
contributes less than 0.5 percent of the large release frequency. Given the insignificant
fraction of the core damage frequency involved, no decomposition event trees were
developed to demonstrate containment integrity for melt ejection phenomena despite the
fact that both AP600 design features and emergency consensus on direct containment
heating for existing pressurized water reactors afford considerable promise that integrity
would be maintained.

Revision: 3 ENEL W hmgnvllSeFebruary 28,1995 mm
u:\ap600\pru\sec43.wpf:1b 43-10

,
.

. .

. .



__

7

--- ;

43. Rzlease Frequency Quantification
r-

Approximately 6 percent of the AP600 severe accident sequences result in vessel*

failure. This includes accident class 3C which, as discussed above, is initiated by a
failed vessel. If accident class 3C is eliminated from consideration of vessel failure,
2 percent of the cases result in vessel failure.

The conditional probability of containment failure (CFE, CFE-C, CFI, CFL, and CFV),*

given an initially intact containment, an initially intact reactor vessel, and successful
cavity floodmg, is 0.65 percent. The conditional probability of containment failure,
given an initially intact containment, an initially intact reactor vessel, and failure to
flood the cavity, is 2.2 percent. Cavity flooding, therefore, provides a reduction in the
uncertainty in containment integrity, given a severe accident.

The following are the estimated frequencies of the containment challenges from severe*

accident high energy events:

- core damage combined with failure of passive containment cooling water is
1.9x10-" events per reactor-year

global hydrogen combustion is 8.5x10'8 events per reactor-year-

- unmitigated core-concrete interaction is 7.5x10-2 events per reactor-year

debris relocation to containment is 15x10* events per reactor-year-

>

- high-pressure melt ejection is 4.4x10'" events per reactor-year

in-vessel fuel coolant interactions causing contaimnent failure is approximately-

0.0 events per reactor-year
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43-2 Event Tree Development and Quantification System User Manual, WCAP-13199
(Proprietary), February 1992.
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43. Release Frequency Quantification
i

Table 431

AP600 CONTAINMENT EVENT TREE NODES
QUANTIFICATION METHODS

Node Description Quant Method

DP RCS depressurization (post-core damage operator action) FT linlP

SG Hot leg creep failure Chapter 37

CR SG tube creep failure Chapter 37

IS Containment isolation FT link

PC Passive containment cooling FT link

|IG Hydrogen control system (igniters) FT link

IR Cavity flooding (operator action to dump in-containment refueAg FT link
water storage tank)

,

SE In-vessel steam explosion Chapter 38

VF Vessel failure Chapter 36-

hcl Early hydrogen bum Chapter 41

DQ Debris quench Chapter 40

SCC Short term CCI Chapter 40

CFI Early containment failure Chapter 41

RW Water recirculation to cavity Cong-term CCD FT link

HC2 Intermediate hydrogen burn Chapter 41

CF2 Intermediate containment failure Chapter 41

HC3 Late hydrogen burn Chapter 41

CF3 Late contamment failure Chapter 41

CF4 Very late containment failure (from CCD Conditional scalar

EX Excessive containment leakage Conditional scalar

Note:
(1) FT link = fault tree linking

Fe ,1995 Y M W S8
unap60mprakec43.wpf:lb 43-12
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43. Release Frequency Quentification

Table 43-2 (Sheet 1 of 4)

AP600 CONTAINMENT EVENT TREE NODAL SPLIT FRACTIONS

Accident Conditionals X.^ = Success of Node X Fault Tree or
Node Class X.0 = Failure of Node X Fall Probability Document

DP 1AC ADTLT Chapter 11

1APC ADTLT

3D ADQLT

Other n/a

SG 1AC 3.34E-2 Chapter 37

Other n/a

CR LAC 1.0E-2 Chapter 37

Other ela

IS 1AC CIC+PO Chapter 24
1APC
3BRC
3DC

3BE CID+PO

3C CIC+CNB+PO

PC All PCT Chapter 13

IG All VLH Chapter 16

IR 1A IWF Chapter 12
1AP
3BE
3D

3BR IWF*IW2AB
3C

SE All 0.0E0 Chapter 38

VF 3C 1.0E0 Chapter 36

Others IR.^ 1.0E-4
IR.0 1.0E0

l

M @ USS Febru ,
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43. Release Frequency Quantification

Table 43-2 (Sheet 2 of 4)

AP600 CONTAINMENT EVENT TREE NODAL SPLIT FRACTIONS

Accident Conditionals X.^ = Success of Node X Fault Tree or
Node Class X.0 = Fauure of Node X Fall Prob Document

hcl IA 1G.0 and PC.^ 5.0E-1 Chapter 41

3BE IG.0 and PC.0 and IR.^ 1.25E-2
3BR 1G.0 and PC.^ and IR.^ 5.0E-1

3C 10.0 and PC.^ 1.25E-2

Others 0.0E0

DQ All 9.0E-3 Chapter 40

SCC All 1.62E-1 Chapter 40

CFI 1A HC1.0 and (VF.^ or IR.0 or DQ.0) 1.0E-2 Chapter 41
hcl.^ and VF.0 and IR.^ and DQ.^ 1.0E-2 Chapter 36
HC1.0 and VF.0 and IR.^ and DQ.^ 1.99E-2 combined

3C hcl.0 and (VF.^ or IR.0 or DQ.0) 1.lE-1 Chapter 41
HC1.^ and VF.0 and IR.^ and DQ.^ 1.0E-2 Chapter 36
HC1.0 and VF.0 and IR.^ and DQ.^ 1.189E-1 combined

3BE hcl.0 and (VF.^ or IR.0 or DQ.0) and PC.^ 2.2E-2 Chapter 41
3BR HC1.0 and (VF.^ or IR.0 or DQ.0) and PC.0 1.0E-2

hcl.^ and VF.0 and IR.^ and DQ.^ 1.0E-2 Chapter 36
HC1.0 and VF.0 and IR.^ and DQ.^ and PC.^ 3.178E-2
HC1.0 and VF.0 and IR.^ and DQ.^ and PC.0 1.99E-2

Others VF.0 and IR.^ and DQ.^ 1.0E-2 Chapter 36

Default 0.0E0

RW IA IS.^ and PC.^ IW2AB*[(CMBOTH* Chapter 9,
IAP ACBOTH)+CM211T 10,12
3D + AC2AB]

IS.^ and PC.0 IW2AB'(CMBOTH+
ACBOTH)

1S.0 IW2AB

3BE IS.^ and PC.^ (CMBOTH*ACBOTH)'

3BR + CM211T+AC2AB
3C

IS.^ and PC.0 CMBOTH+ACBOTH

IS.0 1.0E0

3 Westi$0UseFe ,1995 6
a:Winc43.wpr.tb 43-14
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43. Rzl:ase Frequzncy Quantific: tion

Table 43-2 (Sheet 3 of 4)

AP600 CONTAINMENT EVENT TREE NODAL SPLIT FRACTIONS

Accident Conditionals X.^ = Success of Node X Fault Tree or
Node Class X.0 = Failure of Node X Fall Prob Document

HC2 1A IG.0 and HC1.^ and (VF ^ or (DQ.^ and 4.0E-1 Chapter 41
SCC.^ and RW.^))

1G.0 and DQ.^ and RW.^ and SCC.0 3.0E-1

3C 10.0 and PC.^ and hcl.^ and (VF.^ or 1.0E-2
(DQ.^ and SCC.^ and RW.^))

3BE IR.^ and 1G.0 and PC.^ and hcl.^ and (VF.^ 4.0E-1
3BR or (DQ.^ and SCC.^ and RW.^))

All 1G.0 and PC.^ and DQ.^ and SCC.0 and 3.0E-1
(except R W.^

IA)

All IG 0 and HC1.0 and (DQ.0 or RW.0) 1.0E0

IG.0 and hcl.^ and (DQ.0 or RW.0) 1.0E0

Default 0.0E0

CF2 1A HC1.^ and (VF.^ or (DQ.^ and SCC.^ and 1.0E-2 Chapter 41
RW.^)) and HC2.0

DQ.^ and RW.^ and SCC.0 and HC2.0 1.0E-2

3C PC.^ and hcl.^ and (VF.^ or (DQ.^ and 1.0E-2
SCC.^ and RW.^)) and HC2.0

3BE IR.^ and PC.^ and HC1.^ and (VF.^ or (DQ.^ 1.2E-2
3BR and SCC.^ and RW.^)) and HC2.0

All PC.^ and DQ.^ and SCC.0 and RW.^ and 1.0E-2
(except HC2.0

1A)

All hcl.0 and (DQ.0 or RW.0) and HC2.0 1.21E-1

HC1.^ and (DQ.0 or RW.0) and HC2.0 8.3E-1

Default 0.0E0

M$NS8 h. Febru -un. ,
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43. Release Frequency Quantification

Table 43-2 (Sheet 4 of 4)
I

AP600 CONTAINMENT EVENT TREE NODAL SPLIT FRACTIONS

Accident Conditionals X.^ = Success of Node X Fault Tree or
Node Class X.0 = Failure of Node X Fall Prob Document

HC3 1A IG.0 and PC.^ and (hcl.^ and HC2.^) and 1.0E-2 Chapter 41
(VF.^ or (DQ.^ and SCC.^ and RW.^))

6 3C 10.0 and PC.^ and (hcl.^ and HC2.^) and 2.0E-3
,

O/F.^ or (DQ.^ and SCC.^ and RW.^))

3BF IR.^ and IG.0 and PC.^ and (hcl,^ and HC2.^) 1.0E-1
3BR and (VF.^ or (DQ.^ and SCC.^ and RW.^))

All 10.0 and PC.^ and HC1.0 and DQ.^ and 3.0E-1
SCC.0 and RW.^

IG.0 and (hcl.^ and HC2.^) and (DQ.0 or 1.0E0 :

RW.0)

IG.0 and PC.^ and (hcl.^ and HC2.^) and 4.0E-1
DQ.^ and SCC.0 and RW.^ !

Default 0.0E0
|

CF3 1A PC.^ and (hcl.^ and HC2.^) and (VF.^ or 1.0E-1 Chapter 41
(DQ.^ and SCC.^ and RW.^)) and HC3.0

3C PC.^ and (hcl.^ and HC2.^) and (VF.^ or 1.25E-2
(DQ.^ and SCC.^ and RW.^)) and HC3.0

3BE IR.^ and PC.^ and (hcl.^ and HC2.^) and 1.2E-2
3BR (VF ^ or (DQ.^ and SCC.^ and RW.^)) and

HC3.0

All PC.^ and HC1.0 and DQ.^ and SCC.0 and 9.33E-3
RW.^ and HC3.0

(hcl.^ and HC2.^) and (DQ.0 or RW.0) and 6.5E-1
HC3.0

PC.^ and (hcl.^ and HC2.^) and DQ.^ and 1.0E-2
SCC.0 and RW.^ and HC3.0

Default 0.0E0

CF4 All DQ.0 or RW.0 1.0E0 Chapter 35

DQ.^ and RW.^ 0.0E0

EX All 8.0E-3 Chapter 35

Fe ,1995 W Westinghouse
uAap6005pra\sec43.wpf.lb 43-16
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Table 43-3 *

| g AP600 CONTAINMENT EVENT TREE BASE CASE QUANTIFICATION RESULTS - Jg RELEASE CATEGORY FREQUENCIES (PER REACTOR-YEAR) (
h Base Case RC RCg Release Category 1AC 1APC 3BE 3BRC 3C 3DC 6E Frequency Contribution E
*

b* IC 2.9E49 1.4E-09 1.2E-07 7.2E-08 9.7E-09 3.1 E-08 0.0E+00 2.4E-07 9.6E-01

ICP 0.0E+00 0.0E+00 1.0E 11 5.8E-12 9.3E-13 2.2E-12 0.0E+00 1.9E-11 7.8E-05 E

.E. XL 2.3E-11 1.1E-11 9.8E-10 5.8E-10 7.9E-Il 2.5E-10 0.0E+00 1.9E-09 7.7E-03

BP 1.5E-10 4.9E-15 7.8E-15 8.4E-14 4.lE-15 6.4E-15 5.7E-09 5.9E-09 2.4E-02

Cl 1.5E-09 1.6E-11 1.6E-10 4.lE-10 2.0E-Il 4.0E-11 0.0E+00 2.1 E-09 8.6E-03

Cl-C 6.9E-12 2.3E-13 2.4E-12 6.6E-15 4.2E-12 0.0E+00 0.0E M)0 1.4E-11 5.5E-05

CFE 7.1E-13 0.0E+00 7.3E-12 3.7E-12 8.3E-Il 2.6E-14 0.0E+00 9.5E-11 3.8E-04

CFB-C 4.4E-11 0.0E+00 1.9E-14 1.2E-14 1.6E-11 5.0E-15 0.0E+00 6.0E-11 2.4E-044

[ CF1 3.1E-13 7.6E-13 1.6E-12 7.9E-13 9.9E-14 1.5E-14 0.0E+00 3.6E-12 1.4E-05

CFL 4.5E-14 4.3E-14 4.2E-13 1.2E-13 5.5E-15 0.0E+00 0.0E+00 6.3E-13 2.5E-06

CFV 2.2E-13 3.3E-13 3.7E-11 6.7E-14 8.9E-11 2.7E-12 0.0E+00 1.3E-10 5.2E-04

Totals 4.6E-09 1.4E4)9 1.2E-07 7.2E-08 1.0E-08 3.1E-08 5.7E-09 2.5E-07 1.0E+-00

Large Release Frequency 1.0E-08 4. l E-02

Initially Failed Containment 9.9E-09 4.0E-02

Induced Containment Failure 1.6E-10 6.4E-04

Basemat Penetration 1.3E-10 5.2E-04

*5
e

o
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cr3 Table 43-42E
J$ AP600 CONTAINMENT EVENT TREE BASE CASE QUANTIFICATION RESULTS -
3, p w RELEASE CATEGORY FREQUENCIES (PER REACTOR-YEAR)r
k* VF Sens. RC RC
@ Release Category 1AC 1APC 3BE 3BRC 3C 3DC 6E Frequency Contribution

IC 2.9E-09 1.4E-09 1.2E-07 7.1 E-08 9.7 E-09 3.lE-08 0.0E+00 2.4E-07 9.6E-01

ICP 0.0E+00 0.0E+00 1.0E-Il 5.BE-12 9.3E-13 2.2E-12 0.0E+00 1.9E-I l 7.RE-05

XL 2.3E-11 1.1E-I l 9.8E-10 5.8E-10 7.9E-11 2.5E 10 0.0E+00 1.9E-09 7.7E-03 '

BP 1.5E-10 3.8E-15 9.4E-15 1.2E-14 4.1E-15 6.lE-15 5.7E-09 5.9E-09 2.4E-02

CI 1.5E-09 1.6E-11 1.6E-10 4.lE-10 2.0E-11 4.0E-11 0.0E+00 2.l E-09 8.6E-03

Cl-C 9.4E-12 2.5E-13 2.7E-12 7.0E-13 4.2E-12 6.8E-14 0.0E+00 1.7E-11 6.9E-05

CFE 9.4E-13 1.0E-13 1.7E-11 9.6E-12 8.3E-I l 2.6E-12 0.0E+00 1.lE 10 4.5E-04

CFE-C 4.4B-13 2.0E-14 1.9E-12 1.2E-12 1.6E-Il 5.0E-13 0.0E+00 2.0E-11 8.1E-05A

[ CFI 3.2E 13 7.8E-13 1.9E 12 8.0E-13 9.9E-14 2.0E-14 0.0E+00 3.9B-12 1.6E-05
"

CFL 4.5E-14 4.4E-14 2.5E-13 1.2E-13 5.5E-15 0.0E+00 0.0E+00 4.6E-13 1.9E4)6

CFV 4.7E-13 4.3E-13 4.7E-11 6.4E-12 8.9E-11 5.4E-12 0.0E+00 1.5E-10 6.0E-04

Totals 4.5E-09 1.4E.09 1.2E-07 7.3E-08 1.0E-08 3.!E-08 5.7E-09 2.5E-07 1.0E+-00

h Large Release Frequency 1.0E-08 4.1E-02
,

Initially Failed Containment 9.9E-09 4.0E-02 P
Induced Containment Failure 1.4E-10 5.5E-04

Basemat Penetration 1.5E-10 6.0E-04 |
9
3
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43. Release Frequency Quntification

, ,_

__

Table 43-5

RELEASE CATEGORY IC DOMINANT SEQUENCES
RELEASE CATEGORY IC FREQUENCY = 2.4E-7 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET

# Class Frequency (%) Nodes Sequence Description

1 3BE 1.2E-7 49 Fully depress RCS, igniters on, cavity
flooded, vessel intact

2 3BRC 7.1E-8 30 RCS depress mcovery, igniters on,
vessel intact

3 3DC 3.lE-8 13 DP Partial RCS depress, igniters on, cavity
flooded, vessel intact

4 3C 8.lE-9 3.4 VF Fully depress RCS, igniters on, cavity
flooded, vessel failed, debris quenched

5 3BE 3.4E-9 1.4 IR Fully depress RCS, igniters on, cavity
flooded, vessel failed, debris quenched

6 1AC 2.7E-9 1.1 DP High press RCS, hot leg creep, igniters
on, cavity flooded, vessel intact

7 3C 1.6E-9 0.7 VF, SCC Fully depress RCS, igniters on, cavity
flooded, vessel failed, short-term CCI

8 1APC 1.0E-9 0.4 DP Partially depress RCS, igniters on,
cavity flooded, vessel intact

9 3BE 6.6E-10 03 1R, SCC Fully depress RCS, igniters on, cavity
flooded, vessel failed, short-term CCI

10 3BE 3.2E-10 0.1 IG, hcl Fully depress RCS, igniters failed,
cavity flooded, vessel intact, early global
burn

YWO8 - Feb 5,
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43. R;1*e* Frequency Quantification
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Table 43-6

RELEASE CATEGORY ICP DOMINANT SEQUENCES
RELEASE CATEGORY ICP FREQUENCY == 1.9E-11 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET l

# Class Frequency (%) Nodes Sequence Description
1

1 3BE 1.0E-Il 49 PC Fully depress RCS, igniters on, PCS I

faild cavity flooded, vessel intact

2 3BRC 5.8E-12 31 PC RCS depress recovery, igniters on,
PCS failed, cavity flooded, vessel
intact

3 3DC 2.2E-12 12 DP,PC Partially depress RCS, igniters on,
PCS failed, cavity floodrA, yessel
intact

4 3C 7.8E-13 4.1 PC,VF Fully depress RCS, igniters on, PCS
failed, cavity flooded, vessel failed,
debris quenched

5 3C 1.5E-13 0.8 PC, VF, SCC Fully depress RCS, igniters on, PCS
failed, cavity flooded, vessel failed,
short-term CCI

_

_

6 3BE 1.0E-13 0.5 PC,IR Fully depress RCS, igniters on, PCS
failed, cavity flooded, vessel failed,
short-term CCI

;

eb ,1995 W8Stingt10USe
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43. Release Frequency Quantification

Table 43-7

RELEASE CATEGORY XL DOMINANT SEQUENCES
RELEASE CATEGORY XL FREQUENCY = 1.9E-9 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET

# Class Frequency (%) Nodes Sequence Description

1 3BE 9.4E-10 49 EX Fully depress RCS, igniters on, cavity
flooded, vessel intact, excessive leakage

2 3BRC 5.7E-10 30 EX RCS depress recovery, igniters on,
cavity flooded, vessel intact, excessive
leakage

3 3DC 2.5E-10 13 DP,EX Partially depress RCS, igniters on,
cavity flooded, vessel intact, excessive
leakage

4 3C 6.6E-11 3.4 VF,EX Fully depress RCS, igniters on, cavity
flooded, vessel failed, debris quench,
excessive leakage

5 3BE 2.7E-11 1.4 IR, EX Fully depress RCS, igniters on, no
cavity flood, vessel failed, debris
quench. excessive leakage

6 3C 1.3E-11 0.7 VF, SCC,EX Fully depress RCS, igniters on, cavity
" flooded, vessel failed, short-terrn CCI,

excessive leakage

7 1APC 8.lE-12 0.4 EX Partially depress RCS, igniters on,
cavity flooded, vessel intact, excessive
leakage

8 3BE 5.3E-12 0.3 SCC,EX Fully depress RCS, igniters on, no
cavity flood, vessel failed, short-term
CCI, excessive leakage

M $0E0 6 Februa 8,
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43. Release Frequency Quantification

Table 43-8

RELEASE CATEGORY BP DOMINANT SEQUENCES
RELEASE CATEGORY BP FREQUENCY = 5.9E-9 PER REACTOR YEAR

RC
Seq Accident Frequency Failed CET
# Class Frequency (%) Nodes Sequence Description

1 6E 5.7E-9 97 Unisolated SGTR

2 1AC 1.7E-10 3 DP,SG High press RCS, SG tube creep failure

Table 43-9

RELEASE CATEGORY CI DOMINANT SEQUENCES
RELEASE CATEGORY CI FREQUENCY = 2.8E-9 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET

# Class Frequency (%) Nodes Sequence Description

1 1AC 1.4E-9 69 DP, IS Containment isolation failed, high press
RCS, HL creep rupture, cavity flood,
vessel intact

2 3BRC 4.1E-10 20 IS Containment isolation failed, RCS
depress recovery, cavity flood, vessel
intact

3 3BE 1.6E-10 7.6 IS Containment isolation failed, fully
depress RCS, cavity flood, vessel intact

4 3DC 4.0E-11 1.9 DP, IS Containment isolation failed, partially
depress RCS, cavity flood, vessel intact

5 1AC 3.4E-11 1.6 DP, IS, IR Containment isolation failed, high press
RCS, HL creep rupture, no cavity
flood, vessel failed, debris quench

e ,1995 W WeStingh0USB
u:\ap600pra\sec43.wpf.lb 43-22
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43. Release Frequency Quantification
|

Table 43-10

RELEASE CATEGORY CI-C DOMINANT SEQUENCES
RELEASE CATEGORY CI-C FREQUENCY = 1.4E-11 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET

# Class Frequency (%) Nodes Sequence Description

1 1AC 6.6E-12 47 DP, IS, IR, Containment isolation failed, high press
SCC RCS, HL creep rupture, no cavity

flood, vessel failed, short-term CCI

2 3C 3.9E-12 28 IS, VF, SCC Containment isolation failed, fully
depress RCS, cavity flood, vessel
failed, short-term CCI

3 3BE 2.0E-12 14 IS, IR, RW Containment isolation failed, fully
depress RCS, no cavity flood, vessel
failed, debris quench, long-term CCI

4 3BE 3.9E-13 2.8 IS, IR, SCC Containment isolation failed, fully
depress RCS, no cavity flood, vessel
failed, short-term CCI

5 1AC 3.7E-13 2.6 DP, IS, IR, Containment isolation failed, high press
DQ RCS, HL creep supture, no cavity

flood, vessel failed, no debris quench,
long-term CCI

3 Westilighouse ENE Revision: 3
;; ='_ February 28,1995
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43. Release Frequency Quantification

Table 43-11

RELEASE CATEGORY CFE DOMINANT SEQUENCES
RELEASE CATEGORY CFE FREQUENCY = 9.5E-11 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET
# Class Frequency (%) Nodes Sequence Description

1 3C 8.3E-11 87 VF,CFI Fully depress RCS, igniters on, cavity
flooded, vessel failed, containment fail
by ex-vessel steam explosion

2 3BE 7.2E-12 7.6 IG, HC1, CFI Fully depress RCS, igniters failed,
cavity flood, vessel intact, containment
fail by early global burn

3 3BRC 3.6E-12 3.8 IG, hcl, CFI RCS depress recovery, igniters failed,
cavity flood, vessel intact, containment
fail by early global burn

4 1AC 6.8E-13 0.7 DP, IG, HCI, High press RCS, HL creep rupture,
CFI igniters failed, cavity flood, vessel

intact, containment fail by early global
burn

Table 43-12

RELEASE CATEGORY CFE-C DOMINANT SEQUENCES
RELEASE CATEGORY CFE-C FREQUENCY = 6.0E-11 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET
# Class Frequency (%) Nodes Sequence Description

1 1AC 4.4E-11 73 DP,CR High press RCS, containment fail by
HPME

2 3C 1.6E-11 27 VF, SCC, Fully depress RCS, igniters on, flooded
CFI cavity, vessel failure, steam explosion

fails containment early, short-term CCI

Revision: 3
ENEL W W85tiligh0US8February 28,1995 .-
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43. Release Frequency Quantification

Table 43-13

RELEASE CATEGORY CFI DOMINANT SEQUENCES
RELEASE CATEGORY CFI FREQUENCY = 3.6E-12 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET

# Class Frequency (%) Nodes Sequence Description

1 3BE 1.5E-12 44 IG, HC2, CF2 Fulli depress RCS, igniters failed,
cauty flood, vessel intact, containment
failed by intermediate global burn

2 3BRC 7.9E-13 22 IG, HC2, CF2 RCS depress recovery, igniters failed,
cavity flood, vessel intact, containment
failed by intermediate global burn

3 1APC 7.lE-13 20 DP, IG, IR, Partially depress RCS, igniters failed,
DQ, HC2, no cavity flood, vessel failed, no debris
CF2 quench, containment fail by

intermediate global burn

4 1AC 2.7E-13 7.5 DP, IG, HC2, High press RCS, HL creep rupture,
CF2 igniters failed, cavity flood, vessel

intact, containment fail by intermediate
global burn

5 3C 9.2E-14 2.6 IG, VF, DQ, Fully depress RCS, igniters failed,
HC2, CF2 cavity flood, vessel failed, no debris

quench, containment fail by
intermediate global burn

6 1APC 4.6E-14 1.3 DP, IG, IR, Partially depress RCS, igniters failed,
SCC,HC2, no cavity flood, vessel failed, short-
CF2 term CCI, containment fail by

intermediate global burn

|
'
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43. Release Frequency Quantification

Table 43-14

RELEASE CATEGORY CFL DOMINANT SEQUENCES
RELEASE CATEGORY CFL FREQUENCY = 6.3E-13 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET
# Class Frequency (%) Nodes Sequence Description

1 3BE 2.4E-13 38 IG, HC3, CF3 Fully depress RCS, igniters failed,
cavity flood, vessel intact, containment
failed by late global burn

2 3BE 1.7E-13 26. IG, IR, DQ, Fully depress RCS, igniters failed, no
HC3, CF3 cavity flood, vessel failed, no debris

quench, containment failed by late
global burn

3 3BRC 1.2E-13 19 IG, HC3, CF3 RCS depress recovery, igniters failed,
cavity flood, vessel intact, cont failed
by late global burn

3 1APC 4.3E-14 6.8 DP, IG, IR, Partial depress RCS, igniters failed, no
SCC, HC3, cavity flood, vessel failed, short-term
CF3 CCI, containment fail by late global

burn
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43. Release Frequency Quantification

Table 43-15

RELEASE CATEGORY CFV DOMINANT SEQUENCES
RELEASE CATEGORY CFV FREQUENCY = 1.3E-10 PER REACTOR-YEAR

RC
Seq Accident Frequency Failed CET
# Class Frequency (%) Nodes Sequence Description

1 3C 8.9E-11 68 VF, DQ, CF4 Fully depress RCS, igniters on, cavity
flood, vessel fail, no debris quench,
long-term CCI, potential basemat
failure >72 hours

2 3BE 3.7E Il 28 IR, DQ, CF4 Fully depress RCS, igniters on, no
cavity flood, vessel fail, no debris
quench, long-term CCI, potential
basemat failure >72 hours

3 3D 2.6E-12 2 DP, IR, DQ, Partial depress RCS, igniters on, no
CF4 cavity flood, vessel fail, no debris

quench, long-term CCI, potential
basemat failure >72 hours
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