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ABSTRACT

This report uses the scenarios described in NUREG/CR-6075 and NUREG/CR-6075,
Supplement 1, to address the direct containment heating (DCH) issue for all Westinghouse plants
with large dry or subatmospheric containments. DCH is considered resolved if the conditional
~ containment failure probability (CCFP) is less than 0.1. Loads versus strength evaluations of the
CCFP were performed for each plant using plant-specific information. The DCH issue is
considered resolved for a plant if a screening phase results in a CCFP less than 0.01, which is
more stringent than the overall success criterion. If the screening phase CCFP for a plant is
greater than 0.01, then refined containment loads evaluations must be performed and/or the
probability of high pressure at vessel breach must be analyzed. These analyses could be used
separately or could be integrated together to recalculate the CCFP for an individual plant to
reduce the CCFP to meet the overall success criterion of less than 0.1. The CCFPs for all of the
Westinghouse plants with dry containments were less than 0.01 at the screening phase, and thus,
the DCH issue is resolved for these plants based on containment loads alone. No additional
analyses are required.
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PREFACE

The direct containment heating (DCH) issue has been identified in the Nuclear Regulatory
Commission's (NRC) Revised Severe Accident Research Plan as a important issue for resolution
because of its potential for early containment failure. The NRC has asked Sandia National
Laboratories (SNL) to develop the methodology to resolve the DCH jissue for all Pressurized
Water Reactors (PWRs). NUREG/CR-6075 and NUREG/CR-6075, Supplement 1, were the first
steps in this process. They addressed the DCH issue for the Zion nuclear power plant (NPP) by
performing loads versus strength evaluations to calculate the conditional containment failure
probability (CCFP) for Zion. No intersections of the loads and strength distributions were
predicted, and thus, the DCH issue for Zion was resolved. In addition, these reports established
. the methodology and conditions that would be used in future efforts, e.g., the enveloping accident
scenarios (splinters) that would be analyzed, the initial conditions, the model to predict loads, the
use of fragility curves from the IPEs, and the probabilistic framework that would be used to
compute the loads distribution and the conditional containment failure probabilities, i.e., the
TCE/LHS code.

NUREG/CR-6109 used the methodology and scenarios described in NUREG/CR-6075 and
its supplement to address the DCH for the Surry NPP. There were no intersections of the loads
and strength distributions for Surry, and thus, the DCH issue was resolved based on containment
loads alone. However, the likelihood of high reactor coolant system pressure at vessel breach was
also evaluated for Surry and was shown to be low for all station blackout scenarios without
operator intervention. This probability could have been factored into the CCFP if there had been
intersections of the loads and strength distributions.

NRC's plan for resolving the direct containment heating (DCH) issue for Pressurized Water
Reactors (PWRs) is to address groups of plants in separate reports. This report,
NUREG/CR-6338, addresses the DCH issue for all Westinghouse plants with large dry or
subatmospheric containments (a total of 41 plants) using the methodology and assumptions
consistent with those developed in NUREG/CR-6075 and NUREG/CR-6075, Supplement 1, for
the Zion NPP. In addition, the NRC has asked Sandia to prepare reports for three other groups
of plants: Westinghouse plants with ice condenser containments, Combustion Engineering plants,
and Babcock & Wilcox plants. The purpose of these reports is to apply the extrapolation
methodology described in this report to these other plant types to provide a technically defensible -
resolution for all PWRs.
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EXECUTIVE SUMMARY

In a light-water reactor core melt accident, if the reactor pressure vessel (RPV) fails while the
reactor coolant system (RCS) is at high pressure, the expulsion of molten core debris may pressurize
the reactor containment building (RCB) beyond its failure pressure. A failure in the bottom head of the
RPV, followed by melt expulsion and blowdown of the RCS, will entrain molten core debris in the
high-velocity steam blowdown gas. This chain of events is called a high-pressure melt ejection
(HPME). Four mechanisms may cause a rapid increase in pressure and temperature in the reactor
containment: (1) blowdown of the RCS, (2) efficient debris-to-gas heat transfer, (3) exothermic
metal/steam and metal/oxygen reactions, and (4) hydrogen combustion. These processes, which lead
to increased loads on the containment building, are collectively referred to as direct containment
heating (DCH). It is necessary to understand factors that enhance or mitigate DCH because the
pressure load imposed on the RCB may lead to early failure of the containment.

NUREG/CR-6075, "The Probability of Containment Failure by Direct Containment Heating in
Zion," was the first step in resolving the DCH issue. It assessed the probability of containment failure
by DCH for the Zion nuclear power plant (NPP). It underwent an extensive review by a panel of 13
experts representing national laboratories, universities, and industry. The reviewers provided written
comments; the authors responded to these comments; and finally, the reviewers wrote rebuttals to the
authors' responses. From the peer review process, two areas of residual concern were identified: initial
conditions and the validity of the model. Two working group meetings addressed these unresolved
issues. A supplement to NUREG/CR-6075 was written to document the peer review process, address
residual concerns about initial conditions and model validity, and document modeling enhancements.

Four new splinter scenarios were proposed for Zion in the working group meetings. The new
scenarios either bound the scenarios in NUREG/CR-6075 or stress greater consistency in the
conditions at vessel breach. Two high-pressure scenarios resulting from operator intervention were
defined. Scenario V is characterized by coejection of large quantities of water (75 mt) at 16 MPa, and
Scenario VI is characterized by coejection of 10 mt of water at 8 MPa. The expected melt
composition is predominantly oxidic. Two low-pressure scenarios were also defined. These are
characterized by melts with a larger metallic component and small amounts of coejected water.

In order to ensure consistent initial conditions for each scenario, the working group members
stressed the use of insights from system-level codes, specifically SCDAP/RELAPS and CONTAIN.
Existing SCDAP/RELAP5 calculations for short-term station blackout scenarios for Zion, Surry,
Calvert CIiffs, and Arkansas Nuclear One Unit 2 all indicate that failure of the hot leg or surge line and
resulting depressurization of the primary system occur well before core relocation and lower head
failure in all cases analyzed. Calculations were continued until lower head failure and showed that only
a small amount of metallic debris relocates to the lower plenum. Little or no melting of upper plenum
steel was observed, and there was very little relocation of metallic core blockages into the lower
plenum. In addition, these analyses showed that RCS pressure could remain high only if the vessel was
reflooded. These insights were used to develop the distributions for the four new scenarios defined in
the supplement to NUREG/CR-6075.

Xix NUREG/CR-6338



Executive Summary

NUREG/CR-6109 used the methodology, which was based on comparisons of containment loads
with containment strength, developed for NUREG/CR-6075 and its supplement to assess the
conditional containment failure probability for the Surry NPP. The scenarios described in
NUREG/CR-6075, Supplement 1, were considered in NUREG/CR-6109. The methodology used for
NUREG/CR-6075 to quantify injtial conditions was repeated with specific input from Surry and with .
the insights gained from existing SCDAP/RELAPS calculations for the Surry NPP.

There are several tools for calculating DCH loads. In NUREG/CR-6075, the two-cell equilibrium
(TCE) model and the convection-limited containment heating (CLCH) model were used. These
models were validated against the extensive DCH experimental database and gave similar results
because the basic modeling assumptions are the same. Only the TCE model was used to compute
containment loads in NUREG/CR-6109 and in NUREG/CR-6338. In addition, the CONTAIN code
has also been used to calculate DCH loads. For comparison, load calculations were performed for
specific sets of input parameters with the CONTAIN code and with the TCE model in NUREG/CR-
6109. The calculations were performed for Scenarios V, Va, and VI at the upper end of the mass
distributions and with likely hydrogen concentrations. The loads computed with CONTAIN were
comparable to or less than the loads calculated with the TCE model for comparable DCH scenarios.

The conditional (on core damage) containment failure probability (CCFP) can be divided into two
components: (1) the likelihood of being at high pressure at vessel failure, and (2) the probability that
the containment will fail given DCH. NUREG/CR-6075 and its supplement resolved the DCH issue
for Zion based on containment loads only, i.e., the load distributions were convoluted with the
containment strength distribution to calculate containment failure probabilities without regard to the
likelihood of being at high pressure at vessel breach. The conclusion in NUREG/CR-6075 for Zion
was that there were no intersections of the load distributions and the containment strength
distributions, and thus the DCH issue was resolved for the Zion NPP. The results of the load
evaluations for Surry were similar to those for Zion: there were no intersections of the load
distributions with the containment strength distribution, and thus the DCH issue for Surry can also be
resolved on containment loads alone. Furthermore, the likelihood of high RCS pressures at vessel
breach was evaluated for Surry for a limited number of sequences. The probability of RCS pressures
greater than 1.38 MPa for all station blackout scenarios without power recovery or operator
intervention was found to be low (p ~0.077). This probability could have been factored into the
containment failure probability for Surry if there had been substantial intersections of the load and
strength distributions.

NUREG/CR-6338 addresses the DCH issue for all Westinghouse plants with dry
containments, which include 34 plants with large dry containments and 7 plants with
subatmospheric containments. Westinghouse plants with ice condenser containments are
excluded. The methodology developed in NUREG/CR-6075 and NUREG/CR-6075, Supplement
1, was used to perform a load versus strength evaluation for each of these plants using plant-
specific data gathered from IPEs, FSARs, and when necessary, direct contacts with plant
personnel. The same enveloping accident scenarios (splinters) that were used in
NUREG/CR-6075, Supplement 1, and NUREG/CR-6109 were used for these plant evaluations;
these scenarios establish important input parameters for the loads calculations, e.g. the RCS
pressure at vessel breach, the RPV breach size, the containment pressure and composition at
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vessel breach, etc. The melt mass and composition distributions developed for Zion (a four-loop
plant) in NUREG/CR-607S, Supplement 1, were used for all of the four-loop plants. For all of
the three-loop plants, the melt mass and composition developed for Surry (a three-loop plant) in
NUREG/CR-6109 were used. For two-loop plants, the prescription given in NUREG/CR-6075,
Supplement 1, was used to develop the melt mass and composition distributions. These
quantifications are given in this report.

Plant-specific data were gathered for each of the Westinghouse plants with dry containments
for the loads versus strength evaluations. As much as possible, similar plants were grouped to
facilitate the DCH quantifications. Drawings from all 41 Westinghouse plants were reviewed so
that cavities could be grouped for cavity dispersal and coherence quantifications and so that lower
compartment configurations could be grouped to facilitate the quantifications of the debris
transport through the subcompartments to the containment dome. The likelihood of water being
present in the cavity at vessel breach is also assessed because cavity water may have an impact on
DCH loads. Cavities are grouped according to whether they are dry, wet, or deeply flooded and
are categorized as either excavated or free standing.

The containment fragility curve was extracted and digitized from the IPE for each plant and
the fragility quantifications are summarized in NUREG/CR-6338. The TCE/LHS code was used
to perform a load versus strength evaluation using a Monte Carlo simulation to determine the
CCFP for each of the Westinghouse plants with dry containments. The results of these
calculations show that the CCFP based on the mean fragility curves is less than 0.01 for each
splinter scenario and for each plant analyzed in this study. Consequently, there was no need to
integrate sequence or HPME probabilities with conditional containment failure probabilities for
each splinter. Thus, DCH is considered resolved for all Westinghouse plants, excluding only
plants with ice condenser containments, and no additional analyses are required.

We contacted all of the Westinghouse two-loop plants (Ginna, Kewaunee, Prairie Island 1 & 2,
and Point Beach 1 & 2) for additional plant information to allow more accurate estimates of the
subcompartment debris transport fractions. The utilities provided the necessary information and their
data were factored into the assessments for two-loop plants. Westinghouse plants with ice condenser
containments, all Combustion Engineering plants, and all Babcock and Wilcox plants will be addressed
in future resolution efforts.
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1.0 INTRODUCTION

In a light-water reactor core melt accident, if the reactor pressure vessel (RPV) fails while the
reactor coolant system (RCS) is at high pressure, the expulsion of molten core debris may pressurize
the reactor containment building (RCB) beyond its failure pressure. A failure in the bottom head of the
RPV, followed by melt expulsion and blowdown of the RCS, will entrain molten core debris in the
high-velocity steam blowdown gas. This chain of events is called a high-pressure melt ejection
(HPME). Four mechanisms may cause a rapid increase in pressure and temperature in the reactor
containment: (1) blowdown of the RCS, (2) efficient debris-to-gas heat transfer, (3) exothermic metal-
steam and metal-oxygen reactions, and (4) hydrogen combustion. These processes, which lead to
increased loads on the containment building, are collectively referred to as direct containment heating
(DCH) when they have the potential to occur simultaneously. It is necessary to understand factors that
enhance or mitigate DCH because the pressure load imposed on the RCB may lead to early failure of
the containment.

DCH is a prominent severe accident issue because of its potential for early containment failure.

. The Nuclear Regulatory Commission (NRC) has identified DCH as a major issue for resolution in the

Revised Severe Accident Research Plan (NRC, 1992) and has sponsored programs at Sandia National
Laboratories (SNL) to resolve the DCH issue.

NUREG-1150 was the first attempt to treat DCH from a PRA perspective that integrates
sequence probabilities with uncertainties associated with initial/boundary conditions and
phenomenological uncertainties associated with predicting containment loads. NUREG-1150
addressed only a small number of reference plants and the DCH database was largely nonexistent at the
time, so there was no way to validate these early attempts to predict DCH loads. More recently, the
IPEs have also addressed the DCH issue from a PRA perspective. Their strength is that plant-specific
sequence information is fully integrated into the assessment for every plant. On the other hand, the
approaches taken to assess containment loads are inconsistent and poorly tied to the existing database.

This report (NUREG/CR-6338) performs loads/strength evaluations in a consistent manner for all
plants. The phenomenological modeling is closely tied to a now substantial database. Plant-specific
analyses are performed, but sequence uncertainties are enveloped by a small number of splinter
scenarios without assignment of probabilities.

The NRC-sponsored experimental program has played a major role in developing an
understanding of the key physical processes in DCH. The technical basis for these scaled experiments
was developed by the Severe Accident Scaling Methodology Technical Program Group (SASM-TPG)
(Zuber et al., 1991) and by Pilch et al. (1992). The extensive database from counterpart experiments
by Sandia National Laboratories and Argonne National Laboratory (ANL) has allowed the
development and validation of simple analytical models for predicting the containment loads. In
particular, the two-cell equilibrium (TCE) model is based on insights from the experimental program
and is used in the analyses presented here. The TCE model takes into account the coherence between
the entrained debris and the RCS blowdown steam. Any noncoherence in the entrainment process
potentially limits the interactions that result in debris-to-gas heat transfer and in chemical reactions that
produce hydrogen.
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The first step in the DCH issue resolution process was writing NUREG/CR-6075 (Pilch et al.,
1994a): "The Probability of Containment Failure by Direct Containment Heating in Zion."
NUREG/CR-6075 assesses the probability of containment failure by DCH for the Zion nuclear power
plant (NPP) and establishes the basic methodology that will be used to address DCH for all NPPs. The
report was extensively reviewed by a panel of 13 experts representing national laboratories,
universities, and industry (see Appendix A, Pilch et al.,, 1994b). The review process included written
comments by the reviewers, responses by the authors, and rebuttals by the reviewers. Following this
process, two working group meetings of selected members of the original peer review group were held
to resolve two residual concerns: initial conditions and validity of the model.

Supplement 1 of NUREG/CR-6075 (Pilch et al.,, 1994b) was written in response to the peer
review process to close the DCH issue for the Zion plant. It contains the additional analyses that the
working groups indicated were necessary to strengthen the original conclusions. The working groups
defined four new scenarios for analysis using the methodology in NUREG/CR-6075 and suggested
using system-level codes to ensure consistency of the DCH initial conditions. They recommended
using insights from core melt progression analyses performed by the Idaho National Engineering
Laboratory (INEL) with SCDAP/RELAPS in order to achieve consistency in quantifying initial
conditions. These analyses indicated that failure of the hot leg or surge line resulting in
depressurization of the primary system was observed well before core relocation and lower head
failure. However, the calculations were continued until the lower head failed in order to gain insights
about conditions at lower head failure, such as the melt mass and composition, reactor coolant system
pressure, melting of upper plenum steel, and relocation of metallic core blockages into the lower
plenum. These insights were applied in developing the distributions for the new scenarios. The
CONTAIN code, using sources from SCDAP/RELAPS, was used to ensure consistency in
containment initial conditions prior to vessel failure. Load versus strength evaluations were performed
using the TCE/LHS code, which uses the two-cell equilibrium model to calculate containment loads
and Monte Carlo sampling to compute the load distribution (Pilch et al., 1994b). The containment
strength was described in probabilistic terms using a fragility curve taken from the Individual Plant
Examination (IPE). The conditional (on core damage) containment failure probabilities (CCFPs) for
each of the new scenarios was determined. There were no intersections of the loads and strength
distributions, and thus the probability of containment failure by DCH is low enough so that the issue is
resolved for the Zion plant.

NUREG/CR-6109 (Pilch et al., 1995) used the methodology and scenarios described in
NUREG/CR-6075 and NUREG/CR-6075, Supplement 1, to address the DCH issue for the Surry
plant. Consistency of the initial condition distributions was again ensured by using insights from
systems-level codes, specifically SCDAP/RELAPS and CONTAIN. The most useful insights are that
the RCS pressure is low at vessel breach, metallic blockages in the core region do not melt and relocate
into the lower plenum, and melting of upper plenum steel is correlated with hot leg failure. The
SCDAP/RELAPS output was used as input to CONTAIN to assess the containment conditions at
vessel breach.

The loads evaluations for Surry in NUREG/CR-6109 (Pilch et al., 1995) showed no intersections
of the loads distributions with the containment strength distribution, and thus the DCH issue for Surry
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was resolved based on containment loads alone. However, the likelihood of high RCS pressures at
vessel breach was evaluated for Surry. The probability of RCS pressures greater than 1.38 MPa for all
station blackout scenarios without power recovery or operator intervention was found to be low
(=0.077). This probability could have been factored into the containment failure probability for Surry if
there had been significant intersections of the loads and strength distributions.

SCDAP/RELAPS is the NRC's more mechanistic tool for performing integrated analyses of core
melt progression. However, the peer review of SCDAP/RELAPS noted that models and the existing
database for late-phase core melt progression are often inadequate. Consequently, we anticipate that
continued research will improve our understanding and capabilities in this area. Nonetheless, an
integrated perspective of core melt progression was recommended by previous working groups to
guide the selection of melt mass and composition distributions for DCH analyses.

Extrapolation of the DCH issue resolution beyond the Zion plant was first envisioned in
NUREG/CR-6075 (Pilch et al., 1994a) where it was argued that most plants would have load
distributions similar to Zion. Similarity of containment loads coupled with an anticipation that there
would not be any significant deviations from the Zion fragility curve for containments of a similar class
led to the tentative conclusion that DCH could be resolved for most PWRs. Two concerns were
expressed in the peer review (by a 13 member NRC appointed panel) of this work. First, peer
reviewers recommended that consensus be achieved on the Zion resolution before proceeding with
extrapolation to other plants. This recommendation has been satisfied by the establishment of two
working groups to resolve residual concerns for Zion and the publication of NUREG/CR-6075,
Supplement 1, which documents modifications in the methodology arising from working group
recommendations.

The peer reviewers of NUREG/CR-6075 also expressed concern that plant-specific differences in
nuclear steam supply systems or plant geometry were not adequately addressed. In response to this
concern, the NRC has instructed INEL to perform best estimate calculations of core melt progression
using SCDAP/RELAP5. When complete, SCDAP/RELAPS calculations will be available for
representative plants from each supplier of nuclear steam supply systems. Insights from the
calculations performed to date are factored into the current analyses. Concemns arising from differences
in plant size, plant parameters, or plant geometry are addressed in this report by performing analyses
for each individual plant or site using plant-specific input.

This NUREG report addresses the DCH issue for all Westinghouse plants with dry
containments, which include 34 plants with large dry containments and 7 plants with
subatmospheric containments. Westinghouse plants with ice condenser containments are
excluded. The methodology developed in NUREG/CR-6075 and NUREG/CR-6075, Supplement
1, was used to perform a load versus strength evaluation for each of these plants using plant-
specific data gathered from IPEs, Final Safety Analysis Reports (FSARs), and when necessary,
direct contacts with plant personnel. The same enveloping accident scenarios (splinters) that were
used in NUREG/CR-6075, Supplement 1, and NUREG/CR-6109 were used for these plant
evaluations; these scenarios establish important input parameters for the loads calculations, e.g.
the RCS pressure at vessel breach, the RPV breach size, the containment pressure and
composition at vessel breach, etc. The melt mass and composition distributions developed for
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Zion (a four-loop plant) in NUREG/CR-6075, Supplement 1, were used for all of the four-loop
plants. For all of the three-loop plants, the melt mass and composition developed for Surry (a
three-loop plant) in NUREG/CR-6109 were used. For two-loop plants, the prescription given in
. NUREG/CR-6075, Supplement 1, was used to develop the melt mass and composition
distributions. These assessments are summarized in Section 4 for all Westinghouse plants and a
more complete description for all PWRs (including Combustion Engineering and Babcock &
Wilcox plants) is given in Appendix B. i ‘

Plant-specific data were gathered for each of the Westinghouse plants with dry containments
for the loads versus strength evaluations. As much as possible, similar plants were grouped to
facilitate the DCH assessments. For example, cavity drawings from all 41 Westinghouse plants
were reviewed, along with the IDCOR (1985) categorization, and it was decided for coherence
purposes that the cavities could be grouped into three types: Zion-like, Surry-like, and other.
Only South Texas 1 and 2 fall into the “other” category. The cavity dispersal and coherence
assessments are summarized in Section 4 and a more detailed description is given in Appendix C.
The likelihood of water being present in the cavity at vessel breach is also assessed in Appendix C.
Cavities are grouped according to whether they are dry, wet, or deeply flooded. Furthermore,
review of the drawings of the lower compartment configurations of all 41 Westinghouse plants
indicated that they could be grouped into four types (Zion-like, Surry-like, two-loop plants, and
other). The only plants that fall into the “other” category are H.B. Robinson and South Texas 1
and 2. This grouping facilitated the assessment of the debris transport through the
subcompartments to the containment dome. These assessments are also summarized in Section 4
and a more complete description is given in Appendix C. Quantification of DCH phenomena is
addressed in Section 5.

The containment fragility curve was extracted from the IPE for each plant. The fragility
assessments are summarized in Section 6 and are compiled in Appendix D. The TCE/LHS code
was used to perform a load versus strength evaluation to determine the CCFP for each of the
Westinghouse plants with dry containments. The results of these calculations are presented in
Section 7. The conclusions and recommendations are given in Section 8.
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2.0 RESOLUTION METHODOLOGY

The methodology is aimed at grouping each PWR into one of two categories:
1. PWRs in which the threat of early containment failure is shown to be < 0.1, and
2. PWRs in which the threat is > 0.1.

We consider DCH “resolved” for those plants that fall into the first category. The figure of merit by
which resolution is judged is the mean conditional containment failure probability (CCFP). We
emphasize that the containment failure probability is ultimately conditional on core damage. Based on
NRC recommendations, the DCH issue for any PWR will be considered resolved if a CCFP < 0.1 is
reasonably demonstrated. We recognize that DCH must be considered in the plant-specific context of
all early containment modes when this success criterion is applied; however, DCH is thought to
dominate early containment failure for most plants. The DCH issue for plants falling into category 2
(CCFP > 0.1) may ultimately be considered resolved if the NRC chooses to view resolution from a
broader perspective that convolutes the CCFP with the core damage frequency (CDF), or if the NRC
chooses to perform a cost/benefit analysis.

Figure 2.1 provides an overview of the DCH resolution methodology. Consistent with peer
review recommendations on NUREG/CR-6075, the first step in the methodology was to work through
the key issues for Zion. When consensus was reasonably achieved through the peer review process
and follow-on activities, the process was demonstrated a second time for Surry. In both cases,
containment loads were calculated using simplified models! and distributions on the dominant initial
condition parameters. Three splinter scenarios were analyzed with the intent to envelop the expected
range of initial conditions. The CCFP was calculated by convoluting the predicted loads distribution
with a structural response distribution obtained from the IPEs. We note here that the CCFP was
conditional on the splinter scenario since no attempt was made to assign probabilities to the various
splinter scenarios. The analyses are documented in NUREG/CR-6075 and NUREG/CR-6075,
Supplement 1, for Zion (Pilch et al., 1994a,b) and in NUREG/CR-6109 for Surry (Pilch et al., 1995).
For both Zion and Surry, there were no intersections (CCFP « 0.1) of the load distribution with the
strength distribution.

The second step in the methodology is to repeat the process quantitatively used for Zion and Surry
to all remaining PWRs using plant-specific input. This report executes this step for all Westinghouse
plants with large dry or subatmospheric containments. Two additional efforts are scheduled: the first
will focus on all Westinghouse plants with ice condenser containments. We expect that CONTAIN
will be used to calculate loads in this effort because it has models for the ice beds. The second will
include all Combustion Engineering (CE) plants and all Babcock & Wilcox (B&W) plants.

1 Two-Cell Equilibrium (TCE) mode! for Zion and Surry, and the Convection Limited Containment Heating
(CLCH) model for Zion.
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Convolution of the containment load distribution with the containment fragility is performed for
each plant using plant-specific information. The key plant-specific information used in these analyses
are listed below with a brief description of how extrapolation is performed.

1. RCS Initial Conditions: Two splinter scenarios are analyzed based on the Zion/Surry resolution
efforts. RCS pressures and temperatures were specified for the splinter scenarios in the
Zion/Surry resolution documents. Plant-specific RPV geometry and core compositions are
employed and tabulated in Table 4.3.

2. Melt Mass Distributions: A simple prescription for determining melt mass based on core size was
developed as part of the Zion/Surry resolution effort. The bounding nature of this prescription
was validated by SCDAP/RELAPS for Zion, Surry, Calvert Cliffs, and ANO-2. The core size for
Westinghouse plants can be grouped according to whether the plant has four, three, or two-loops.
Existing melt mass distributions for Zion and Surry are applied to all four and three-loop plants,
respectively. The same prescription used to develop melt mass distributions for Zion/Surry is used
(Appendix B) to develop a melt mass distribution for all two-loop plants.

3. Plant Geometry: Plant-specific geometry is used in these analyses and tabulated in Table 4.3. The
coherence ratio and dome transport are two geometry specific phenomenological parameters that
receive special attention in their assignments in Sections C.2.2 and C.3, respectively. Reactor
cavities are grouped into three categories: Zion-like, Surry-like, and other. Existing coherence
correlations for Zion and Surry are applied to all Zion-like and Surry-like cavities, respectively. A
biased coherence correlation is applied to cavities that are neither Zion-like or Surry-like. Dome
transport is calculated using plant-specific areas for flow around the RPV and for line-of-sight
flow paths from the cavity exit.

4. Fragility: Plant-specific fragility curves are cataloged from the IPEs as part of Appendix D.

We refer to the initial attempt at extrapolation as screening because the models are tied to the Zion
and Surry database and other plants have different geometries and flow paths, which necessitate some
judgment in application of the models. In addition, Zion and Surry were very well characterized.
Complete plant drawings were available and SNL staff who were knowledgeable about DCH issues
participated in tours of the plants. The primary sources for plant information are PSARs, FSARs,
IPEs, and other PSAs. Of these, the IPEs proved most useful, but they do not carry the same level of
detail that was available for Zion and Surry. In general, the plant data employed here has not been
reviewed by the plant owners, except in a few cases where uncertainties were judged significant. To
allow for any potential nonconservatisms or possible residual modeling concerns in the screening stage,
we recommend a tighter resolution criterion, CCFP < 0.01. Like the Zion and Surry efforts, the
screening process will focus on a small number of splinter scenarios; consequently, the computed
CCFPs will be conditional on the splinter scenario since no attempt will be made to assign probabilities
to the splinters. Utilities may wish to employ some of the methods or results of this report when
revising their PSAs to provide a more integrated perspective on this issue; however, this is beyond the
scope or needs of the current effort.
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Plants that do not pass the initial screening will then be examined more carefully to determine
whether they can meet the CCFP < 0.1 criterion with more detailed analyses, and therefore be
considered resolved. This can be accomplished by one of three processes: refined load/strength
analyses, consideration of HPME probabilities given core damage (i.e., assign probabilities to the
splinters), or some integration of load/strength analyses and HPME probabilities. Additional analyses
for plants that do not meet the success criterion for the initial screening phase (i.e., CCFP < 0.01) will
be formally documented in a separate report to the NRC. This step will ensure that any plant that does
not pass the initial screening test will receive close scrutiny that will be publicly documented. The best
course of action must be judged for each individual plant. Some potentially fruitful options are
discussed below.

Several options exist for refined load/strength analyses. They are listed here in order (roughly) of
increasing effort.

1. The CCFP may not be very sensitive to potential uncertainties in the containment fragility. It is
possible that the CCFP 2 0.01 in the screening study (using mean fragility curves) while the use of
a high confidence fragility curve could still meet the resolution criterion, CCFP < 0.1. This may
occur if the plant has a long flat tail at the low end of the fragility curve.

2. Refine the accuracy of the TCE/LHS input. This can be accomplished by obtaining detailed plant
~ drawings or by consulting with knowledgeable plant personnel.

3. Best estimate CONTAIN calculations could be performed that may result in lower predicted loads
than those calculated using the TCE model. Lower loads were generally predicted in
CONTAIN/TCE comparisons that were performed for NUREG/CR-6109 (Pilch et al. 1995) for

Surry.

4. Side failure of the RPV could retain ~25 - 50 percent of the melt in the RPV. Credit was taken
for this in NUREG-1150 for Sequoyah. The likelihood of side failure, however, has yet to be
resolved in a definitive way.

Demonstrating that the probability of HPME events is sufficiently low offers an independent path
to resolving the DCH issue. Integration of sequence or HPME probabilities with conditional failure
probabilities (for each splinter) was not performed or needed in this study. The plant’s accident
management procedures can be examined to determine if the operators will depressurize the RCS. We
note that many plants can depressurize even in station blackout accidents because the PORVs have DC
power. Recent SCDAP/RELAPS calculations for Zion, Surry, ANO-2, and Calvert Cliffs support a
body of evidence indicating that natural circulation processes will result in hot leg or surge line failure
long before melt relocation to the lower plenum and bottom head failure. These natural circulation
processes will lead to spontaneous and complete depressurization of the RCS for core melt accidents
that involve no operator intervention. Thus, in station blackout accidents and in recovered accidents

‘there is a high likelihood that the RCS will be depressurized at the time of vessel breach.

Recovery attempts without depressurization could have various consequences. Recovery at TMI-
II did not immediately arrest the core melt progression, but it was instrumental in preventing lower
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head failure. On the other hand, the margin to failure seems to have been small and recovery actions
disrupted energy transport to the hot legs and surge line, thus preventing their failure. Consequently,
attempts to demonstrate low HPME probabilities must address both spontaneous depressurization and
the consequences of recovery. The necessary plant-specific information may be summarized from the
IPEs, but the basis for the utilities quantifications should be reviewed. For perspective, the NUREG-
1150 study for Sequoyah showed that ~40 percent of the core damage accidents involved accident
recovery in sufficient time to preclude vessel failure. Resolution can be achieved solely on HPME
probabilities if their likelthood is shown to be < 0.1. If independent resolution is not achieved, then
HPME probabilities can be combined with the CCFPs to complete an integrated approach to
resolution.
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Figure 2.1. Methodology for resolution of the DCH issue for all PWRs.

9 NUREG/CR-6338



3.0 PROBABILISTIC FRAMEWORK

The basic understanding upon which this approach to resolving the DCH issue is based (and
confirmed in repeated experiments) is that the intermediate (or steam generator) compartment traps
most of the debris dispersed from the reactor cavity and that the thermal-chemical interactions during
this dispersal process are limited by the incoherence in the steam blowdown and melt entrainment
processes. To put it simply, for blowdowns that are sufficient to cause entrainment and significant
thermal-chemical interactions, the entrainment time is short compared with the blowdown time so that
the molten debris is exposed to only a small fraction of the steam from the primary system. Because
this steam is the principal medium for carrying the melt energy and the hydrogen produced by steam-
metal interactions to the main containment volume, this incoherence is a crucial mitigating factor. With
this understanding, it is possible to reduce most of the complexity of the DCH phenomena to a single
parameter: the ratio of the melt entrainment time constant to the system blowdown time constant
(R. = 1/t in the TCE model). For simplicity, R, is referred to as a coherence ratio.

Besides these modeling factors, the DCH loads depend on parameters that characterize the system
initial conditions; that is, primary system pressure, temperature and composition (i.e., hydrogen mole
fraction), melt quantity and composition (zirconium. and stainless steel mass fractions), initial
containment pressure and composition (hydrogen mole fraction), and geometry (containment volume
and the size of the breach). The key component of the framework, therefore, is the causal relation
(CR1) between these parameters and the resulting containment pressure (and temperature) under the
influence of the uncertainty in the coherence ratio, R;. Of these parameters, some are fixed, some vary
only over a narrow range, and some are so uncertain that they can be approached only in a very
- bounding sense. The following features were considered in coming up with the final choice of a
framework:

1. Geometry. The specific geometry is fixed for a given plant; however, the basic features are an
intermediate compartment between the cavity and the main containment volume and a lower head
that fails by rupture in a local (rather than global) manner. In addition, the geometry is
characterized by the free volume of the containment and the primary system volume.

2. Containment Conditions. Typically, high-pressure scenarios evolve with significant primary
system venting prior to vessel breach (see Section 4); this venting increases the containment
pressure to ~0.25 MPa with temperatures near saturation. This pressure is somewhat lower for a
subatmospheric plant (~0.15 MPa) such as Surry and can be considerably lower if any of the
active containment heat removal systems are operational. The containment atmosphere will also
contain hydrogen at a concentration of a few mole percent. Preexisting hydrogen is limited by the
quantity of zirconium available to react in the core; thus, there is a constrained relationship
between preexisting hydrogen in the containment and the hydrogen produced by steam-zirconium
reactions in the DCH event.

3. Primary System Conditions. We emphasize here the reasonable consistency between reactor
coolant system pressure (and temperature) and melt mass and composition. Model predictions
indicate that DCH loadings are insensitive to the temperature of the primary system (see Appendix
D, NUREG/CR-6075, Pilch et al., 1994a), and accident analyses indicate that the primary system
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pressure can be enveloped rather than predicted (Section 4). This leaves only the expelled melt
parameters in need of quantification. These are melt quantity, composition, and temperature and
are the variables that drive the DCH process; however, they are highly uncertain. They depend on
the complex interactions and the scenario variations in the core meltdown, relocation, and lower
head failure processes and are hence in need of very careful quantification. This is done in Section
5.

The probabilistic framework can be structured in the manner illustrated in Figures 3.1 and 3.2. As
shown in these figures, the initial melt parameters are to be quantified as independent probability
density functions, representing modeling uncertainty in the parameters. Variations from stochastic
processes are assessed as insignificant relative to modeling uncertainty. These functions are formed
into a joint probability density function and then combined with CR1, under the parameter distribution
function that represents model uncertainty for the DCH processes, coherence ratio (Ry), to obtain a
probability density function for the peak containment pressure. This distribution function for peak
containment pressure is combined (CR2) with the set of containment fragility curves (probabilistically
distributed themselves?) to obtain a probability distribution of containment failure frequency.3

Sandia has developed software to perform either traditional Monte Carlo sampling or stratified
Monte Carlo sampling. The software, called LHS, is user friendly and has an established quality
assurance pedigree, including code assessment and verification. Sandia chose to use this numerical tool
based on LHS to propagate distributions through the probabilistic framework. The resulting software
was applied in NUREG/CR-6075, Supplement 1 (Pilch et al. 1994b), where it is described more fully
in Appendix B. The same software was used in NUREG/CR-6109 (Pilch et al., 1995), and it is used
here without modification.

3.1 Nomenclature

Fs = failure frequency

Mg = mass of steel

Myo; = massof UO,

Ps = failure probability

R. = coherence ratio

T = characteristic blowdown time

Te = characteristic entrainment interval
Xz, = mass fraction Zr

2 In the current assessments, only a single fragility curve is available, but the discussion here has been
generalized to accommodate desired improvements in information.

3 Each fragility curve is expressed in terms of failure frequency, and this frequency expresses the
statistically meaningful variations (based on actual experience) in containment strength. These containment
strength variations are due to variations in material and workmanship and are characterized by the fraction
that failed in a nominally similar population of structures subjected to the same load. On the other hand,
the probability assigned to each fragility curve expresses a subjective degree of belief as to the
appropriateness of it in meeting the intended task.
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respectively, as described in the text.
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4.0 QUANTIFICATION OF INITIAL CONDITIONS
4.1 Introduction

DCH has traditionally been examined for a rather narrow range of hypothesized severe accident
conditions: unmitigated station blackout at full system pressure; formation of a metallic blockage with
an overlying ceramic crust in the core that contains a large fraction of core in a molten state; sudden
failure of this blockage and crust, resulting in a massive relocation of the melt into the lower plenum;
failure of a penetration passing through the lower head of the reactor pressure vessel; rapid ablation of
the resulting hole in the RPV from 5 to about 40 cm (Pilch and Tarbell, 1985); and high-pressure melt
ejection from the single hole followed by high-pressure steam blowdown. In attempts to address the
DCH issue from either a systems point of view or an accident management point of view, intentional
depressurization of the primary system has been examined (Hanson et al.,, 1990). Experiments have
shown that the pressure must be very low (less than 1 MPa) to preclude the onset of dispersal from the
cavity and to prevent the possibility of DCH (Tutu et al., 1988). Bounding calculations (Pilch and
Tarbell, 1986) suggest that as little as 20 percent of the core (participating in DCH) could pose a threat
for the containment. With this traditional understanding, containment-threatening loads from DCH can
only be precluded if the RCS is almost fully depressurized. However, based on early CONTAIN
calculations (Williams and Louie, 1988) the understanding developed in NUREG/CR-6075 (Pilch et al.
1994a, b), a substantial reduction of DCH loads is achieved without having to rely upon nearly -
complete depressurization of the RCS.

Quantification of melt release conditions was developed by attempting to envelop physically
possible behavior in a comprehensive and systematic manner. This means that we needed to examine
all reasonably conceivable severe accident scenarios, identify key aspects of their phenomena and
respective ranges of behavior, and establish the few scenarios that envelop the DCH challenge to the
containment.

Reviewers raised the following questions (Appendix A in Pilch et al. 1994b) regarding the
completeness of the splinter scenarios considered in NUREG/CR-6075 (Pilch et al. 1994a) for the Zion
application:

1. Can full-system pressure cases be ruled out?
2. Should operator intervention scenarios be analyzed?

3. Can dry core scenarios lead to melting and relocation of the metal (Zr) blockage from the core to
the lower plenum?

Generally, the reviewers characterized initial condition quantifications in NUREG/CR-6075 (Pilch et al.
1994a) for Zion as "optimistic." Specifically, they expressed concern that ~8 MPa RCS pressure might
not be adequately bounding, that the melt mass distributions were too narrow, and that the melt
composition did not contain sufficient metallics (Zr and steel). The reviewers also stressed that
SCDAP/RELAPS analyses should be performed and used in a consistent manner in establishing initial
conditions.
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The NRC convened a working group to make recommendations on how to resolve these concerns
for Zion. Their minutes are included in Appendix A of Pilch et al. (1994b) and summarized here in
Section 4.2, where additional splinter scenarios are defined. Residual concerns were fully resolved for
Zion (Appendix A in Pilch et al. 1994b) and it is our intent to follow the prescription for quantifying
initial conditions for all Westinghouse plants. SCDAP/RELAPS calculations were performed to
provide confirmatory insight into the working group recommendations for Zion (Knudson, Appendix E
in Pilch et al. 1994b) and for Surry (Knudson and Dobbe, 1993; Quick and Knudson, Appendix E in
Pilch et al. 1995). The relevant insights are summarized in Section 4.3. Quantifications for the new
scenarios are presented in Sections 4.5, 4.6, and 4.7.

- 4.2 Splinter Scenarios

DCH is only of concem if the RPV fails while the RCS is still at elevated pressure. Figure 4.1
depicts the four splinter scenarios analyzed in NUREG/CR-6075 (Pilch et al,, 1994a). The complex
phenomena of severe accidents lead to the possibility of two divergent scenarios: one concerned with
the quantity of melt that accumulates in the core region prior to its release and relocation into the lower
plenum, and the other concerned with the mode and timing of lower head failure. Analysis of the first
considers crucible formation or failure versus gradual relocation (no crucible) as the mechanism for
melt relocation into the lower plenum. Analysis of the second considers a localized penetration failure
of the lower head versus rupture.

Working group recommendations focused on four new splinter scenarios as shown in Figure 4.2.
The intent was to place greater reliance on systems-level codes (SCDAP/RELAPS) in order to achieve
better consistency between RCS pressure at vessel breach with melt mass and composition.
Specifically, the working group emphasized that there were correlations between RCS pressure and
melt composition; high RCS pressures and oxidic melts are correlated predominantly with operator
intervention; metallic melts are correlated with reduced RCS pressures associated with pump seal leaks
of sufficient magnitude that hot leg failure does not occur. The working group minutes (Appendix A in
Pilch et al., 1994b) refer to the new splinters as Scenarios II, IIa, IIb, and III; however, to avoid
confusion with the scenarios already analyzed in NUREG/CR-6075, we refer to the new splinters in
this report as Scenarios V, VI, VII, and VIII. The new scenarios either bound the scenarios in
NUREG/CR-6075 or stress greater consistency in the conditions at vessel breach; thus, the new
scenarios are intended to replace those in NUREG/CR-6075. The rationale leading to these new
splinter scenarios is discussed next.

The working group felt that there was no compelling need to further analyze scenarios with
penetration failures. The INEL lower head failure analysis (Rempe et al., 1993) and the OECD- NEA-
TMI-2 vessel investigation project (Stickler et al., 1993) both concluded that rupture was much more
likely than a penetration-type failure. Marshall (1988) performed some scoping experiments on tube
ejection. Specifically, he confirmed that binding caused by differential thermal expansion could prevent
ejection of a penetration from the lower head (for the conditions and materials tested); however,
ballooning of the lower head, which could induce ejection of a penetration as a precursor to rupture,
was not modeled in these experiments. Fauske and Associates, Inc. (FAT) (Hammersley et al., 1993),
under the sponsorship of the Electric Power Research Institute (EPRI), has examined melt penetration
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into in-core instrument guide tubes. Pressure-driven melt was observed to travel approximately 2 m,
which is far enough to carry it well beyond the lower head. However, the melt mass is too small to
threaten the integrity of the guide tube. These limited experiments confirm INEL and OECD
conclusions that penetration-type failures are unlikely. NUREG/CR-6075 (Pilch et al., 1994a) showed
that a penetration failure followed by ablation of the lower head would produce a hole about the same
size as would be expected for a local rupture of the lower head. Finally, work reported in
NUREG/CR-6075 (Pilch et al., 1994a) showed that predicted loads for rupture scenarios bound
predicted loads for penetration failure scenarios; consequently, penetration failures need not be
considered further in the extrapolation activities.

Scenario VI is very similar to Scenario I in NUREG/CR-6075. Here, the working group wanted
to emphasize the presence of water in the lower head. They recommended the addition of a new TMI-
like scenario (Scenario V) characterized by reflooding and repressurization (~16 MPa) of the RCS as a
result of operator actions. Scenarios V and VI were envisioned as having water in the core (at least
covering the bottom) during much of the core melt progression; consequently, slumping core material
would form a crucible which could fail only locally. The melt composition would be largely oxidic,
with most unoxidized Zr permanently retained as a metal blockage in the core. Scenarios V and VI
envelop those scenarios in which operators attempt to manage or recover an accident but fail to
prevent severe core damage, which then leads to failure of the RPV lower head.

The working group then recommended consideration of scenarios (VII and VIII) in which core
melting would proceed without water in the core region and largely without water in the lower plenum.
It was their expectation that these scenarios would evolve to much lower RCS pressures (< 4 MPa) at
vessel failure for typical small break loss-of-coolant accidents (SBLOCAs). Confirmatory calculations
(Section 4.3) using SCDAP/RELAPS indicate that complete depressurization of the RCS can be
expected. At the lower pressures, the possibility of the upper plenum steel melting without also failing
the hot leg becomes possible; thus, both scenarios VII and VIII augment the oxidic melt with large
quantities of upper plenum steel. Scenario VIII is distinguished from Scenario VII in that the metal
blockage is also assumed to remelt, allowing large quantities of unoxidized Zr to relocate to the lower
plenum.

NUREG/CR-6075 (Scenario IV) considered a gradual relocation that progressed under high
pressure (~8 MPa) with complete melting of upper plenum steel. Working group discussions pointed
out that this scenario is overly conservative and that melting of upper plenum steel is strongly
correlated with hot leg failure. In fact, gradual relocation has been predicted in only one MELPROG
calculation for the Surry plant (Heames and Smith, 1987); and even here, hot leg failure was predicted
to occur before core relocation into the lower plenum. Should a gradual relocation occur, working
group members believed that it would look like Scenario VIII at the time of vessel failure.

SCDAP/RELAPS calculations have been performed (based on working group recommendations)
to confirm the basic features of Scenarios VII and VIII for Zion (Appendix C in Pilch et al. 1994b) and
for Surry (Quick and Knudson, Appendix E in Pilch et al. 1995). Three cases (representing short-term
station blackout accidents) were run for Zion with SCDAP/RELAPS representing the full spectrum of
expected pump seal LOCAs: no leaks, 250 gpm/pump, and 480 gpm/pump. The key conclusion for
Zion, however, is that hot leg failure will occur before core relocation for all pump seal LOCAs,
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leading to complete depressurization of the RCS before lower head failure. Earlier SCDAP/RELAPS
calculations for Surry (Knudson and Dobbe, 1993) also predicted that hot leg failure would occur
before core relocation for these cases except for the 480-gpm/pump RCP leak. The earlier Surry
calculations, however, were intentionally biased to accelerate core melt progression and lower head
failure. Consequently, the NRC asked INEL to perform a best-estimate SCDAP/RELAPS calculation
for a 480-gpm/pump RCP leak at Surry. This best-estimate calculation also led to hot leg failure and
complete depressurization of the RCS before lower head failure. Appendix E in Pilch et al. (1995)
presents these calculations in detail. Depressurized events such as this are of no interest to DCH.
Consequently, Scenarios VII and VIII are not further analyzed in this report. Should the vessel fail,
gravity drainage of melt into the cavity could pose risks that are beyond the scope of the current work.

In addition to RCS conditions, we must also envelop the range of containment conditions that can
exist at vessel breach. Short-term station blackout accidents lead to the highest containment pressures
(and steam concentrations) prior to vessel breach. These conditions are ascribed to Scenarios V and
VI directly. Most DCH relevant accidents involve operator intervention and the associated possibility
that active containment cooling (i.e., fan coolers or sprays) could be operational. Such was the case at
TMI-II. We analyze these splinters with no steam in the atmosphere (as an extreme), as Scenarios Va
and VIa depending on whether the RCS pressure is high or at intermediate levels. Limited sensitivities
were performed for containment pressures midway between the extremes noted above. The predicted
loads were lower than the extremes, thus supporting the enveloping nature of the splinter scenarios.

In summary, DCH is only of concern if the reactor pressure fails while the RCS is still at elevated
RCS pressure. Consequently, we exclude here from further analysis any scenarios with low RCS
pressure at the onset of core damage, scenarios where the RCS is intentionally depressurized in
compliance with accident management procedures or other forms of operator intervention, and
sequences where the RCS unintentionally depressurizes as a natural consequence of core melt
progression. SCDAP/RELAPS calculations show that hot leg failure and RCS depressurization is
likely unless the operators intervene in the accident. We envelop the RCS pressure with high pressure
(16 MPa) and intermediate pressure (8 MPa) splinter scenarios, which are noted as Scenarios V and
VI, respectively. We envelop containment conditions by considering splinters with and without active
cooling in the containment; these are noted as Scenarios Va and VIa, respectively, depending on
whether the RCS is at high or intermediate pressure. These four splinter scenarios adequately envelop
the full range of RCS and containment conditions for the few DCH relevant scenarios.

4.3 Summary of SCDAP/RELAPS and CONTAIN Insights

The initial and boundary conditions for the scenarios analyzed in this report are based in part on
insights from SCDAP/RELAPS and CONTAIN calculations. These system code calculations are used
to better quantify a consistent set of initial and boundary conditions for the splinter scenarios discussed
in Section 4.2. In this regard, we do not blindly use the results of system-level code calculations;
rather, we use the codes as one form of input when forming our expert judgments. For example, we
include zirconium in our melts when SCDAP/RELAPS predicts essentially none.

SCDAP/RELAPS calculations have been performed for Zion (W 4-loop plant), Surry (W 3-loop
plant), Calvert Cliffs (CE lowest power density), and ANO-2 (CE highest power density). The
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credible range of pump seal leaks have been examined for each plant and sensitivity studies have been
performed. SCDAP/RELAPS will also analyze B&W plants in a similar fashion as part of the DCH
issue resolution effort for those plants. When complete, SCDAP/RELAPS5 will have analyzed each of
the major reactor types from each supplier of PWR nuclear steam supply systems in the U.S. All of the
cases analyzed so far produced "dry core" conditions, so the potential existed for metallic blockages to
relocate to the lower plenum.

Zion is a four-loop Westinghouse nuclear steam supply system. Three dry core cases were run
with SCDAP/RELAPS for Zion at different leak rates: (1) no leaks, (2) 250 gpm per pump leaks, and
(3) 480 gpm per pump leaks. The results of these calculations are discussed in Appendix C of Pilch et
al. (1994b). The goal of these calculations was to develop a better understanding of the melt mass,
- melt composition, and RCS pressure at the time of lower head failure for dry scenarios. In each case,
hot leg failure was allowed to occur, if predicted during the calculation. This failure would lead to
depressurization and complete accumulator discharge.

The SCDAP/RELAPS calculations for Zion predicted that hot leg failure occurred prior to melt
relocation into the lower plenum in all cases. The failure resulted in depressurization and accumulator
discharge. In all cases, the RCS pressure was at containment pressure at the time of lower head failure.
Owing to the significant amount of time between hot leg failure and lower head failure, we conclude
that the sequences, as calculated by SCDAP/RELAPS, will not result in a DCH threat. This supports
the assessment in NUREG/CR-6075 that full system pressure scenarios can be excluded (except
operator intervention accidents such as TMI-II). The SCDAP/RELAPS calculations also confirm that
the ~8 MPa bound in NUREG/CR-6075 is not only conservative, but perhaps excessively so unless the
operator intervenes in the accident. This assumes, of course, that water injection does not arrest melt
progression.

Surry is a three-loop Westinghouse nuclear steam supply system that does not have the core by-
pass feature found in Zion. Existing SCDAP/RELAPS calculations (Knudson and Dobbe, 1993),
which were intentionally biased to accelerate core melt progression and lower head failure, were
examined for insights on core melt progression. Three different RCP leak rates were examined: (1) no
leaks, (2) 250-gpm/pump leaks, and (3) 480-gpm/pump leaks. In addition, a best-estimate calculation
for the 480-gpm/pump case was performed for the NUREG/CR-6109 study (Pilch et al., 1995). These
calculations provide additional insight into melt mass, melt composition, and RCS pressure at the time
of lower head failure.

The existing SCDAP/RELAPS calculations for Surry indicated that hot leg or surge line failure
occurred prior to melt relocation into the lower plenum in all but the 480-gpm/pump case. The
existing calculations were intentionally biased to accelerate core melt progression and lower head
failure in order to bound the likelihood that lower head failure could occur while the RCS was still at
elevated pressure. Consequently, the NRC asked INEL to perform a best-estimate calculation of the
480-gpm/pump case. This best estimate also led to hot leg failure. These conclusions are fully
consistent with those reached for Zion.

Sensitivity studies were performed for the biased SCDAP/RELAPS calculations (Appendix F in
Pilch et al., 1995) in order to assess the potential impact of uncertainties on these conclusions. The
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probability that the RCS pressure would exceed 1.38 MPa (200 psig) is ~1.1 percent conditional on a
short-term station blackout accident. This insensitivity occurs because of the significant amount of
time between hot leg failure and lower head failure. As a result, we conclude that the probability of an
HPME is small for a station blackout accident, without operator intervention or recovery. We note
best estimate calculations and sensitivity studies have also been performed for CE plants. Consistent
with results for Westinghouse plants, hot leg failure is predicted before melt relocation (assuming the
operator does not intervene and recovery is not attempted).

A second insight is related to the amount of metallic debris present in the melt in the lower
plenum. We noted that the degree of upper plenum steel melting is limited in all cases and is strongly
correlated with hot leg failure. The maximum amount of upper plenum steel that was predicted to melt
was much less than 1 mt for Surry and ~3 mt for Zion. We also noted that lower plenum steel was
assumed to melt in all cases, representing an additional ~5 mt of steel. Melting of lower plenum steel
occurs only to the extent that thin lower plenum steel is submerged in the relocated core material.
Lower plenum water always existed in the SCDAP/RELAPS calculations, even in the absence of
operator interaction; consequently, radiative melting of lower plenum steel is not expected.

With respect to zirconium in the melt, SCDAP/RELAPS indicates that very little zirconium is
predicted to relocate into the lower plenum for Zion and Surry. The maximum amount of zirconium in
the lower plenum melt is ~0.13 mt for Surry and ~0.5 mt for Zion. This implies that meltout of the
metallic blockage in the core region is not predicted, even in dry core scenarios. SCDAP/RELAPS
calculations for CE plants lead to similar conclusions.

The reason for this behavior can be seen by a careful review of the calculations. In all cases, the
melt that relocated into the lower plenum is predicted to quench, but not all of the available water is
vaporized. This is most likely due to displacement of water from the lower plenum as the melt
relocates. The water eventually settles back into the lower plenum, but a stratified condition exists, i.e.,
the water overlies the debris residing on the lower head. Owing to inefficient heat transfer between the
debris and the water, the water is vaporized slowly and, in all cases, water remains in the lower plenum
at the time of lower head failure. The presence of water and its slow vaporization appears to be
sufficient to prevent meltout of the in-core blockages. Hence, we conclude that the amount of
zirconium in the melt in the lower plenum will be very limited. We acknowledge uncertainties in
modeling of late-phase core melt progression; consequently, additional Zr will be treated in our melt
composition quantifications as discussed in Sections 4.6 and 4.7.

A third insight is related to the amount of hydrogen generated for Zion and Surry, which
corresponds to from ~20 to 60 percent oxidation of the initial zirconium inventory in the core. Similar
results were obtained for the CE plants. Our expectation is that the 60 percent level is a likely upper
bound since much of the remaining zirconium is contained in metallic blockages that are difficult to
oxidize.

The fourth insight is related to the amount of molten material at the time of lower head failure.
We noted that the amount of oxide material that was available to relocate into the lower plenum for
Zion varies from approximately 77 mt to 104 mt for the three Zion cases, but the amount of molten
oxide varies from 55 mt to 66 mt. Hence, while the amount of oxide material in the lower plenum
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shows some variation, the amount of molfen oxide at vessel breach is limited to a rather narrow range.
We noted that the maximum amount of oxide material available to relocate into the lower plenum was
~75 mt for Surry. The biased SCDAP/RELAPS calculations for Surry indicate that virtually all of the
core debris relocated in the lower plenum is solid at the time of lower head failure. This is a
consequence of attempts to accelerate lower head rupture. The Surry best estimate calculation
indicates that ~13 mt of relocated material will be solidified leaving ~62 mt molten at the time of lower
head failure. OQur prescription for quantifying molten oxide masses conservatively envelop available
SCDAP/RELAPS predictions for Westinghouse and CE plants. Regardless of core power, plant
calculations and sensitivity studies with SCDAP/RELAPS show that plants with lower power densities
will have lower melt masses at vessél breach. Our approach to quantifying melt masses takes no credit
for this fact in plants with low power densities.

The flow of steam, water, hydrogen, and nitrogen (from accumulator discharge) into the
containment for Zion and Surry was provided to Sandia by INEL for use in CONTAIN to determine
the containment conditions at the time of lower head failure. The hydrogen flow into the containment
was assessed to determine if the hydrogen would-burn as it entered the containment. A number of
important insights were obtained from these calculations.

The CONTAIN calculations for Zion showed that the containment pressure at the time of lower
head failure was in the range of 0.23 to 0.26 MPa for the full spectrum of credible pump seal leaks.
The CONTAIN calculations for Surry showed that the containment pressure at the time of lower head
failure was ~0.15 MPa for the best-estimate 480-gpm/pump case. The Surry values are somewhat
lower than similar assessments for Zion primarily because Surry is a subatmospheric plant.
Condensation on internal structures and containment walls had a significant influence on the steam
concentration in the containment atmosphere prior to vessel breach. It was predicted that the gases
would not accumulate in the steam generator compartments or in the containment annulus for Zion or

Surry.

During the time hydrogen was injected into the Zion containment, the global mixtures were
nonflammable for the full spectrum of pump seal leaks. In the dome, for example, the steam
concentration varied between approximately 40 - 60 percent as the hydrogen was injected while the
hydrogen concentration was typically below 5 percent.

Insights were obtained on non DCH-induced hydrogen combustion in Zion using both the
SCDAP/RELAPS5 and CONTAIN calculations. The SCDAP/RELAPS predictions were analyzed to
determine what fraction, if any, of the hydrogen injected into the Zion containment would be consumed
as an autoigniting jet. Furthermore, since the scenarios analyzed were station blackout scenarios, the
autoigniting jets were considered to be the only possible ignition source for deflagrations in the
containment. Therefore, CONTAIN predictions of the source compartments were analyzed to
determine if mixtures were flammable at the time the jets autoignited. It was determined that the only
possibility of jet autoignition in Zion would occur at the hot leg break in the case of no pump seal leak
or in the case of a 480 gpm/pump leak, and these cases would depressurize so quickly that they would
not be a DCH threat. Otherwise, the temperatures of the gases (~600 K) released from the power-
operated relief valves (PORVs) were too low for autoignition for all cases, and the hydrogen
concentration in the jet never exceeded ~5 percent and usually was zero. Likewise, gases released
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from the RCPs likely would not autoignite in all of the cases analyzed because hydrogen concentrations
in the jets were very low (~5 - 15 percent) during periods of high gas temperatures. Thus, the
hydrogen concentration in the Zion containment just prior to vessel failure can be simply determined by
summing all hydrogen released from the RCS.

Hydrogen combustion during venting from the RCS or combustion of hydrogen in the atmosphere
prior to the DCH event was evaluated only for the best-estimate 480 gpm case in Surry. The
SCDAP/RELAPS predictions were analyzed to determine what fraction, if any, of the hydrogen
injected into the containment would be consumed as an autoigniting jet. Furthermore, since the
scenario analyzed was a station blackout scenario, the autoigniting jets were considered to be the only
possible ignition source for deflagrations in the containment. The analyses indicated that autoignition
would occur in the hot leg for a 480 gpm/pump leak, but that this case would depressurize so quickly
that it would not be a DCH threat. The analyses also indicate the gases venting from the third RCP
might also autoignite, but that only a negligible amount (~6 kg) of jet hydrogen would be consumed if
the jet did autoignite. The atmosphere composition in the steam generator rooms were flammable at
the time when the RCP pump might autoignite; however, only ~6 percent of the premixed hydrogen in
the containment at that time would be consumed. We conclude that global mixtures in the dome were
nonflammable during the period when hydrogen was injected into the Surry containment. Lastly, the
possibility of autoigniting jets does little to alter the composition of the containment atmosphere prior
to vessel breach for Westinghouse subatmospheric plants.

4.4 Definition of Probability Levels

Our approach here recognizes that variability (i.e., statistical variations for nominally similar
conditions) will probably be smaller than uncertainties in the phenomena themselves. We chose to use
artificial probabilities as a tool to demonstrate relative variations in the probabilities of different
outcomes. The numbers themselves have no quantitative value; they are important only in a relative
sense. We used a physically based probability scale (Table 4.1) to quantify inputs and used the same
scale to convert bottom-line results to a physical interpretation. The physical interpretations have been
selected for the case of DCH within the context of the entire risk picture. We recognize that a
probability of 0.01 might be considered very high in another context.

Empirically, it can be shown that the physical interpretation of the probability calculation is
invariant relative to the numbers assigned to the judgmental degrees of belief, as long as the same
geometrical progression is preserved. With our recommended assignment, the product of two "edge of
spectrum” events (p ~10") is 10% which should be interpreted as an "upper bound." The
interpretations in Table 4.1 might be given the alternative assignments: 1, 1/3, 1/9. Once again, the
product of two "edge of spectrum" events (p ~1/3) is 1/9, which should be interpreted physically as an
"upper bound" with the new assignments. Therefore, the specific value of a judgmental degree of
belief has no intrinsic meaning; it is only meaningful when measured against the physical assignment.

Our judgmental degree of belief for any process can be characterized as likely (p~1), as unlikely

(»~10?), or as something in between (p~10"). As a practical matter, we assign p~1 to our best
estimate and p~107 to our estimate of a reasonable upper bound (assuming we have a reasonable
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expectation that the upper bound is unlikely). The working group for NUREG/CR-6075, Supplement
"1 concurred with this interpretation (Pilch et al., 1994b).

4.5 TCE/LHS Summary Quantifications

Table 4.2 provides a description of the TCE/LHS data input. Table 4.3 provides a concise
summary of the TCE/LHS quantifications for every plant. Multiple entries for crmm, prcs, tres, fdisp,
and UO2m exist. The first entry corresponds to Scenarios V and Va and the second entry corresponds
to Scenarios VI and VIa, as defined below. Multiple entries also exist for prcb and .trcb. The first
applies to Scenarios V and VI while the second applies to Scenarios Va and Vla.

4.6 Scenario V - SBLOCA with Repressurization of the RCS by Operator Intervention

Scenario V represents a core melt accident that progresses with water still present in the lower
portions of the core. Such conditions lead to formation of a crust within the core followed by a
massive release of melt when the crust fails. Accumulation of core material on the lower head of the
RPV causes the lower head to heat up, eventually to the point where its structural strength is so
degraded it can no longer withstand the stresses induced in the lower head by elevated RCS pressures.
Thus, creep rupture of the lower head is the expected failure mechanism. The distinguishing feature of
Scenario V is that operator actions are assumed to refill the RPV with water and to fully repressurize
the RCS. Analysis of DCH for a repressurized RCS is deemed conservative because we expect
operators to depressurize the RCS in a core damage accident.

Operator actions are assumed to repressurize the RCS to 16 MPa. Operator intervention refills
the RPV with water to the hot leg nozzles and quenches any steam remaining in the RCS to near
saturation (~700 K). Recall that at TMI-II a noncondensible gas bubble prevented operators from
refilling the entire RCS. The RPV lower head must be heated by accumulated core material to the
point that steel loses its strength (~1000 K), which leads to rupture of the lower head. The initial hole
diameter is ~0.40 m (Pilch et al., 1994a) because of the likely presence of hot spots and because of
stress concentrations associated with the existence and spacing of lower head penetrations. This
rupture size is in accordance with working group recommendations (Appendix A in Pilch et al., 1994b)
for Zion; experiments (Allen et al., 1991) at ~4 MPa driving pressures and the TCE mode! do not show
a strong sensitivity to the initial hole size. The final hole size is computed with the ablation model, Eq.
(5.3) for each plant, scenario, and Monte Carlo sampling; however, ablation is not important for the
large initial hole sizes associated with rupture of the lower head.

Oxidation of Zr occurs predominantly before significant core degradation, as demonstrated in
various calculations. In earlier two-dimensional MELPROG calculations performed by Kelly et al.
(1987), 80 percent of the Zr oxidation occurred prior to formation of a molten pool.
SCDAP/RELAPS calculations (Appendix C in Pilch et al., 1994b) performed for Zion confirm these
early assessments and show that nearly 100 percent of the hydrogen is produced before core stump.
SCDAP/RELAPS predicts similar behavior for Surry (Appendix E and Knudson and Dobbe, 1993). A
dramatic reduction in oxidation is expected after clad relocation and freezing in the lower portions of
the core as qualitatively observed in the DF-4 experiment (Gauntt et al., 1989). To a first order then,
Zr oxidation is independent of the core melt progression that follows the main oxidation event; and
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since oxidation occurs predominantly before formation of the molten pool, existing system-level
computer codes are technically adequate to assess the range of possible oxidation.

Referring then to SCDAP/RELAPS calculations (Knudson and Dobbe, 1993; Knudson, 1993;
Appendix C in Pilch et al., 1994b; and Appendix E in Piich et al,, 1995), MELPROG/PWR-MOD1
calculations (Kelly et al., 1987), and CORMLT calculations (Denny and Sehgal, 1983), we find that the
fraction of Zr oxidized ranges from 20 to 60 percent, with a mean around 40 percent. Observations
from TMI-II fall into this range. Consistent with NUREG-1150 expert elicitations, the extremes of the
distributions are considered unlikely (p ~0.01). The distribution is shown in Figure 4.3. The
calculations cited were chosen because of their explicit treatment of recirculating flow patterns in the
core.

Consistent with TMI-II, the potential release of molten material to the lower head is controlled by
the formation of a hemispherical crucible that excludes only the outer assemblies of the core (Figure
4.4). The outer assemblies are generally not expected to be in a severely degraded state because the
RPV is flooded. We note that SCDAP/RELAPS.does predict melting of the outer assemblies in the
region of the incore crucible. It is an imposed code requirement that the crucible grow to the core edge
before relocation is allowed. We feel that asymmetries in crucible growth ensure that localized
penetration of the outer assembly and the core barrel would most likely occur when the crucible has
grown (on average) to the outer assembly. This is consistent with the observed end state at TMI-IL

We expect the melt mass to be a function of the core size for each plant; fortunately, there are only
a limited number of core sizes for all Westinghouse plants. We note that the core size strongly
correlates with the number of loops for Westinghouse plants. South Texas is an exception among
four-loop plants in that its core is ~ 15% taller. This has an impact on our quantifications for Scenario
VI but not for Scenario V, being considered here, because the mass contained in a hemispherical
crucible depends only on core diameter and not core height. The distribution for molten UQ, at vessel
breach has been quantified previously for Westinghouse 4-loop (Zion) and 3-loop (Surry) plants in
NUREG/CR-6075, Supplement 1 (Pilch et al., 1994b) and NUREG/CR-6109 (Pilch et al., 1995),
respectively. The quantifications are repeated in Appendix B where core sizes for all PWRs (including
Westinghouse 2-loop plants) are grouped and UO, (molten) distributions quantified for Scenarios V
and Va.

Figure 4.5 shows the distribution of molten UQO; in the lower plenum at the time of vessel rupture
for Scenarios V and Va. As expected, the melt mass decreases with decreasing core size. The upper
ends of the distributions correspond to a bottom failure of the crucible with the best estimate
corresponding to a side failure of the crucible as observed in TMI-I. The quantifications recognize
that ~15 percent of the material contained in the crucible is ZrQ,. Furthermore, the quantifications take
nominal credit for relocating melt that freezes (~10 mt) as a necessary condition to heat the lower head
to rupture.

We conservatively assume bottom failure of the RPV so that all molten material is available for
gjection into the cavity. Side peaked heat fluxes could cause the lower head to fail near the pool
surface if convecting molten pools are established in the lower plenum. For the same hole size
(~0.4 m), scoping analyses based on published hydrodynamic entrainment criteria indicate that ~25-50
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percent of the melt in the lower plenum cannot be entrained out the hole. The presence of an oxidic
crust overlying the melt pool would likely enhance melt retention in the RPV. We note that credit was
taken in NUREG-1150 for side failure of the RPV for Sequoyah as part of its DCH assessment.

The amount of molten ZrO, in the melt is controlled by the amount of clad oxidation that occurs
prior to core melt. The amount of molten ZrO, can be estimated from

M, ,(melt) 123
M = Yoz "7 . . 4.1
oz Mouyoa(core) M f.z’ 91 @

This expression assumes that ZrO, is contained in the melt in the same fraction to which the core is
degraded Myox(degraded)/Myox(core) and that ZrO, relocates to the lower plenum in the same manner
as the UQ,, that is, Myox(melt)/Myox(degraded).

The relocation of Zr metal within the core plays a key role in the ultimate formation of core
blockages. Upon melting, most of the Zr metal and (U,Zr)O, relocates downward until it freezes in
cooler portions of the core, forming partial or complete blockages, depending on the amount of
relocating material. The subsequent melting of UO, and ZrO, allows molten oxides (at least initially)
to settle and refreeze on top of the metallic blockages. In this way, the accumulating melt forms a
crucible on top of the metallic blockage. This picture is consistent with SCDAP/RELAPS5 calculations
and TMI-IT observations. This separation of molten oxides from the blockage, which consists of
unoxidized clad and dissolution products, ensures that little metal enters the melt, except possibly
- through some additional formation of (U,Zr)O, eutectics, dripping of Zr from fuel stubs above the
degraded region, or when the crust fails. However, SCDAP/RELAPS predicts only negligible
additional formation of eutectics, and dripping is not predicted even in scenarios in which the core is
completely dry. As observed in TMI-II, the crust is expected to fail locally (from inhomogeneities in
the crust and asymmetries in crucible growth), carrying only small quantities of metal from the
blockage into the lower plenum. The flooded core scenarip precludes melting out of the blockage.
Thus, little or no Zr is expected in the melt.

We note that SCDAP/RELAPS calculations predict little or no Zr in the melt. However, to
account for uncertainties in eutectic formation and crucible failure (and consistent with the working
group recommendations), we assume that the molten Zr mass is proportional to the mass of molten
UOs.. Thus, the amount of molten Zr can be computed from '

Mz = 0.029 Myo, - 4.2)

The constant of proportionality (0.029), as estimated for Zion (Pilch et al., 1994b), is assumed to be
applicable to all plants. We conservatively assume that any Zr that relocates with the melt does not
oxidize as it falls through the water pool. Additional perspectives on this formulation are discussed in
Section 4.7.

In a wet core scenario such as this, the control rod material will be an initial contributor to the
metal blockage in the core and the flooded core scenario precludes melting out of the blockage.
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Consequently, only trivial quantities (~0 mt) of control rod will be present in the melt at the time of
vessel breach. _

Melting of upper plenum steel is strongly correlated with failure of the surge line or hot leg nozzle
at high system pressures (~8 MPa). Specifically, gas temperatures that are hot enough to melt upper
plenum steel (~1700 K) are also hot enough to induce rupture (under pressure) of the hot leg or surge
line. Upper plenum steel is a potential contributor to melt mass and composition only in those
scenarios (Scenarios VII and VIII) that proceed to relatively low pressures at the time of vessel breach;
and even then, SCDAP/RELAPS predicts failure of the hot leg. In any case, melting of upper plenum
steel cannot be important when operators reflood the RPV as they did in TMI-II. The small amount of
steel initially in the core, like cladding and control rod matenial, is largely retained in core blockages,
which cannot melt out in a flooded core scenario.

The melting of lower plenum steel by relocated core material is the only source of molten steel of
potential importance in a DCH event. SCDAP/RELAPS calculations show that some water is always
present in the lower plenum, so the core debris cannot radiate to structures. Only thin lower plenum
steel (e.g., nozzles) that is submerged in the accumulating core material is assumed to melt. The
quantity of submerged steel depends on the volume of core material in the lower plenum and can be
computed from

Muyo» + Mz02 + 10 x 10° + M " Mera

M. = M. Puosz Rzmz pt;;)z/znbz Pz Pcru 4.3)
P

where the densities (kg/m°) are pyoz = 10,400, pzoz = 5,900, puoazoz = 9,660, pz = 6,500, and perm =
9,250. Note that the quenched 10 mt must be taken into account because it is part of the volume of
core material. 'We note that submerged nozzles at TMI-II did not all melt; consequently, Eq. (4.3)
gives a conservative result.

Consideration of natural convection in volumetrically heated pools (Theofanous, 1988; Epstein
and Fauske, 1989) indicates that the melt superheat cannot exceed ~200 K under steady-state
conditions. These assessments are also consistent with SCDAP/RELAPS analyses. The UQ»/ZrO,
eutectic melts at about 2800 K, so the maximum temperature on relocation is about 3000 K (~2900 K
has been estimated for TMI-II), but some cooling on relocation is expected. Thus, we believe that a
conservative bounding value of ~2800 K is appropriate for Scenario V.

Westinghouse containments can be classified as large dry, subatmospheric, or ice condenser.
DCH resolution for plants with ice condenser containments is deferred to a future activity. Zion and
Surry are representative of plants with large dry containments and subatmospheric containments,
respectively. Our quantifications of containment conditions prior to vessel breach for Zion are taken as
representative of all Westinghouse plants with large dry containments. A similar procedure is followed
for plants with subatmospheric containments like Surry.

MAAP calculations for the Zion plant indicate that the containment pressure at vessel breach is
about ~0.25 MPa and the conditions are saturated (~380 K). CONTAIN calculations (Tutu et al,,
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1990) for the Zion plant produced 0.3 MPa at vessel breach. The most recent CONTAIN calculations
(Appendix D in Pilch et al., 1994b), using sources from SCDAP/RELAPS, show containment
pressures in excess of ~0.25 MPa up to and through the period of accumulator discharge. As a result,
~0.25 MPa is chosen as representative for our purposes, which is consistent with NUREG/CR-6075
(Pilch et al., 1994a). Appendix D in NUREG/CR-6075 (Pilch et al., 1994a) concludes that DCH loads
are insensitive to reasonable choices of initial containment pressure (assuming fan coolers or sprays are
not operational). The Zion containment is initially at atmospheric pressure, so approximately
0.1 MPa x (400 K/314 K) ~ 0.13 MPa of the pressure at vessel breach is air. Consequently, the initial
steam concentration is ~48 percent.

Surry is a subatmospheric plant so the containment pressure at vessel breach could be somewhat
lower than the ~0.25 MPa estimate for Zion (Pilch et al. 1994b). Supporting documentation for
NUREG-1150 (NUREG/CR-4551) lists the containment pressure as ~0.18 MPa. MAAP calculations
in support of the Surry IPE range from ~0.19 MPa to ~0.25 MPa, depending on the sequence. The
most recent CONTAIN calculations, using sources from SCDAP/RELAPS5 for a 480-gpm/pump RCP
leak case, yield ~0.15 MPa at the time of vessel breach. As a result, ~0.18 MPa was chosen as
representative of cases where active containment cooling is not operational. Appendix D in
NUREG/CR-6075 (Pilch et al., 1994a) concludes that DCH loads are insensitive to reasonable choices
of initial containment pressure (assuming fan coolers or sprays are not operational). The Surry
containment is initially subatmospheric, so approximately 0.069 MPa x (360 K/314 K) = 0.079 MPa of
the pressure at vessel breach is air. Consequently, the initial steam concentration is ~56 percent.

The containment conditions discussed above assume that active containment cooling systems (i.e.,
fan coolers or sprays) are not operational. We note that fan coolers were operational at TMI-II and
that containment conditions were P ~ 0.11 MPa, T ~ 326 K, Xsmv ~0.035, and Xip ~0.079. Thus,
there was little steam in the containment. This situation will also be analyzed as Scenario Va in this
report to better envelop the range of containment conditions.

The core-wide oxidation of Zr also controls the amount of preexisting hydrogen that can exist in
the containment building at the time of vessel breach. The RCS retains very little of this hydrogen
because it is produced early in the accident and most is vented to the containment. This is supported
by earlier SCDAP/RELAPS calculations (Knudson, 1993) where more than 90 percent of the H, was
released to the containment. Recent SCDAP/RELAPS calculations performed for Zion (Appendix C
in Pilch et al., 1994b) indicate that essentially all the hydrogen produced in-vessel will be released to the
containment. Steam and H, sources from SCDAP/RELAPS are sometimes very hot (Appendix D in
Pilch et al.,, 1994b) and there is a possibility that hydrogen will burn as it enters the containment.
However, recent CONTAIN assessments for Zion (Pilch et al., 1994b) and Surry (Pilch et al., 1995)
using SCDAP/RELAPS sources suggest that this effect is minimal except possibly in the event of a hot
leg failure, which precludes a DCH event. Consequently, we assume that all hydrogen produced in-
vessel will be released to containment, where it will not burn prior to vessel breach. The moles of
preexisting hydrogen in the containment are given by

2
NHZ @'mOIe) = m fz,M%r (core) > (4‘4)
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or alternatively, a concentration can be specified

Xin = Nz @.5)

0
Nans

We note that at TMI-II there was ~7.9 percent H, in the atmosphere and essentially no steam. Even
though these conditions are in the flammable regime, we cannot guarantee that a random ignition
source (unless intentional) will burn off the hydrogen prior to vessel failure if the flammability limits are
exceeded.

4.7 Scenario VI - SBLOCA under Wet Core Conditiohs

In the absence of any RCS leaks, SCDAP/RELAPS (Pilch et al., 1994b, 1995) predicts surge line
failure long before bottom head failure. These cases fully depressurize and are of no interest for DCH.
We then sought SBLOCAS of just the night size to depressurize sufficiently that natural circulation
degrades to the point that surge line or hot leg failure is not assured. Such an intermediate state was
not found. In fact, SCDAP/RELAPS predicts hot leg failure before core relocation for the full
spectrum of SBLOCASs; consequently, Scenario VI can only exist as the consequence of partial
operator intervention. Owing to the similarity in Scenarios V and VI, we emphasize only the
differences in RCS temperature, melt mass, and composition, with all other parameters developed in a
manner similar to that for Scenario V.

The RCS gas at the time of vessel breach clearly must be superheated. In conjunction with the
pressure and volume, the moles of gas in the RCS can be computed with the RCS temperature. The
gas temperatures in each region of the RCS are estimated from SCDAP/RELAPS output for Zion
(Pilch et al., 1994b). Given this assessment, a lower bound of ~1000 K is assigned to this scenario.

The potential release of molten material to the lower head is again controlled by the formation and
failure of a crucible in the core region. Water occupies only the lowest regions of the core, so radial
cooling of a growing crucible is reduced in this situation, and consistent with SCDAP/RELAPS
predictions, the crucible could take on the bounding shape of an upright cylinder as depicted in Figure
'4.6. We note that SCDAP/RELAPS conservatively assumes that the melt pool must grow to the core
boundary as a condition for core relocation, thus SCDAP/RELAPS5 shows some localized involvement
of the outer assemblies. We expect, however, that asymmetries in crucible growth ensure that
localized penetration of the outer assembly and core barrel would likely occur when the crucible has
grown (on average) to the outer assembly. Consequently, the outer assemblies are excluded from our
assessments.

The distribution for molten UO, at vessel breach has been quantified previously for Westinghouse
4-loop and 3-loop plants in NUREG/CR-6075, Supplement 1 (Pilch et al., 1994b) and NUREG/CR-
6109 (Pilch et al.,, 1995), respectively. The quantifications are repeated in Appendix B where core
sizes for all PWRs (including Westinghouse 2-loop plants) are grouped and UO, (molten) distributions
quantified for Scenario VI. South Texas is treated separately as its core is ~ 15% taller than other
four-loop plants. ‘
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Figure 4.7 shows the distribution of molten UQ; in the lower plenum at the time of vessel rupture
for Scenario VI. As expected, the melt mass decreases with decreasing core size. The upper ends of
the distributions correspond to a bottom failure of the crucible with the best estimate corresponding to
a side failure of the crucible as observed in TMI-II. The quantifications recognize that some of the
material contained in the crucible is ZrO,. Furthermore, the quantifications take nominal credit for
relocating melt that freezes (~10 mt) as a necessary condition to heat the lower head to rupture.

Scenario VI is envisioned as having water in the lower plenum, but not to the extent that it
submerges the bottom of the core. Under such circumstances, it is possible for low melting point
control rod material to relocate to the lower plenum. SCDAP/RELAPS calculations for Surry
(Knudson and Dobbe, 1993; Quick and Knudson, Appendix E in Pilch et al., 1995) suggest that ~2 mt
of control rod material may relocate into the lower plenum when the core is not submerged. Although
this material will quench in lower plenum water or on the lower head, we conservatively assume that
the subsequent relocation of large quantities of oxide material will remelt all the control rod material
and heat it to the oxide temperature (~2800K). The amount of molten control rod material for other
plants is obtained from the Surry value by scaling on the square of the core diameter.

We note that SCDAP/RELAPS calculations predict little or no Zr in the melt. However, to
account for uncertainties in eutectic formation and crucible failure, we assume that the molten Zr mass
is 2.9 percent of the molten UO, mass (Eq. 42). Although SCDAP/RELAPS does not predict
relocation of the metallic blockage, we acknowledge that scenarios where the bottom of the core is not
submerged in water have an increased potential for partial melting and relocation of the metallic
blockage into the lower plenum. We note, however, that complete oxidation of the Zr in prototypic
core melts was observed in a FARO experiment involving melt drainage into a pressurized water pool.
More importantly, however, are SCDAP/RELAPS predictions that the RCS will be depressurized in
those scenarios that have the greatest potential for relocation of the metallic blockage.

It is useful to examine the recommended Zr content of the melt from alternative perspectives. The
recommended formulation is equivalent to a hypostoichiometry of urania, which can be expressed as
UO,«, where x ~0.17. One can also perform a mass balance on the Zr inventory. For instance, the
core contains 16.5 mt of Zr in Surry. On a core-wide basis, ~40 percent of Zr is oxidized, so ~9.9 mt
of Zr metal remains. About 26 percent of the initial Zr inventory resides in the cooler outer assemblies,
which are not part of the degraded core debris. Assuming only 20 percent oxidation in the outer
assemblies, about 3.4 mt of Zr will remain in the outer assemblies and the remaining 6.5 mt will be
retained in the core blockage. At the upper end of the Scenario VI UO, distribution, ~1.6 mt of Zr will
relocate to the lower plenum. This represents ~25 percent of the Zr inventory in the metal blockage.
These perspectives on possible Zr relocation coupled with the likelihood of complete oxidation on
relocation and low RCS pressures, support the bounding nature of our assessments, even in scenarios
where the core is not submerged in water.

The fraction of Zr oxidized envelops the range of expected behavior here also. In fact, the code
calculations cited previously are more closely analogous to this scenario. This, in conjunction with the
causal relations (Egs. 4.1 - 4.4) developed in Section 4.6, defines the remaining melt constituents and
atmosphere compositions. We acknowledge that active containment cooling could produce conditions
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in the containment atmosphere with little or no steam as occurred at TMI-II. This situation will also be
analyzed as Scenario VIa in this report to better envelop the range of containment conditions.

4.8 Nomenclature

fze
Mcrm
M’z
M,
M,.p
Muoz
M,
Mz
N’amu
N

P

T

Vir
X
Xetm

Greek

PcrM
puo2
Puozzi02
Pzr
Pz:02

i

fraction of Zr oxidized core-wide

mass of control rod material in melt at vessel failure
mass of Zr initially in core

mass of steel in melt at vessel failure

mass of steel in lower plenum

mass of UO; in melt at vessel failure

mass of Zr in melt at vessel failure

mass of ZrO, in melt at vessel failure

atmosphere moles in containment just prior to vessel failure
mole of hydrogen produced from Zr oxidation

initial containment pressure

initial containment temperature

volume of lower plenum

hydrogen concentration in the containment atmosphere
steam concentration in the containment atmosphere

mass density of control rod material
= mass density of UO;
mass density of UO»/ZrO, eutectic
= mass density of Zr

mass density of ZrO,

It
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Table 4.1 Definition of probability levels

Process Likelihood Process Characteristics
~1 Behavior is within known trends - best estimate.
10" Behavior is within known trends but obtainable only at the
edge of spectrum parameter.
10’ Behavior cannot be positively excluded - upper bound.
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Table 4.2 Description of TCE/LHS summary quantifications

Variable Units Description
tlhead m Thickness of RPV lower head. Used in hole ablation calculations.
vlp m’ Volume of RPV lower plenum, which is defined as that portion of the
RPYV volume located below the core. Determines how much thin
lower plenum steel is submerged by melt.
dh0 m Initial diameter of lower head failure site before hole ablation occurs.
Used in hole ablation calculations.
tw0 K Outside surface temperature of lower head at vessel breach. Used in
hole ablation calculations. '
crmm kg Mass of control rod material in the melt.
uo2m0 kg Total inventory of UO, in the core prior to core damage.
zrm0 kg Total mass of zircaloy in the core prior to core damage.
stimlp kg Total mass of thin (meltable) steel in the lower plenum.
cohmul -— Plant-specific constant in coherence ratio correlation.
prcs Pa RCS pressure at vessel breach.
VICS m’ RCS volume.
trcs K Average RCS gas temperature at vessel breach.
-prcboc Pa Pressure in the reactor containment building at operating conditions.
trcboc K Atmosphere temperature in the reactor containment building at
operating conditions.
preb Pa Pressure in the reactor containment building at vessel breach.
trcb K - Atmosphere temperature in the reactor containment building at vessel
breach.
vrch m Volume of the reactor containment building.
vcav m’ Volume of the reactor cavity.
fasub — Fraction of dispersed debris retained in the subcompartments (vs.
bypass plus carryover to the dome).
fvsub - Volume of the subcompartment region that predominantly traps
debris normalized by the containment volume. Set to an arbitrarily
small value in this study.
tautoig K Autoignition temperature for sudden volumetric combustion of
hydrogen in the dome.
tdeb K Temperature of molten debris as it is ejected from the RPV.
fzrrel — Fraction of Zr blockage relocated to lower head. This parameter is
disabled and is no longer used. The default of 0.0 should always be
used.
fh2rcs -— Fraction of all hydrogen production by Zr/steam reactions in the RPV
that remains in the RCS at the time of vessel breach.
feject — Fraction of melt in the lower head of the RPV that is ejected into the
reactor cavity.
fdisp - Fraction of melt ejected from RPV into the cavity that is then

dispersed from the reactor cavity.

31 NUREG/CR-6338




Quantification of Initial Conditions

Table 4.2 Description of TCE/LHS summary quantifications

Variable Units Description
zro2ml -— Multiplier on calculation of ZrO,. This parameter is no longer used
and the default value of 1.0 should always be used.
stimul -— Muitiplier on steel mass. This parameter is no longer used and the
default value of 0.0 should always be used.
uo2m kg Piecewise linear, cumulative distribution of UO, mass.
stimi — Piecewise linear, cumulative distribution of molten steel in addition to
lower plenum steel that is submerged. Set to an arbitrarily small value
in this study.
fzrox — Piecewise, linear, cumulative distribution of core zirconium oxidized
prior to vessel breach.
cohdis — Distribution of the coherence ratio.
subdis —- Distribution for fraction of dispersed melt trapped in subcompartment
(fasub). The distribution is normal with a default mean of 0.0. Any
other value would represent a relative bias. The relative standard
deviation must also be input. Set to an arbitrarily small value in this
study.
zdist -— Distribution on the Kg-Zr per Kg-UO, in the melt. The distribution is
normal with a default mean of 0.0. Any other value would represent a
relative bias. The relative standard deviation must also be input. Set to
an arbitrarily small value in this study.
tcedist - Distribution for modeling uncertainty in TCE pressure rise
predictions. The distribution is normal with a default mean of 0.0.
Any other value would represent a relative bias. The relative standard
deviation must also be input. Set to an arbitrarily small value in this
study.
pfail -— Piecewise linear, cumulative distribution for the containment fragility.
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Table 4.3 Summary of TCE/LHS input

BV1,2 Byronl 2, Braidwood 1,2 Callaway Comanche 1,2 | Diablo Can.1,2 Farley 1,2 Ginna HB Robinson 2

tlhead 0.13 0.14 0.14 0.14 0.15 0.14 0.13 0.11 0.13
vlp 24.5 28.1 28.1 28.1 25.8 28.1 20.8 12.6 24.5
dh0 0.4 0.4 0.4 0.4 0.4 04 0.4 0.4 0.4
tw0 1000 1000 1000 1000 1000 1000 1000 1000 1000
crmm 0/2000 0/2120 0/2120 0/2120 0/2120 0/2280 0/1800 0/1240 0/2000
uo2m0 80091 101245 101245 101245 101202 101202 80909 47955 79727
zrm() 16500 23142 23142 23142 21360 21360 16364 11785 18909,
stimlp 10000 10000 10000 10000 10000 10000 7800 5800 7800
cohmul 12.2 9.661 9.661 12.2 9.661 9.661 12.2 12.2 12.2
[pres 16e6/8¢e6 16e6/8e6 16e6/8e6 16e6/8¢6 16e6/8e6 16e6/8e6 16e6/8e6| 16e6/8¢6 16e6/8e6
VICS 274 347 347 347 340 318 282 192 271
tres 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000

rcboc 6.90e+04 1.00e+05 1.00e+05 1.00e+05 1.00e+05 1.00e+05 1.00e+05 1.00e+05 1.00e+05
Ifrcboc 316 316 316 316 316 316 316 316 316
Iprcb 1.5E5/6.9¢4 2.5e5/1.0eS 2.5e5/1.0eS 2.5e5/1.0e5 2.5e5/1.0e5 2.5e5/1.0eS 2.5e5/1.0e5 2.5e5/1.0e5 2.5e5/1.0e5
trch 360/316 400/316 400/316 400/316 400/316 400/316 400/316 400/316 400/316
vrch 4.99e+04 8.21e+04 8.21et04 7.07e+04 8.43e+04 7.44e+04 5.49¢+04 2.82e+04 5.95e+04
vcav 251 339 339 488 385 377 300 278 248
fasub 0.762 0.821 0.821 0.826 0.782 0.794 0.801 0.815 0.379
fvsub 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
tautoig 950 950 950 950 950] - 950 950 950 950
tdeb 2800 2800 2800 2800 2800 2800 2800 2800 2800}
fzrrel 0 0 0 0 0 0 0 0 of
fh2rcs 0 0 0 0 0 0 0 0 0
fejec 1 1 1 1 1 1 1 1 1
fdisp 0.91/0.92 0.93/0.93 0.93/0.93 0.90/0.90 0.91/0.91 0.91/0.91 0.91/0.91 0.77/0.87 0.91/0.92
zro2ml 1 ) 1 1 1 1 i i 1
stimul 0 0 0 0 0 0 0 0 0
uo2m Tbl B3,B6, 3-L| Tbi B3,B6,4-1L| Tbl B3,B6,4-L| TblB3,B6,4-1] TblB3,B6,4-L] TbliB3,B6,4-L| TblB3,B6,3-L] Tbl B3,B6,2-L| Tbl B3,B6, 3-L
stimi 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06
fzrox Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3
cohdist 0.18 0.29 0.29 0.18 0.29 0.29 0.18 0.18 0.18]
subdis 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3]
zdist 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3
tcedist 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3
ILpfail Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2
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Table 4.3 Summary of TCE/LHS input (continued)

Indian Point 2,3 Kewaunee Millstone 3 N. Anna 1,2 Point Beach 1,2 | Prairie Island 1,2 Salem 1,2 Seabrook1
tlhead 0.14 0.11 0.14 0.13 0.11 0.11 0.14 0.14
vip 28.1 12.6 28.1 24 12.6 12.6 28.4 28.1
dho 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
tw0 1000 1000 1000 1000 1000 1000 1000 1000
fcrmm 0/2280 0/1320 0/2280 0/1920) 0/1480 0/1240 0/2120 0/2120)
uo2mo 100909 54232 101245 80909 54604 54936 97369 101245
lfzrm0 19088 11110 23142 16364 11027} 11095 20320 23142
stimlp 10000 5800 10000 7800 5800 5800 10000 10000
{cohmul 9.661 12.2 12.2 12.2 12.2 12.2 9,661 9.661
tprcs 16e6/8e6 16e6/8e6 16e6/8e6 16e6/8¢6 16e6/8¢6 16c6/8¢6 16e6/8¢6 16e6/8¢6
vrcs 355 177 338 282 187 194 376 347
(ltres 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000
rcboc 1.00e+05 1.00e+05 6.90e+04 6.90e+04 1.00e+05 1.00e+05 1.00e+05 1.00e+05
trcboc 316 316 316 316 316 316 316 316
lprcb 2.5e5/1.0e5 2.5e5/1.0eS 1.5€5/6.9e4 1.5e5/6.9¢5 2.5e5/1.0e5 2.5e5/1.0¢5 2.5e5/1.0e5 2.5¢5/1.0e5
trch 400/316 400/316 360/316 360/316 400/316 400/316 400/316 400/316
vrch 7.39e+04 3.83e+04 6.51e+04 5.16e+04 2.83e+04 3.83e+04 7.41e+04 7.64e+04
vcav 286 136 232 252 157 143 251 491
fasub 0.825 0.068 0.915 0.844 0.411 0.068 0.770 0.827
fvsub 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
tautoig 950 950 950 950 950 950 950 950
tdeb 2800 2800 2800 2800 2800 2800 2800 2800l
fzrrel 0 0 0 0 0 0 0 0]
fh2rcs 0 0 0 0 0 0 0 0
fejec 1 1 1 1 1 1 1 1
fdisp 0.94/0.94 0.87/0.93 0.94/0.94 0.91/0.92 0.85/0.92 0.86/0.92 0.94/0.94 0.91/0.91
2ro2ml 1 1 1 1 1 1 1 1
stimul -~ 0 0 0 0 0 0 0 0
uo2m Tbl B3,B6,4-L]  TbIB3,B6,2-L]  TblB3,B6,4-L]  TblB3,86,3-L] TblB3,B6,2-L] TbiB3B6,2-L] Tbl B3B6,4-L]  Tbl B3,B6, 4-L
stimi 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06
fzrox Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3
cohdist 0.29 0.18 0.18 0.18 0.18 0.18 0.29 0.29|
subdis 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3
zdist 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3
ltcedist 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0¢-3 0,1.0e-3
"_pfail Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Tablée D.2
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Table 4.3 Summary of TCE/LHS input (concluded)

S. Harris 1 S. Texas 1,2 Summer Surry 1,2 Turkey Pt. 3,4 Vogtle 1,2 Wolf Creek Zion 1,2

tthead 0.13 0.14 0.13 0.13 0.13 0.14 0.14 0.14
vlp 24.5 18.9 24.5 25.9 24.5 28.1 28.1 28.1
dh0 0.4 04 0.4 0.4 0.4 0.4 0.4 0.4
twl 1000 1000 1000 1000 1000 1000 1000 1000
crmm 0/2080 0/2660 0/1920 0/2000 0/2000 0/2280 0/2280 0/2280)
uo2m0 80636 118636 82366 80091 81364 101245 101245 98455
zrm0 17729 24927 17377 16500 16181 23142 23142 20249
stlmlp 7800 10000 7800 7800 7800 10000 10000 10000
cohmul 12.2 14.6 12.2 12.2 12.2 9.661 122 9.661
rcs 16e6/8e6 16e6/8e6 16e6/8¢6 16e6/8¢6 16e6/8¢6 16e6/8e6 16e6/8¢6 16e6/8e6
|€rcs 274 401 273 274 284 347 347 369
fitrcs 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000 700/1000
[prcboc 1.00e+05 1.00e+05 1.00e+05 6.90e+04 1.00e+05 1.00e+05 1.00e+05 1.00e+05
trcboc 316 316 316 316 316 316 316 316
Parcb 2.5e5/1.0e5 2.5e5/1.0eS5 2.5e5/1.0eS 1.5¢5/6.9¢4 2.5e5/1.0e5 2.5e5/1.0e5 2.5e5/1.0eS 2.5e5/1.0e5
trch 400/316 400/316 400/316 360/316 400/316 400/316 400/316 400/316
vrcb 7.07e+04 9.34e+04 5.34e+04 5.09¢+04 4.39e+04 7.64e+04 7.07e+04 8.09e+04
vcav 256 304 284 360 303 275 275 230
fasub 0.917 0.838 0.902 0.835 0.819 0.881 0.831 0.875
fvsub 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
tautoig 950 950 950 950 950 950 950 950
ltdeb 2800 2800 2800 2800 2800 2800 2800 2800]
fzrrel 0 0 0 0 0 0 0 o
fh2rcs 0 0 0 0 0 0 0 0
fejec 1 1 1 1 1 1 1 1
fdisp 0.91/0.92 0.92/0.92 0.90/0.92 0.88/0.90 0.89/0.91 0.93/0.93 0.93/0.93 0.95/0.95
zro2ml 1 1 1 1 1 1 1 1
stimul 0 0 0 0 0 0 0 0
uo2m Tbl B3,B6, 3-L Tbl ,B3,B6, 4-L Tbl B3,B6, 3-L Tbl B3,B6,3-L] TblB3,B6,3-L| TblB3,B6,4-L| TblB3,B6,4-L| Tbl B3,B6, 4-L
stlmi 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06 1.00e-06,
farox Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3
cohdist 0.18 0.33 0.18 0.18 0.18 0.29 0.18 0.29]
subdis 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3
zdist 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3
tcedist 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3 0,1.0e-3
|Lpfail Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2 Table D.2
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SBLOCA-Like
Wet Core
Scenarios

Crucible Formation
Massive Relocation

TMLB’-Like
Dry Core
Scenarios

Temporary Crusts
Gradual Relocation

Scenario | Scenario II
Early Penetration Early Rupture
Pailure 1000-2500 s
0-60 s
Scenario |l Scenario IV
Delayed Penetration Late Rupture
Failure 3000-5000 s
0-3000 s

Figure 4.1. Splinter DCH scenarios used in NUREG/CR-6075.
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CRUCIBLE GRADUAL
FORMATION/FAILURE RELOCATION
WET CORE CORE

SCENARIO V SCENARIO VI SCENARIO VII SCENARIO VIII
w TMI-Like RCS Press. (8 MPa) RCS Press. (<4 MPa) RCS Press. (<3 MPa)
~ Operator Action Lower Plenum Water Dry Lower Plenum Oxidic Melt .

RCS Press. (16 MPa) Oxidic Melt Oxidic Melt Relocate Metal Blockage
RPV Reflooded Limited Zr/Steel Metal Blockage Intact Lots of Zr
Oxidic Melt Rupture of LH Limited Zr Large Amt. Upper Plenum Steel
Limited Zr/Steel Large Amt. Upper Plenum Steel Bigger Rupture of LH
Rupture of LH Bigger Rupture of LH
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Figure 4.2. Splinter DCH scenarios reflecting working group recommendations.
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Figure 4.3. Distribution for fraction of Zr oxidized (core-wide) in Scenarios V and VL
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Quantification of Initial Conditions
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Figure 4.4. Crucible formation in a flooded RPV - Scenarios V and Va.
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Quantification of Initial Conditions

W 2-Loop Plants (2.45m Core Dia.)
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Figure 4.5. Distribution of molten UQ; in the lower plenum at the time of vessel rupture
for Scenarios V and Va.
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Figure 4.6. Crucible formation in wet core scenarios with partial operator intervention -
Scenarios VI and VIa.
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Figure 4.7. Distribution for molten UO; in the lower plenum at the time of vessel rupture
) for Scenarios VI and VIa.
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5.0 QUANTIFICATION OF THE DCH PHENOMENA

The quantification of the DCH phenomenon is carried out by means of a causal relation (CR1) for
the containment load. CR1 is fulfilled here by the two-cell equilibrium model, which is developed in
Appendix E of NUREG/CR-6075 (Pilch et al., 1994a). Refinements to the hydrogen combustion
models are documented in Appendix E of NUREG/CR-6075, Supplement 1 (Pilch et al., 1994b). In
the TCE model, the containment pressurization can be written in terms of the various energy sources
(blowdown, latent and sensible heat of debris, oxidation of metallic debris constituents, and hydrogen
combustion) that can contribute to DCH,

AP ZAE;

P Tray) 1)

where n is an efficiency of containment pressurization due to the combined processes of blowdown,
heating of the atmosphere, and hydrogen combustion. The efficiency accounts for compartmentalized
geometry of the containment and accounts for mitigation that is due to the noncoherence of debris
dispersal and blowdown processes. The TCE model has been validated against the extensive database
that is summarized in Table 5.1. Figure 5.1 compares model predictions with the relevant database.
The TCE model attempts to represent the dominant processes contributing to DCH loads using a fast

running code that meets the needs of the issue resolution effort; there is no claim that it captures every
detail of DCH phenomenology.

Appendix C of NUREG/CR-6109 (Pilch et al., 1995) gives an overview of other available models
'~ that have been used to predict DCH loads. In particular, the convection limited containment heating
(CLCH) model (Yan and Theofanous, Appendix D in Pilch et al., 1994a) has been used (along with
TCE) in resolution of the DCH issue for Zion, where TCE and CLCH gave similar results. The
CONTAIN code has also been used extensively in DCH analysis of containment loads. Appendix G in
NUREG/CR-6109 (Pilch et al., 1995) compares CONTAIN and TCE predictions for conditions near
the upper end of our distributions. CONTAIN predicts loads comparable to or less than the TCE
model. Consequently, we do not expect different modeling approaches to yield significantly different
loads for comparable conditions.

In support of a detailed independent peer review of the CONTAIN code (Boyack et al., 1985),
extensive analyses of recent DCH experiment were performed using the CONTAIN code (Williams et
al., 1995). This work was performed in parallel with the issue resolution effort and its results were not
available to the NUREG/CR-6075 peer review process, however, the results of the CONTAIN
analyses were presented to the CONTAIN peer review group and the major findings were accepted by
that group. Principal findings of interest here are as follows: ‘

1. Atmosphere-structure heat transfer combined with hydrogen hold-up in oxygen-starved
subcompartments can constitute an important DCH mitigation process that is not modeled in
TCE.

2. Interaction of blowdown steam with nonairborne debris, which is not modeled in TCE, can
augment DCH hydrogen production and containment loads.
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Quantification of the DCH Phenomena

3. Codispersed cavity water can augment DCH loads, rather than mitigate loads, under some
circumstances. Codispersed water contributions to DCH were judged to be significant in the Zion
geometry IET experimental analyses.

In the experimental analyses using CONTAIN, the mitigating effects tended to compensate for the
augmenting effects, but it was not considered likely that this would always be the case. For present
purposes, a crucial point is that the most important reason that the CONTAIN analyses were sensitive
to these issues is that, in the experiments, hydrogen production was steam-limited rather than metal-
limited. Hence, hydrogen production and DCH loads were sensitive to uncertainties in the amount of
steam available to interact with the metal. With the highly oxidic melts assumed here, hydrogen
production is metal-limited and sensitivity to these issues is expected to be considerably less.

We believe, therefore, that the net effect of these uncertainties is within the margin allowed for by
using a CCFP success criterion of 0.01 in the screening study, and these issues are unlikely to
compromise the present results. However, these issues should be studied in more detail (e.g., using the
CONTAIN code) should it become necessary to consider melts with a high metallic content in the
future.

NUREG/CR-6075 (Pilch et al., 1994a) identified the need to catalog the extent of cavity flooding
prior to vessel breach. This is accomplished in Section C.2.3, where assessments are taken from the
IPEs under two limiting cases: with/without injection of the RWST into the containment. The
assessments are quite plant-specific, but cavities are predominantly dry (26 dry, 11 wet, 4 unknown) if
the RWST is not injected, and predominantly flooded (21 flooded, 11 wet, 7 dry, 2 unknown) if the
RWST discharges fully. A deeply flooded cavity usually, but not always, means that the lower head of
the RPV is at least partially submerged in water increasing the potential for in-vessel retention.

Figure 5.2 explores the potential impact of cavity water on containment loads. Three experiments
with cavity water from the DCH database have counterparts with essentially dry cavities: FAV/DCH-2,
3 (Henry et al., 1991), SNL/WC-1,2 (Allen et al., 1992), and SNL/IET-7,8B (Allen et al., 1993). The
WC tests were conducted in an open vessel, while the FAI/DCH tests and the SNL/IET tests were
conducted in a Zion-like compartmentalized geometry. We note that only SNL/IET-8B had a reactive
atmosphere. The data suggest that DCH loads are insensitive to water mass. In the IET-8B
experiment, the containment atmosphere exceeded the saturation temperature only slightly indicating
that DCH energies (including hydrogen combustion) went into vaporizing water, so that most of the
resulting pressurization came from added moles. No systematic attempt has been made to validate
models predicting the impact of cavity water on DCH, but computer models sometimes predict
enhanced loads for optimal quantities of water. The CONTAIN peer review (Boyack et al., 1995)
concluded that CONTAIN was inadequate for predicting the impact of water on DCH. Consistent
with the limited data, we ignore the potential impact of cavity water in our analyses.

We further categorize reactor cavities as excavated (29 plants) or free standing (12 plants). Free
standing cavities are potentially vulnerable to damage in the event of high cavity pressures resulting
from explosive or non-explosive FCIs in the cavity. The failure pressure for each free standing cavity is
not known; but should cavity failure occur, the debris will be dispersed onto the containment floor thus
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minimizing DCH interactions. Structural damage has the potential to enhance dome transport also in
some unquantifiable manner; however, containment loads are insensitive to dome carryover in plants
with high compartmentalized geometry. Excavated cavities are not vulnerable to damage from high
cavity pressures. Detailed assessments of FCIs and their impact on cavity structures is outside the
scope of this report. '

The working group discussions from NUREG/CR-6075, Supplement 1 (Appendix A in Pilch et
al., 1994b) defined two new scenarios (V and VI) which involve significant quantities (~10-75 mt) of
water that would be coejected with the melt into the reactor cavity. This is a situation that has not been
addressed by the existing database; however, the working group (Appendix A in Pilch et al., 1994b)
expressed an opinion that water in the primary system at vessel breach is expected to mitigate the
impact of DCH. We note that a related experiment involving large quantities of cavity water (Allen et
al., 1993; 1994) suggests that DCH energies went entirely into vaporizing water, pressurizing the
containment to levels comparable to containment pressures observed in (essentially) dry DCH tests.
RPV water (unlike cavity water) will partially flash to steam during isentropic blowdown. The
contribution to containment pressure from this mechanism is less than ~0.075 MPa for ~75 mt of water
in Zion. The calculations and results presented here are performed by ignoring any impact of coejected
water. The margins to a significant DCH threat are high enough for Westinghouse plants so that the
impact of coejected water can be ignored in these analyses. However, there are substantial
uncertainties concerning the amounts and enthalpies of RPV water present at vessel breach, and
additional study of the effects of coejected water would be warranted if future work indicates that large
amounts of near-saturated water could be present. Towards this end, the NRC is sponsoring a 1:10th
- scale experiment in Calvert Cliffs geometry (CE) that will address the issue of coejected water. These
experiments are scheduled for completion in the winter of 1995.

Most inputs to the TCE model are related to initial conditions and material properties. Four
supplemental phenomenological models are required to complete evaluation of the TCE model:

a model for the coherence ratio as a function of hole size and cavity geometry,

a model for the hole size,

a model for the amount of preexisting hydrogen burned on DCH time scales, and
a model for the amount of debris transported to the dome.

halb il o o

A key modeling parameter in the TCE model is the melt-to-steam coherence ratio. Because the
entrainment time is short compared with the blowdown time, molten debris is exposed to a small
fraction of the primary system steam during the dispersal process. Since this steam is the medium
oxidizing metal and carries the melt energy and the hydrogen produced by steam-metal interactions to
the main containment volume, this incoherence can be an important mitigating factor, particularly if the
metal content is high. We note, however, that only limited sensitivity to R, is observed for the melt
compositions identified in our study. With this understanding, it is possible to reduce most of the
complexity of cavity phenomena to the coherence ratio (R. = 1./1, in the TCE model). We now focus
on the coherence ratio and its quantitative representation in the calculations (i.e., pdf4, see Figures 3.1
and 3.2).

45 NUREG/CR-6338



Quantification of the DCH Phenomena

Appendix E in NUREG/CR-6075 (Pilch et al., 1994a) develops a correlation for the coherence
ratio based on experiment values obtained by a procedure best suited to the TCE model. The
correlation can be expressed as

. 7 4 VR 12
A € I P ) 52)
Ty Re d ]:10 ? Mf; Vres

where Cx. is a cavity-specific (weakly) multiplier that is determined from experiment data.

The database on which the coherence ratio correlation is based contains Zion-like geometries and
Surry-like geometries, and the lead constant on the correlation is a weak function of the cavity type.
Figure 5.3 compares the coherence ratio with the Zion, Surry, and combined Zion/Surry database. For
the purpose of quantifying the coherence constant and a relative standard deviation for each plant, we
have categorized all Westinghouse cavities into one of three groups: Zion-like, Surry-like, and other.
We have consulted the IDCOR descriptions of reactor cavities and applied our own subjective
assessments when making the assignments. Our basis is described more fully in Appendix C.

We define Zion-like cavities as having a U-tube layout with a slanted riser section, and we define
Surry-like cavities as having a U-tube layout with a vertical riser section. Only two plants, South Texas
1 & 2, can not be characterized as Zion-like or Surry-like. Our assessments are summarized in
Table C.1. Westinghouse cavities (41 total) are 27 percent Zion-like, 68 percent Surry-like, and 5
- percent neither. There are variations within these groupings, so it is useful to explore how sensitive
loads are to variations in the coherence ratio that could potentially arise due to variations in cavity
geometry. Towards this end, sensitivities were run for Zion, Surry, and South Texas. A 30% increase
in the recommended coherence produced only ~ 1% increase in containment loads.

Having further grouped the cavity designs, we assign the lead constant and relative standard
deviation appropriate to Zion to all Zion-like cavities. A similar procedure is followed for Surry. Only
two plants, South Texas 1 & 2, can not be characterized as Zion-like or Surry-like. In the case of
South Texas 1 & 2, we biased (in the conservative direction) the lead constant for the combined
Zion/Surry database by one standard deviation and then assigned the relative standard deviation
appropriate to the combined database to the biased correlation. Uncertainties resulting from a
geometry significantly outside the current database are bounded in this fashion while still maintaining a
generous uncertainty distribution. The coherence constant and relative standard deviation for each
cavity group are tabulated in Table 5.2.

The Zion and Surry database for the coherence ratio largely overlaps the range of individual
parameters that are of interest to reactor applications (Table 5.3). However, the database does not
include all possible combinations of parameters for each of the potential applications; consequently, the
correlation for the coherence ratio is required to fill gaps in the database. It is significant that this
process is one of interpolation rather than extrapolation for Zion and Surry. This argument is based
upon recognized nondimensional parameters. We do not imply that the database includes full scale
reactor cavities.
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Rapid ejection of hot melt through a breach in the RPV leads to ablation, which increases the
initial hole size. Appendix J in NUREG/CR-6075 (Pilch-et al., 1994a) develops a model for hole
ablation. The final hole size can be computed from

™
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is the characteristic time to eject all the melt from the RPV in the absence of ablation and where
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is the characteristic time to double the initial hole size by ablation. Figure 5.4 validates the model
against the existing database. This figure also illustrates that ablation increases the hole size only
slightly for initial hole sizes characteristic of lower head rupture; consequently, ablation will not have a
strong influence on the calculations performed for this report. Although a point estimate of the initial
hole size is specified in this report, a distribution of final hole sizes results because the causal relation
(Equation 5.3) is evaluated for a distribution of melt masses.

A second phenomenological uncertainty concerns hydrogen combustion during DCH. The
working group for Zion resolution (Appendix A in Pilch et al., 1994a) emphasized that hydrogen
combustion should be treated in a manner consistent with the expected conditions in the containment.
Appendix E (Pilch et al., 1994b) addresses the issue of jet combustion, entrainment into a jet,
stratification, global mixing, and volumetric combustion phenomenology in more detail. Our
conclusions regarding hydrogen combustion during DCH events can be summarized as follows:

1. DCH-produced hydrogen (plus some entrainment of H, from the preexisting atmosphere) can
burn as a jet in the dome and contribute to peak containment pressures. These burning jets
would represent an adequate ignition source for deflagrations if flammable conditions exist in
the containment.
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2. Stratification of hot jet combustion products will occur in the dome if sprays are not
operational, thus impeding the mixing of combustion products with the cooler preexisting
atmosphere. Thus, we picture hot nonflammable gases accumulating in the upper dome and
the cooler, potentially flammable, preexisting atmosphere displaced downward in the lower
dome regions.

3. Flame propagation is difficult to achieve in stratified containment atmospheres with ~50
percent steam, and the burning process is too slow and inefficient to contribute to peak loads
except possibly at the upper end of H, distribution. Explicit treatment of deflagrations to
better define and bound uncertainties in hydrogen combustion (Pilch et al., 1995; Pilch, 1995)
was included in the Zion supplement (Pilch et al., 1994b) and our current analyses. The
fraction of the preexisting hydrogen that can burn on DCH time scales and contribute to peak
loads is given by

Foe= 1 (1 i f;:z’) | 5.6)

Even for finite combustion completeness (n.), heat transfer to structures can exceed the
energy release rate that is due to the deflagration so that the deflagration does not contribute
to peak DCH loads. The deflagration model also handles the continuum of cases where
deflagrations can contribute to peak DCH loads depending on atmosphere composition and
temperatures induced by the DCH event itself Deflagration-enhanced DCH loads are
predicted for a TMI-like scenario with essentially no steam in the atmosphere, but the
increased pressure is offset by the lower initial pressure in the containment.

4. Slow volumetric combustion of preexisting hydrogen can occur in parallel with potential
deflagrations, but slow volumetric combustion does not contribute to peak loads.

5. Sudden volumetric combustion (autoignition) of preexisting hydrogen is essentially impossible
in a stratified atmosphere because heating of the containment atmosphere is limited by mixing.
However, to better bound uncertainties in hydrogen combustion phenomena, we recommend
a bulk averaged autoignition temperature of 950 K based on separate effects data.

6. Combustion initiated by passive mixing (i.e., sprays are not operational) of hot gases with the
preexisting atmosphere is too slow to contribute to peak pressure. This is because the mixing
time scale of the atmosphere is long compared with the time scale for structure heat transfer.
Here, we refer to global mixing of the atmosphere, not entrainment into a burning jet, which
is already accounted for in item 1 above. This mixing limited combustion occurs in parallel
with potential deflagrations and volumetric combustion.

These insights and recommendations are consistent with peer review comments for NUREG/CR-6075

(Pilch et al, 1994a) concerning the autoignition temperature and the need to consider partial
combustion of the preexisting hydrogen. These recommendations have been factored into the
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calculated results presented in Section 7. We note that some of the plants considered here have
significantly higher dome transport fractions than the existing database. The potential impact of high
dome transport fractions on combustion of preexisting hydrogen will be addressed in upcoming tests to
be conducted in Combustion Engineering geometry. '

The IET-11 experiment (Blanchat et al., 1994) showed that stainless steel insulation around the
RPV was largely dispersed with the molten debris. Little of the intact insulation was recovered
posttest. The interaction of steam with the insulation has the potential to be a source of additional
hydrogen that could burn and contribute to peak containment loads. High hydrogen production values
reported in IET-11 compared to IET-9 and IET-10 can be partially explained in terms of differences in
initial conditions or the stochastic range of possible hydrogen production. The Cr content of the
insulation is the most likely source of any additional hydrogen because of thermodynamic limitations to
Fe oxidation and because of coherent steam limitations in the annulus. In the Surry plant, oxidation of
the Cr content of the insulation would produce ~ 1.45x10* additional moles of hydrogen resulting in an
additional load of ~ 0.023 MPa if all the hydrogen bumns. In addition, melting of the insulation comes
at the expense of quenching the molten core materials. Lastly, significant quantities of cavity water or
water coejected from the RCS may reduce the tendency of the insulation to melt and thus mitigate the
production of additional hydrogen. The analyses do not model this potential source of additional
hydrogen.

The amount of material participating in DCH is typically less than the melt mass on the lower head
at the time of bottom head failure. Experiments show melt retention in both the crucible (scaled to the
bottom head of the RPV) and the reactor cavity below the RPV. On average, ~93 percent of the melt
in the Zion experiments (Allen et al., 1994; Binder et al., 1994) and 99 percent of the melt in the Surry
experiments (Blanchat et al.,, 1994) was ejected into the cavity. A conservative upper bound of 100
percent is used for all the scenarios in this report.

Section C.2.1 provides a comprehensive review of debris dispersal phenomena. To summarize,
we expect that debris dispersal will be complete for RCS conditions of most interest to DCH, except
for some retention by freezing on cavity surfaces, for all cavity designs representative of Westinghouse
plants. We also expect that dispersal will be dominated by surface entrainment and that the melt will be
fragmented to sizes ~1 mm.

The DCH database indicates that melt retention occurs predominantly as a thin crust (~1 mm) of
frozen material plated out on all cavity surfaces. A first order correction to the dispersal fraction,
which accounts for surface freezing

f - l _ 5(t) Aspd _ 1_ 2lc(acRr z-b )]/2 6V52/3pd
disp M; M; H
is developed in Section C.2.1. This simple model is validated against the database in Table 5.4.

(5.7

Reactor applications are both plant-specific and scenario-specific. The former is true because of
geometric differences and the latter is true because of the scenario dependent melt masses and RCS
pressures. Section C.2.1 computes the fraction dispersed for each plant and for each scenario, with the
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evaluation being performed for the upper end of the mass distributions. Freezing on cavity surfaces
retains only ~10 percent of the melt for each plant and scenario.

There are two primary debris transport pathways from the reactor to the containment dome in
Westinghouse plants: (1) through the annular gap between the RPV and the biological shield wall, and
(2) from the in-core instrument tunnel through the lower compartments. We express the dome
transport fraction as

S dome =_ fgap (= Frozrona) + fan (1= fgap ). \ (5.8)

Section C.3 quantifies the various contributions to dome transport for each Westinghouse plant;
however, we briefly summarize our approach. The gap contribution is determined primarily by
available flow areas, and the subcompartment contribution is determined by inertially dominated flow
through the seal table room. Thus, to first order, we expect dome transport to be independent of RCS
pressure. The gap contribution is determined primarily by available flow areas, and the
subcompartment contribution is determined by inertially dominated flow through the seal table room.
Thus, to first order, we expect dome transport to be independent of RCS pressure and constant for all
scenarios. Although it is within the capabilities of the existing methodology and coding, uncertainty
distributions on dome transport were not considered in the belief that the current quantifications are
adequately bounding. We performed an arbitrary sensitivity study for the most sensitive plant (H.B.
Robinson) and for the most sensitive scenario (VIa). The dome carryover fraction was increased by 30
percent from 0.621 to 0.807, and this resulted in only a 3 percent increase in the loads at the upper end
of the loads distribution.

Transport of debris through the gap is calculated from a simple area ratio,

A

=— 82 5.9
T A+ Ay (59)

This simple model was developed and validated against the DCH database in Appendix 1 of
NUREG/CR-6075 (Pilch et al., 1994a). Based on experiments conducted by Bertodano (1993), we
take nominal credit (fozaus ~0.10) for the missile shield and diversion of gap flow back into the
subcompartments through the nozzle cutouts in the biological shield wall.

After reviewing the IPE drawings of all 41 Westinghouse plants, we were able to categorize the
lower compartment geometries into four distinct types (1) Zion-like (17 plants); (2) Surry-like (15
plants); (3) two-loop plants (6 plants); and (4) others (3 plants). For all of the plants that are Zion or
Surry-like, a transport fraction (fu) from the cavity exit to the upper dome of 0.05 will be used in the
extrapolation calculations, which is consistent with NUREG/CR-6075 and NUREG/CR-6109. In all
of these plants, there are at least two floors between the cavity exit and the upper dome (usually the
seal table room floor and ceiling, which is the operating deck level) and there are no significant line-of-
sight debris transport pathways to the upper dome.
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We note that the Zion and Surry experiments typically showed ~9 percent dome transport, which
contains an unspecifiable amount of contaminants such as concrete. The quantification used here
(0.05) is deemed conservative:

a) because the experiments did not model the vast array of in-core instrument guide tubes that may
be dispersed from the cavity with the debris (Allen et al., 1990),

b) because the experiments did not model the steel hatches or “penthouses” (which restrict personnel
access to the cavity) that will be blown upward into the seal table opening,

c) because most of the experiments did not model the seal table and because the seal table did not fail
or fail completely in those experiments (Blanchat et al., 1994) that did model the seal table,

d) Dbecause the experiments did not model any of the equipment in the seal table room, and

e) because most of the experiments did not model the “plug” in the roof of the seal table room and
because the plug was not always dislodged in the experiments (Allen et al., 1994a) that did model
the plug.

We note that more recent separate effects experiments for Zion (Wu, 1995) conducted at Purdue show
dome carryover fractions of ~ 3 - 5% for the conditions of interest here. The enhanced carryover in the
SNL/ANL IET tests could have resulted from the distorted cavity exit which was 2.7 times longer than
prototypic. Wu’s experiment show that dome carryover is comprised of a line-of-sight contribution
~ that passes through the seal table room and very fine particles (~ 60 pum) that are carried by gas
through the subcompartments and through vents into the dome. These very small particles are not fully
effective when they reach the dome because oxidation is likely complete and some heat transfer has
occurred prior to their arrival in the dome. We note that the TCE model is conservative in this regard
because all debris transported to the dome is considered to be fresh, carrying its full undiluted energy
content.

Enhanced dome transport (~35 percent) was observed in IET-8B resulting from FCIs in a cavity
half full of water. The structure was not scaled for strength and structural damage was observed.
Enhanced dome transport in the presence of large quantities of water is not expected to have the same
impact on containment loads as dry transport because of significant quenching effects.

The two-loop plants have two floors between the cavity exit and the upper dome, i.e., the seal
table room floor and the operating deck floor. However, there is a direct line-of-sight debris transport
pathway that will allow some debris dispersal directly to the dome should the seal table fail. There are
three plants (H.B. Robinson and South Texas 1 & 2) that are categorized as “other” in Table C.S.
These plants do not look either like Zion or Surry and do not appear to meet the criteria for using the
debris transport fractions used for Zion in NUREG/CR-6075 and for Surry in NUREG/CR-6109. The
H.B. Robinson plant has two floors but appears to have significant direct line-of-sight debris transport
pathways to the upper dome. In South Texas 1 & 2, the instrument guide tubes are sealed by 2 feet of
concrete and the only debris transport pathway out of the cavity besides the RPV annular gap is
through a manway that leads to a tortuous path to the upper compartments in the containment. There
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is no direct vertical debris transport pathway from the cavity except through the annular gap between
the RPV and biological shield wall, so for South Texas 1 & 2 the fraction of debris that can be
transported through the lower compartments is assumed to be zero.

Debris transport through line-of-sight flow paths to the dome is controlled by flow into and out of
the seal table room,

str

A
Jap = min I—A"’-— ;1 min{ Z"“" ;1} - 0.05, (5.10)
A

_2— cav exit

where nominal credit (0.05) is taken for the last array of equipment and structures that could impede
flow into or out of the seal table room. These include: steel hatches or “penthouses™ which restrict
personnel access to the cavity, partial failure or nonfailure of the seal table, the array of in-core
instrument guide tubes and their support structures that will be dispersed from the cavity with the
debris, and equipment in the seal table room. A factor of s is multiplied by the area of the cavity exit
(Acav oxit) because DCH experiments indicate that virtually all of the debris is ejected from the half of the
opening furthest from the RPV.

5.1 Nomenclature

Aaveit =  area of instrument tunnel exit

Aaviy = minimum flow area through the reactor cavity

Agp = minimum flow area through the annular gap around the RPV

Ay = breach area in RPV

Agpa = area of the opening in the operating deck that is directly above the seal table
A, = surface area of the reactor cavity

Agr = area of the seal table room opening

Ca =  discharge coefficient (0.6)

G = heat capacity of RPV steel

Cr« =  constant in coherence correlation

D% = initial hole diameter

Dy = characteristic ablation rate

Eur = characteristic heat transfer rate to structure

Ew = energy release rate from combustion of preexisting hydrogen

fy = fraction dispersed '

fisp = fraction of debris dispersed from cavity

fiome = fraction of dispersed debris that enters dome

fap = fraction of dispersed debris that enters the annular gap around the RPV

fwzwa = fraction of dispersed debris that enters the RPV gap that flows back into the
subcompartments through nozzle cutouts in the biological shield wall or that gets:
knocked down by the missile shield
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fraction of dispersed debris that enters the subcompartment and subsequently

passes through to the dome

debris/wall heat transfer coefficient during ablation (see Appendix J, NUREG/CR-6075)

heat of fusion for RPV steel

melt ejection rate from RPV

initial melt mass

initial RCS gas mass

initial containment pressure

initial RCS pressure

coherence ratio

debris temperature

RCS gas temperature

melting temperature of RPV steel

temperature of RPV lower head at vessel failure
total internal energy of containment atmosphere
cavity volume

cavity volume

RCS volume

thermal diffusivity of frozen core material
thickness of frozen core debris on cavity walls
change in hole diameter

energy contribution of DCH process

pressure increase in containment due to DCH
mass density of debris

mass density of RPV steel

relative bias

relative (root mean squared) standard deviation
characteristic blowdown time

characteristic entrainment interval

characteristic time to double the initial hole size by ablation
characteristic time to eject melt from RPV in the absence of ablation

total heat capacity of dispersed debris divided by total heat capacity of the atmosphere
growth rate constant for conduction limited freezing of a superheated liquid

on an infinite substrate
pressurization efficiency
combustion efficiency

33
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Table 5.1 Survey of DCH-relevant experiments

Experiment Series Number Nominal Cavity Water
of Tests Scale Type
SNL/DCH 4 1:10 Zion None
SNL/TDS 7 1:10 Surry None
SNL/LFP 6 1:10 Surry None
SNL/WC 3 1:10 Zion None
Cavity
SNL/IET-Zion 9 1:10 Zion Cavity
Cavity/basement
SNL/IET-Surry 3 1:5.75 Surry None
Cavity/basement
ANL/CWTI 2 1:30 Zion-like Cavity/basement
ANL/IET 6 1:40 Zion None
Cavity
ANL/U 3 1:40 Zion None
FAI/DCH 4 1:20 Zion Basement
Cavity/basement
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~ Table 5.1 (continued)
Survey of DCH-relevant experiments

Experiment Driving Driving Melt Mass | Melt Composition Hole
Series Gas Pressure (kg) Size
(MPa)
SNL/DCH N, 26-6.7 20, 80 Fe/ALO; 0.06
SNL/TDS H,O 3.7-4.0 80 Fe/ALOs/Cr 0.065
SNL/LFP HO 25-36 50, 80 Fe/ALOs/Cr 0.04 - 0.09
SNL/WC HO 3.8-46 50 Fe/ALOs/Cr 0.04-0.10
SNL/IET H,O 59-71 43 Fe/ALOs/Cr 0.04
Zion
SNL/IET H,O 12 158 Fe/ALOs/Cr 0.072-0.098
Surry
ANL/CWTI N, 47-50 41 UO0,/ZrO/SS 0.13
ANL/IET H0O 57-6.7 0.72,0.82 Fe/ALOs/Cr 0.011
ANL/U H,O 30-60 1.13 UO/Zr/ZrO,/SS 0.011
FAUDCH N, H,O | 24-32 20 Fe/ALO; 0.025
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Table 5.1 (concluded)
Survey of DCH-relevant experiments

Experiment Containment | Annular Gap Atmosphere Containment Structures
Series Pressure Around Composition
(MPa) RPV
SNL/DCH 0.08 No Air, Ar Open containment
SNL/TDS 0.09-0.23 No Air, Ar Open containment
SNL/LFP 0.16 No Ar Compartmentalized by
slab
SNL/WC 0.16 No Ar Essentially open
SNL/IET 0.2 N,, Noy/Arr, Zion subcompartment
Zion No Ny/Air/H,, structures
COy/Air/H;
SNL/IET 0.13-0.19 No Air/HO/H, Surry
Surry partial subcompartment
insulation structures
ANL/CWTI 0.1 No Ar Compartmentalized by
baffle
ANL/IET 02 N,, No/Air, Zion subcompartment
No N,/Air/H,, structures
H,0/Air/H,
ANL/U 0.2 No Ny/Air/H, Zion
subcompartment
structures
FAI/DCH 0.1 No N, Zion (Like)
subcompartment
structures
Table 5.2 Quantification of the coherence ratio
CaVIty CRt 1)
Zion 9.661 0.29
Surry 12.2 0.18
Other 14.6 0.33
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Table 5.3 Applicability of the database to reactors

CAVITY

f.disp

Tod/ro RCS

Mod /MOg

AV S Vies

Complete database

Zion, Surry

06-1.0

30-11.0

28-214

0.001 - 0.014

SNL/ANL IET Zion
tests
P%cs = 6 MPa

Zion

06-09

4.2

39-6.0

0.0027

SNL/IET Surry tests
P’res = 13 MPa

Sufry

0.9

3.2

29

0.0033

NPP
PORCS =8 MPa
D% =04m
T%es =1000 K
M’ =50 mt

Zion

3.5

6.2

0.002

NPP
PORCS =16 MPa
D% =04m
T%cs = 800 K
Mod =50mt

Zion

2.8

39

0.002

"Only experiments where dispersal is complete or nearly complete (fsi, > 0.5) considered.
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Table 5.4 Validation of melt retention by freezing during cavity dispersal

Parameter SNL/IET-1 to 8B ANL/IET-1R to 8 SNL/IET-9to 11
Allen et al., 1994 Binder et al., 1994 Blanchat et al., 1994
Cavity Zion Zion Surry
Scale 1:10 1:40 1:5.75
Melt simulant Fe/ALOs/Cr Fe/AlL,O3/Cr Fe/Al,Os/Cr
faisp Observed 0.62-0.89 0.69 - 0.80 0.73 -0.89
faisp EQ. C.1 0.91 0.85 0.88
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Figure 5.1. Validation of the two-cell equilibrium model against all experiment with
compartmentalized geometry.
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Figure 5.2. Potential impact of codispersed water on DCH loads.
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Figure 5.3. Validation of the coherence ratio for scenarios without coejected water.

61

NUREG/CR-6338



Quantification of the DCH Phenomena

v

i FTT

8|e2g Jojoeay Iy
sainjie4 uopeljausd

3|e0g Jojoeay I

(wy =Yqg) sainpeq ainydny

Mice Tests
SNL/HIPS Tests
SNL/DCH Test

o e <

0154

ms
Obias

SNL/LFP Tests
SNL/TDS Test

» O

Al LA

102

=)
e

NUREG/CR-6338

10

103

102

10

100

10-1

102

TM/rD

Figure 5.4. Validation of the hole ablation model.



6.0 QUANTIFICATION OF CONTAINMENT FRAGILITY

This section characterizes the strength of a reactor containment in probabilistic terms. The
pressure capacity of a reactor containment is treated as a random variable because of the variability in
material properties, of unknown differences between the as-built and design conditions, and modeling
uncertainties. The probability that the containment failure pressure is less than a specified pressure is
known as the containment overpressure fragility curve.

Fragility curves represent a probabilistic estimate of the capacity of the containment. In general,
the fragility curve could be derived from data and full-scale experiments. However, the containment
fragility curves are dependent on site-specific detail and, without detailed model tests, they must be
derived from analysis. As a practical matter, the fragility curves are derived from a combination of
material property data, tolerances in dimensions from drawings, and judgment of the analyst.
Judgment is used in determining what level of analysis is required and what failure mechanisms are
considered to govern the containment capacity. Typically, adequate material property data exist to
characterize variability in material properties. Finally, analyst judgment is used to assign "modeling"
uncertainty to the models to characterize the analyst's confidence in the ability of the selected models to
represent the actual failure mechanisms involved. Modeling uncertainty could, in principle, be reduced
with further analysis or testing. Funding constraints, however, usually require the analyst to exercise
his or her judgment to reflect the uncertainty involved.

The Individual Plant Examinations (IPEs) for all operating Pressurized Water Reactors (PWRs) in
the U.S. were assembled and containment fragility curves obtained. The containment capacity results
from each of the IPEs were examined and briefly reviewed and the probability of containment failure
was taken from them. In many cases, this consisted of fragility curves showing pressure versus
cumulative failure probability. In other cases, a mean or median failure pressure was specified along
with uncertainty bounds. In some cases, only curves or points for various failure modes were given
and a total probability of failure had to be constructed. In all these situations, a single fragility curve
resulted that was intended to reflect both modeling uncertainty and stochastic uncertainties due to
material property variations. In only two cases, confidence limits were derived and reported.
Confidence limits are used to separate modeling uncertainties from stochastic uncertainties. A detailed
assessment of the technical basis for the IPE fragility curves is beyond the scope of this study.

For those IPEs presenting only a single curve, the curve was digitized, curve-fit with a spline
program and failure probabilities determined at intervals of 1 psig. For IPEs which reported medians
and uncertainties, a curve was developed and failure probabilities determined at intervals of 1 psig. The
few which reported only median, 5 percent and 95 percent values, were fit to either a log-normal
distribution, normal distribution or 3rd order spline function in order to get the best fit and failure
probabilities determined at 1 psig intervals. In most situations where this occurred, only a third order
spline provided an adequate fit to the three constraints.

Many of the IPE containment capacity analyses did not consider temperature or stated that

increased temperatures would have little effect on the capacity. Other IPEs performed the analysis at
either single or multiple accident temperatures. For those which determined the capacity at different
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temperatures, the analysis closest to 400 K (260°F) was selected as best representing the accident
temperatures expected in the reactor containment building at the time of vessel breach.

We observed that the licensee’s level of effort and our estimate of the reliability of these
containment fragility curves varied significantly. In some cases, a detailed analysis was performed for
every possible failure mode and an overall cumulative failure curve was determined by combining each
mode of failure, while some IPEs simply used containment fragility curves derived from other
containments or simply shifted other plant’s fragility curves based on what they determined to be the
difference in ultimate capacity.

Appendix D briefly discusses (when given enough information) how the fragility curves were
determined from each IPE. In addition, the process of digitizing, fitting and tabulating the curves or
data given in the IPEs is discussed for every plant, and the detailed results are also tabulated in
Appendix D. We interpret our fragility curves as mean values, and our compilations, to the extent
possible, strive for consistency in this regard.

Functional representations of fragility are subject to possible error when extrapolated to low
failure frequencies because excessive extrapolation to low failure frequencies could lose or violate the
physical basis on which most of the curve rests. In other cases, some IPEs conservatively tie the low
end of the fragility curve to the design pressure. Consequently, the IPE fragility curves might be quite
conservative in the tails.

On the other hand, the digitizing process is subject to human error and is dependent on the quality
of the working curve. In a few cases, we supplied a curve fit to median, 5 percent, and 95 percent
values, and extrapolation to lower failure frequencies may involve error. We will perform a sensitivity
study by arbitrarily biasing the fragility curve 0.1 MPa to the left in order to assess the potentlal impact
of these uncertainties.

Table 6.1 provides a concise summary of key plant-specific fragility data for each Westinghouse
plant. The plants are grouped into one of four classes depending upon the type and construction of the
containment. We see that large variations in containment strengths exist. H.B. Robinson has the least
robust containment with a failure pressure of 88 psig at a failure frequency of 10 percent. Seabrook is
the strongest containment with a failure pressure of 186 psig at the same failure probability. Thus, we
conclude that a containment’s fragility is plant-specific. It is to be anticipated that the fragility curves
derived for a specific containment are sensitive to local design details, tolerances, and the design
philosophy used for that particular containment. While it is likely that various submodels representing
different local containment failure modes may be applicable to a variety of containments of a given
type, it is also true that the combination of failure mechanisms existing in a given containment is
unique. Thus, the reader is cautioned against reading any generic applicability into the fragility curves
developed for any specific containment.

A common rule-of-thumb states that the ultimate capacity of a containment is ~ 2 - 3 times its

design pressure. Table 6.1 confirms this rule-of-thumb, but the relative standard deviation is large, ~20
percent. Furthermore, the summary statistics for all entries indicates that you do better simply by citing
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a failure pressure (at a given frequency) based on the population mean. Consequently, the design
pressure is a poor indicator of a containment’s ultimate capacity.

We have provided summary statistics for each class of containment thinking that improvement
could be realized by examining like kinds. Only Class 2 and Class 3 have sufficient entries for the
statistics to be insightful. Unfortunately, no decisive improvement over population statistics is realized.
Consequently, the DCH extrapolation study cannot benefit by grouping analyses based on the type of
containment. We therefore use the plant-specific IPE fragility curve in our analyses.

Only two plants reported confidence limits (i.e., probability levels) on their fragility curve.
Callaway (W) and Palisades (CE) are both large dry containments with post-tensioned concrete
cylinder with a steel liner. The high confidence fragility curve for these plants can be obtained
(approximately) by shifting the mean curve to the left by ~0.1 MPa (15 psig) for Callaway and by
~0.07 MPa (10 psig) for Palisades. All other plants combine stochastic and modeling uncertainties into
a single curve. '
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Table 6.1 Similarity of containment fragility

r Class 1: Large Dry Containment; Steel Cylinder
Kewaunee 46 113 130 150 2.46 2.83 3.26
Prairie Island 1,2 41 113 130 151 2.76 3.17 3.68
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Comanche Peak 1,2 50 95 104 114 1.90 2.08 2.28
Diablo Canyon 1,2 47 100 117 140 2.13 2.49 2.98
Indian Point 2 47 87 101 126 1.85 2.15 2.68
Indian Point 3 47 102 115 134 217 2.45 2.85
Salem 1,2 47 75 92 112 1.60 1.96 - 2.38
Seabrook 65 164 186 216 2.52 2.86 3.32
Shearon Harris 45 104 121 153 231 2.69 3.40
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Braidwood 1 61 81 101 124 1.33 1.66 2.03
Braidwood 2 61 81 90 98 1.33 1.48 1.61
Byron 1 61 81 101 124 1.33 1.66 2.03
Byron 2 65 81 90 98 1.25 1.38 1.51
Callaway 60 104 123 134 1.73 2.05 2.23
[Farley 1,2 54 98 105 114 1.81 1.94 2.11
Ginna 60 115 121 129 1.92 2.02 2.15
IH.B. Robinson 42 70 88 130 1.67 2.10 3.10
Point Beach 1,2 60 127 146 161 2.12 2.43 2.68
South Texas 1,2 56 71 88 113 1.27 1.57 2.02
Summer 55 105 127 141 1.91 2.31 2.56
Turkey Point 59 118 131 150 2.00 2.22 2.54
Vogtle 1,2 52 100 119 139 1.92 2.29 2.67
Wolf Creek 60 88 108 128 147 1.80 2.13
Zion 1,2 47 97 118 133 2.06 2.51 2.83
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1&2 45 81 101 128 1.80 2.24 2.84
Millstone 3 45 88 103 118 1.96 2.29 2.62
North Anna 1,2 45 81 101 129 1.80 2.24 2.87
Surry 1,2 45 81 101 129 1.80 2.24 2.87
Summary Info
Mean on Total 52.7 96.8 113.1 133.3 1.9 2.2 2.6
STD on Total 7.4 19.6 20.4 22.1 0.4 0.4 0.5
STD/Mean Total 0.14 0.20 0.18 0.17 0.20 0.19 0.20
Mean on Class 2 49.7 103.9 119.4 142.1 2.1 2.4 2.8
STD on Class 2 5.9 26.3 28.8 33.0 0.3 0.3 0.4
STD/Mean Class 2 0.13 0.25 0.24 0.23 0.14 0.13 0.14
Mean on Class 3 56.9 94.5 110.4 127.7 1.7 2.0 23
STD on Class 3 5.9 16.7 17.2 16.7 0.3 0.3 0.4
STD/Mean Class 3 0.10 0.18 0.16 0.13 0.18 0.18 0.19
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7.0 RESULTS AND SENSITIVITIES

Each scenario identified in Section 4, supplemented by the respective coherence ratio distribution
as discussed in Section 5 and the fragility curve of Section 6, was run through the arithmetic defined by
the probabilistic framework of Section 3 to produce a probability distribution for the containment
pressure. Finally, the containment failure probability was computed. The process was repeated for all
Westinghouse plants with large dry or subatmospheric containments. The calculations were carried
out using the computer code TCE/LHS as listed in Appendix B of NUREG/CR-6075, Supplement 1
(Pilch et al., 1994b) with 10000 samples.

The figure of merit for DCH resolution is the mean (best estimate) conditional containment failure
probability, which is based on the mean containment fragility curve. Table 7.1 summarizes the results
for each plant. The mean CCFP is < 0.01 for each plant. Based on the merits of the screening study
alone, DCH is considered resolved for all Westinghouse plants with large dry or subatmospheric
containments, and no additional analyses are required.

Most plants showed no intersections of the loads distributions with the fragility distributions. Only
one plant, HB. Robinson, showed a finite but negligible intersection of the load and fragility
distribution for some of the scenarios. Tables 7.2 to 7.5 can be used to identify explanations for DCH
sensitivity in HB. Robinson. H.B. Robinson has containment loads that are about one standard
deviation above the mean and has a significant line-of-sight flow path (i.e., a high dome transport
fraction), which explains the somewhat higher loads. However, HB. Robinson has the least robust
containment of all the Westinghouse plants considered here. The higher loads for H.B. Robinson come
about because of the higher dome transport fraction. The containment is actually somewhat larger than
average compared to the fuel loading.

Severe accident issues, such as DCH, are judged based on their contribution to the mean
containment failure probability, and this is the approach taken here. However, it is desirable and
instructive to explore the margin in our analysis results. We address this need by recomputing the
CCFPs for each plant using an estimate of the high confidence fragility curve or an arbitrarily biased
fragility curve for each plant.

Only two plants reported confidence limits on their fragility curve, all other plants represent
modeling and stochastic uncertainties in a single fragility curve. Callaway (W) and Palisades (CE) are
both large dry containments having a post-tensioned concrete cylinder with a steel liner. The high
confidence fragility curve for these plants can be obtained (approximately) by shifting the mean curve
to the left by ~0.1 MPa (15 psig) for Callaway and by ~0.07 MPa (10 psig) for Palisades. For our
study, we have also shifted the fragility curve of each plant 0.1 MPa to the left. This is equivalent to
using high confidence fragility curves for Callaway and Palisades. This bias should be viewed as an
arbitrary sensitivity study for all other plants.

Table 7.1 summarizes the CCFP for each plant using biased fragility curves. All plants satisfy

NRC’s guidance that the CCFP < 0.1 for DCH issue resolution. Only H.B. Robinson shows CCFPs >
0.01. Five additional sites show finite but negligible intersections with the fragility curves: Salem 1 &
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2, Ginna, South Texas 1 & 2, Wolf Creek, and Beaver Valley 1 & 2. These are the more sensitive
plants to DCH.

Ranking plants according to the load/strength index for each scenario (Tables 7.2 - 7.5) is another
way of identifying plant sensitivity. The load/strength, as in Tables 7.2 - 7.5, is used only as a metric to
rank plant sensitivity to DCH; and as such, it emphasizes the high end of the load distribution and the
low end of the fragility distribution. A ratio greater than one indicates containment threatening
conditions only for the very low probability conditions under which it is computed. The two most
sensitive plants using this metric are H.B. Robinson and South Texas 1 and 2, and the primary cause
for this sensitivity is that the low end of the fragility distribution extends to lower pressures relative to
most other plants. '

Another metric for load-to-strength sensitivity is the safety margin, which is defined as

G HS-p@) | o)
(GZ(S)+02(L))”2

The safety margin reflects the relative difference between the mean values for strength and fragility. A
small value of the safety margin denotes a more sensitive plant.

The safety margin is computed for each plant in Tables 7.6 - 7.9. The safety margin also identifies
~ H.B. Robinson and South Texas 1 and 2 as the most sensitive plants. The mean containment strength
for HB. Robinson is about average. Sensitivity arises because the loads are above average and
because of the exceptionally broad fragility distribution. For South Texas 1 and 2 the mean loads are
below average, but so too is the fragility by a somewhat greater ratio. The real sensitivity for South
Texas 1 and 2 arises again because of the broad fragility distribution. It is significant that uncertainties
in fragility play a more dominant role than uncertainties in DCH loads for the more sensitive plants.

Extrapolation of DCH issue resolution beyond the Zion plant was first envisioned in NUREG/CR-
6075 (Pilch et al., 1994a) where it was argued that most plants would have load distributions similar to
Zion. Similarity of containment loads coupled with an anticipation that there would not be any
significant deviations from the Zion fragility curve for containments of a similar class led to the
tentative conclusion that DCH could be resolved for most PWRs that had the basic plant layout
features of Zion. This report only qualitatively confirms these initial insights through plant-specific
analyses, while providing the basis to examine the underlying assumptions of this simplified
extrapolation.

Examination of Tables 7.2 to 7.5 shows that the predicted loads for Zion are lower than the mean
of all plants. The variation in predicted loads from plant to plant is also large (20 ~16 - 46 percent
depending on the scenario). The variations would be even larger if you based the comparison on
pressure rise instead of total pressure. As an extreme example, the predicted loads for Point Beach 1, 2
in Scenario VI are twice that for Zion. These variations are due in part to differences in plant
geometry. Point Beach 1, 2 have significant line-of-sight flow paths to the dome (large dome transport
fraction) while Zion does not. On the other hand, Kewaunee and Prairie Island 1, 2 have dome
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transport fractions nearly unity but substantially lower loads because the containment is substantially
larger (relative to the melt mass).

Tables 7.2 to 7.5 show that the Zion fragility is close to the mean for all plants. However, the
variation in fragility from plant to plant is large (26 ~35 percent). As an extreme example, the
containment at H.B. Robinson is only 75 percent as strong as Zion. Section 6 showed that there is no
definite correlation of the containment’s ultimate capacity with design pressure or construction class.

Extrapolation of DCH issue resolution as envisioned in NUREG/CR-6075 is insightful, but it lacks
sufficient rigor to ensure resolution for all plants based on scaling arguments alone. Amongst the
population of all plants, the predicted containment pressure + 26 ~ 0.765 MPa at the 99 percent level
can be compared with the containment failure pressure - 26 ~ 0.496 at the 1 percent level for Scenario
VI, consequently, significant intersections for some plants cannot be ruled out based solely on scaling
arguments alone. Extremely high loads are not correlated with extremely weak containments so
resolution for all plants could be achieved; however, it was important to perform plant-specific analyses
to reach this conclusion.

Tables 7.2 to 7.5 also reveal two interesting trends. On average, intermediate RCS pressures

(8 MPa) produced somewhat higher loads (0.530 MPa in Scenario VI and 0.574 MPa in Scenario VIa)

than their higher RCS pressure (16 MPa) counterparts (0.454 MPa in Scenario V and 0.567 MPa in

“Scenario Va). This is attributed to the substantially larger melt masses (~20 mt) ascribed to Scenarios
VI and VIa compared to Scenario V and Va.

We also note that scenarios with active containment cooling prior to vessel breach generally
produced somewhat higher loads. Although failure of the RPV did not occur, the fan coolers were
operational at TMI-II, which kept the steam concentration in the containment to negligible levels.
Although the initial pressure in the containment is lower for those scenarios (Va, VIa) with active
containment cooling, the final containment pressures following the DCH event are higher than similar
scenarios (V and VI respectively) without active containment cooling. This is because a steam free
atmosphere favors a more efficient contribution to DCH loads from combustion of preexisting
hydrogen. '
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Table 7.1 CCFP results

Class 1: Large Dry Containment; Steel Cylin
Kewaunee 2 0 0 0 0 0 0 0 0
Prairie Island 1,2 2 0 0 0 0 0 0 0 0
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 0 0 0 0 0 0 0
Comanche Peak 1,2 4 0 0 0 0 0 0 0 0
Diablo Canyon 1,2 4 0 0 0 0 0 0 0 0
Indian Point 2 4 0 0 0 0 0 0 0 0
Indian Point 3 4 0 0 0 0 0 0 0 0
Salem 1,2 4 0 0 0 0 0 0.001 0 0.001
Seabrook 4 0 0 0 0 0 0 .0 0
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0 0 0 0 0 0.001 0
Point Beach 1,2 2 0 0 0 0 0 0 0 0
Farley 1,2 3 0 0 0 0 0 0 0 0
H.B. Robinson 3 0 0.001 0.004 0.004 0.002 0.010 0.020 0.028
Summer 3 0 0 0 0 0 0 0 0
Turkey Point 3,4 3 0 0 0 0 0 0 0 0
Braidwood 1 4 0 0 0 0 0 0 0 0
Braidwood 2 4 0 0 0 0 0 0 0 0
Byron 1 4 0 0 0 0 0 0 0 0
Byron 2 4 0 0 0 0 0 0 0 0
Callaway 4 0 0 0 0 0 0 0 0
South Texas 1,2 4 0 0 0 0 0 0.001 0 0.003
Vogtle 1,2 4 0 0 0 0 0 0 0 0
Wolf Creek 4 0 0 0 0 0 0.001 0 0.001
Zion 1,2 4 0 0 0 0 0 0 0 0
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1&2 3 0 0 0 0 0 0.001 0.001 0.001
INorth Anna 1,2 3 0 0 0 0 0 0 0 0
Surry 1,2 3 0 0 0 0 0 0 0 0
Millstone 3 4 0 0 0 0 0 0.001 0 0
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Table 7.2 Load-to-strength results for Scenario V

Class 1: Large Dry Containment; Steel Cylinder
Kewaunee 2 0 0.433 0.880 0.49 0.58 0.26
Prairie Island 1,2 2 0 0.437 0.880 0.50 0.58 0.26
Class 2; Large Dry Containment, Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 0.381 0.818 0.47 0.08 0.42
Comanche Peak 1,2 4 0 0.446 0.756 0.59 0.22 0.59
Diablo Canyon 1,2 4 0 0.463 0.791 0.59 10.21 0.67
Indian Point 2 4 0 0.450 0.701 0.64 0.18 0.68
Indian Point 3 4 0 0.450 0.805 0.56 0.18 0.68
Salem 1,2 4 0 0.465 0.618 0.75 0.23 0.68
Seabrook 4 0 0.447 1.232 0.36 0.17 - 0.65
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0.450 0.894 0.50 0.50 0.36
Point Beach 1,2 2 0 0.490 0.977 0.50 0.59 0.36
Farley 1,2 3 0 0.448 0.777 0.58 0.20 0.55
H.B. Robinson 3 0 0.485 0.584 0.83 0.62 0.50
Summer 3 0 0.424 0.825 0.51 0.10 0.56
Turkey Point 3,4 3 0 0.490 0.915 0.54 0.18 0.68
Braidwood 1 4 0 0.434 0.660 0.66 0.18 0.61
Braidwood 2 4 0 0.434 0.660 0.66 0.18 0.61
Byron 1 4 0 0.430 0.660 0.65 0.18 0.61
Byron 2 4 0 0.434 0.660 0.66 0.18 0.61
Callaway 4 0 0.475 0.818 0.58 0.17 0.71
South Texas 1,2 4 0 0.445 0.591 0.75 0.16 0.54
Vogtle 1,2 4 0 0.445 0.791 0.56 0.12 0.65
Wolf Creek 4 0 0.475 0.708 0.67 0.17 0.71
Zion 1,2 4 0 0.424 0.770 0.55 0.13 0.62
Class 4; Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.496 0.660 0.75 ' 0.24 0.60
North Anna 1,2 3 0 0.423 0.660 0.64 0.16 0.58
Surry 1,2 3 0 0.439 0.660 0.67 0.17 0.59
Millstone 3 4 0 0.593 0.708 0.84 0.09 0.77
Mean 0.454 0.766 0.61 0.24 0.57
STD 0.036 0.135 0.11 0.16 0.13
STD/Mean 0.080 0.177 0.18 0.67 0.23
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Class 1: Large Dry Containment; Steel Cylinder
Kewaunee 2 0 0.539 0.880 0.61 0.58 0.26
Prairie Island 1,2 2 0 0.543 0.880 0.62 0.58 0.26
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 0.425 0.818 0.52 0.08 0.42
Comanche Peak 1,2 4 0 0.516 0.756 0.68 0.22 0.59
Diablo Canyon 1,2 4 0 0.567 0.791 0.72 021 0.67
Indian Point 2 4. 0 0.526 0.701 0.75 0.18 0.68
Indian Point 3 4 0 0.526 0.805 0.65 0.18 0.68
Salem 1,2 4 0 0.551 0.618 0.89 0.23 0.68
Seabrook 4 0 0.572 1.232 0.46 0.17 0.65
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0.705 0.894 0.79 0.50 0.36
Point Beach 1,2 2 0 0.682 0.977 0.70 0.59 0.36
Farley 1,2 ' 3 0 0.571 0.777 0.73 0.20 0.55
H.B. Robinson 3 0.001 0.597 0.584 1.02 0.62 0.50
Summer 3 0 0.590 0.825 0.72 0.10 0.56
Turkey Point 3,4 3 0 0.675 0.915 0.74 0.18 0.68
Braidwood 1 4 0 0.540 0.660 0.82 0.18 0.61
Braidwood 2 4 0 0.540 0.660 0.82 0.18 0.61
Byron 1 4 0 0.540 0.660 0.82 0.18 0.61
Byron 2 4 0 0.540 0.660 0.82 0.18 0.61
Callaway 4 0 0.620 0.818 0.76 0.17 0.71
South Texas 1,2 4 0 0.535 0.591 0.91 0.16 0.54
Vogtle 1,2 4 0 0.575 0.791 0.73 0.12 0.65
Wolf Creek 4 0 0.615 0.708 0.87 0.17 0.71
Zion 1,2 4 0 0.478 0.770 0.62 0.13 0.62
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.580 0.660 0.88 0.24 0.60
North Anna 1,2 3 0 0.556 0.660 0.84 0.16 0.58
Surry 1,2 3 0 0.563 0.660 0.85 0.17 0.59
Millstone 3 4 0 0.618 0.708 0.87 0.09 0.77
Mean 0.567 0.766 0.76 0.24 0.57
STD 0.058 0.135 0.12 0.16 0.13
STD/Mean 0.102 0.177 0.16 0.67 0.23
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Class 1: Large Dry Containment; Steel Cylinder

Kewaunee 2 0 0.701 0.880 0.88 0.58 0.78
Prairie Island 1,2 2 0 0.685 0.880 0.78 0.58 0.78
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 0.381 0.818 0.47 0.08 0.76
Comanche Peak 1,2 4 0 0.430 0.756 0.57 0.22 0.83
Diablo Canyon 1,2 4 0 0.463 0.791 0.59 0.21 0.94
Indian Point 2 4 0 0.439 0.701 0.63 0.18 0.95
Indian Point 3 4 0 0.439 0.805 0.55 0.18 0.95
Salem 1,2 4 0 0.462 0.618 0.75 0.23 0.95
Seabrook 4 0 0.461 1.232 0.37 0.17 0.92
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0.767 0.894 0.86 0.50 1.06
Point Beach 1,2 2 0 0.855 0.977 0.88 0.59 1.06
Farley 1,2 3 0 0.502 0.777 0.65 0.20 0.98
H.B. Robinson 3 0.004 0.689 0.584 1.18 0.62 0.91
Summer 3 0 0.503 0.825 0.61 0.10 1.01
Turkey Point 3,4 3 0 0.713 0.915 0.78 0.18 1.23
Braidwood 1 4 0 0.430 0.660 0.65 0.18 0.85
Braidwood 2 4 0 0.430 0.660 0.65 0.18 0.85
Byron 1 4 0 0.430 0.660 0.65 0.18 0.85
Byron 2 4 0 0.430 0.660 0.65 0.18 0.85
Callaway 4 0 0.540 0.818 0.66 0.17 0.99
South Texas 1,2 4 0 0.458 ‘ 0.591 0.77 0.16 0.75
Vogtle 1,2 4 0 0.444 0.791 0.56 0.12 0.92
Wolf Creek 4 0 0.543 0.708 0.77 0.17 0.99
Zion 1,2 4 0 0.408 0.770 0.53 0.13 0.87
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.598 0.660 0.91 0.24 1.08
North Anna 1,2 3 0 0.544 0.660 0.82 0.16 1.05
Surry 1,2 3 0 0.551 0.660 0.83 0.17 1.06
Millstone 3 4 0 0.577 0.708 0.81 0.09 0.83
Mean 0.530 0.766 0.70 0.24 0.93
STD 0.122 0.135 0.16 0.16 0.11
STD/Mean 0.231 0.177 0.22 0.67 0.12
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Table 7.5 Loads-to-strength results for Scenario Vla

Class 1: Large Dry Containment; Steel Cylinde

T

Kewaunee 2 0 0.645 0.880 0.73 0.58 0.78
Prairie Island 1,2 2 0 0.648 0.880 0.74 0.58 0.78
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 0.469 0.818 0.57 0.08 0.76
Comanche Peak 1,2 4 0 0.504 0.756 0.67 0.22 0.83
Diablo Canyon 1,2 4 0 0.547 0.791 0.69 .0.21 0.94
Indian Point 2 4 0 0.514 0.701 0.73 0.18 0.95
Indian Point 3 4 0 0.514 0.805 0.64 0.18 0.95
Salem 1,2 4 0 0.542 0.618 0.88 0.23 0.95
Seabrook 4 0 0.553 1.232 0.45 0.17 0.92
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner -
Ginna 2 0 0.744 0.894 0.83 0.50 1.06
Point Beach 1,2 2 0 0.749 0.977 0.77 0.59 1.06
Farley 1,2 3 0 0.583 0.777 0.75 0.20 0.98
H.B. Robinson 3 0.004 0.643 0.584 1.10 0.62 0.91
Summer 3 0 0.586 0.825 0.71 0.10 1.01
Turkey Point 3,4 3 0 0.683 0.915 0.75 0.18 123
Braidwood 1 4 0 0.524 0.660 0.79 0.18 0.85
Braidwood 2 4 0 0.524 0.660 0.79 0.18 0.85
Byron 1 4 0 0.524 0.660 0.79 0.18 0.85
Byron 2 4 0 0.524 0.660 0.79 0.18 0.85
Callaway 4 0 0.591 0.818 0.72 0.17 0.99
South Texas 1,2 4 0 0.532 0.591 0.90 0.16 0.75
Vogtle 1,2 4 0 0.548 0.791 0.69 0.12 0.92
Wolf Creek 4 0 0.596 0.708 0.84 0.17 0.99
Zion 1,2 4 0 0.486 0.770 0.63 0.13 0.87
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.599 0.660 0.91 0.24 1.08
North Anna 1,2 3 0 0.564 0.660 0.85 0.16 1.05
Surry 1,2 3 0 0.569 0.660 0.86 0.17 1.06
Millstone 3 4 0 0.595 0.708 - 0.84 0.09 0.83
Mean 0.574 0.766 0.76 0.24 0.93
STD 0.070 - 0.135 0.12 0.16 0.11
STD/Mean 0.121 0.177 0.16 0.67 0.12
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Table 7.6 Safety margin results for Scenario V

Class 1: Large Dry Containment; Steel Cylinder
Kewaunee 2 0 1.139 0.110 0.371 0.021 6.86
Prairie Island 1,2 2 0 1.143 0.111 0.376 0.020 6.80
- Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris © 3 0 1,184 0.206 0.339 0.019 4.08
Comanche Peak 1,2 4 0 0.891 0.055 0.377 0.030 8.20
Diablo Canyon 1,2 4 0 1.076 0.126 0.388 0.033 5.28
I[ndian Point 2 4 0 0.964 0.116 0.382 0.032 4.84
Indian Point 3 4 0 1.034 0.110 0.382 0.032 5.69
Salem 1,2 4 0 0.880 0.108 0.391 0.034 432
Seabrook 4 0 1.589 0.154 0.379 0.031 7.70
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0.992 0.042 0.384 0.020 13.07
Point Beach 1,2 2 0 1.209 0.076 0.402 0.024 10.13
Farley 1,2 3 0 0.890 0.045 0.378 0.029 9.56
H.B. Robinson 3 0 1.030 0.243 0.395 0.039 2.58
Summer 3 0 1.069 0.073 0.369 0.026 9.03
Turkey Point 3,4 3 0 1.136 0.096 0.406 0.035 7.14
Braidwood 1 4 0 0.953 0.112 0.371 0.029 5.03
Braidwood 2 4 0 0.774 0.036 0.371 0.029 8.72
Byron 1 4 0 0.953 0.112 0.365 0.028 5.09
Byron 2 4 0 0.774 0.036 0.371 0.029 8.72
Callaway 4 0 1.026 0.060 0.398 0.035 9.04
South Texas 1,2 4 0 0.898 0.160 0.378 0.031 3.19
Vogtle 1,2 4 0 1.050 0.095 0.380 0.030 6.73
Wolf Creek 4 0 0.963 0.075 0.398 0.035 6.83
Zion 1,2 4 0 1.015 0.078 0.367 0.028 7.82
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.973 0.123 0.309 0.049 5.02
North Anna 1,2 3 0 0.973 0.123 0.288 0.037 5.33
Surry 1,2 3 0 0.973 0.123 0.288 0.039 5.31
Millstone 3 4 0 0.909 0.071 0.324 0.065 6.08
Mean 1.016 0.103 0.369 0.032 6.72
STD 0.153 0.047 0.031 0.009 2.28
STD/Mean 0.151 0.461 0.083 0.285 0.34
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Table 7.7 Safety margin results for Scenario Va

_ Class 1: Large Dry Containment; Steel Cylinder
Kewaunee 2 0 1.139 0.110 0.319 0.073 6.21
Prairie Island 1,2 2 0 1.143 0.111 0.312 0.070 6.33
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 1.184 0.206 0.288 0.051 422
Comanche Peak 1,2 4 0 0.891 0.055 0.296 0.076 6.34
Diablo Canyon 1,2 4 0 1.076 0.126 0.355 0.092 4.62
Indian Point 2 4 0 0.964 0.116 0.284 0.072 498
Indian Point 3 4 0 1.034 0.110 0.284 0.072 5.70
Salem 1,2 4 0 0.880 0.108 0.309 0.081 4.23
Seabrook 4 0 - 1.589 0.154 0.347 0.093 6.90
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0.992 0.042 0.449 0.109 4.65
Point Beach 1,2 2 0 1.209 0.076 0.451 0.103 5.92
Farley 1,2 3 0 0.890 0.045 0.317 0.084 -6.01
H.B. Robinson 3 0.001 1.030 0.243 0.401 0.099 2.40
Summer 3 0 1.069 0.073 0.337 0.091 6.27
Turkey Point 3,4 3 0 1.136 0.096 0.419 0.112 4.86
Braidwood 1 4 0 0.953 0.112 0.312 0.084 4,58
Braidwood 2 4 0 0.774 0.036 0.312 0.084 5.06
Byron 1 4 0 -0.953 0.112 0.312 0.084 4.58
Byron 2 4 0 0.774 0.036 0.312 0.084 5.06
Callaway 4 0 1.026 0.060 0.407 0.102 5.23
South Texas 1,2 4 0 0.898 0.160 0.306 0.081 3.30
Vogtle 1,2 4 0 1.050 0.095 0.350 0.092 5.29
Wolf Creek 4 0 0.963 0.075 0.406 0.102 4.40
Zion 1,2 4 0 1.015 0.078 0.256 0.061 7.67
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.973 0.123 0.427 0.080 3.72
North Anna 1,2 3 0 0.973 0.123 0.387 0.088 3.87
Surry 1,2 3 0 0.973 0.123 0.400 0.086 3.82
Millstone 3 4 0 0.909 0.071 0.465 0.073 436
Mean 1.016 0.103 0.351 0.085 5.02
STD 0.153 0.047 0.058 0.014 1.14
STD/Mean 0.151 0.461 0.165 0.162 0.23
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Table 7.8 Safety margin results for Scenario VI

Class 1: Large Dry Containment; Steel Cylinder

Kewaunee 2 0 1.139 0.110 0.474 0.080 4.89
Prairie Island 1,2 2 0 1.143 0.111 0.473 0.078 4.94
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 1.184 0.206 0.34 0.023 4.07
Comanche Peak 1,2 4 0 0.891 0.055 0.371 0.027 8.49
Diablo Canyon 1,2 4 0 1.076 0.126 0.383 0.032 5.33
Indian Point 2 4 0 0.964 0.116 0.375 0.029 4.93
Indian Point 3 4 0 1.034 0.110 0.375 0.029 5.79
Salem 1,2 4 0 0.880 0.108 0.387 0.033 437
Seabrook 4 0 1.589 0.154 0.373 0.032 7.73
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0.992 0.042 0.479 0.100 473
Point Beach 1,2 2 0 1.209 0.076 0.574 0.115 4.61
Farley 1,2 3 0 0.890 0.045 0.396 0.043 7.94
H.B. Robinson 3 0.004 1.030 0.243 0.461 0.074 2.24
Summer 3 0 1.069 0.073 0.378 0.041 8.25
Turkey Point 3,4 3 0 1.136 0.096 0.444 0.076 5.65
Braidwood 1 4 0 0.953 0.112 0.365 0.028 5.09
Braidwood 2 4 0 0.774 0.036 0.365 0.028 8.97
Byron 1 4 0 0.953 0.112 0.365 0.028 5.09
Byron 2 4 0 0.774 . 0.036 0.365 0.028 8.97
Callaway 4 0 1.026 0.060 0.392 0.042 8.66
South Texas 1,2 4 0 0.898 0.160 0.379 0.030 3.19
Vogtle 1,2 4 0 1.050 0.095 0.369 0.030 6.84
Wolf Creek 4 0 0.963 0.075 0.393 0.042 6.63
Zion 1,2 4 0 1.015 0.078 0.357 0.024 8.06
Class 4: Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.973 0.123 0431 0.081 3.68
North Anna 1,2 3 0 0.973 0.123 0.379 0.082 4.02
Surry 1,2 3 0 0.973 0.123 0.389 0.083 3.94
Millstone 3 4 0 0.909 0.071 0.424 0.082 4.47
Mean 1.016 0.103 0.402 0.051 5.77
STD 0.153 0.047 0.050 0.027 1.89
STD/Mean 0.151 0.461 0.125 0.533 0.33
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in results for Scenario Via

Class 1: Large Dry Containment; Steel Cylinder
Kewaunee 2 0 ' 1.139 0.110 0.499 0.063 5.05
Prairie Island 1,2 2 0 1.143 0.111 0.499 0.063 5.05
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Harris 3 0 1.184 0.206 0.342 0.069 3.88
Comanche Peak 1,2 4 0 0.891 0.055 0.390 0.057 6.33
Diablo Canyon 1,2 4 0 1.076 0.126 0.430 0.052 4,74
Indian Point 2 4 0 0.964 0.116 0.396 0.060 4.35
Indian Point 3 4 0 1.034 0.110 0.396 0.060 5.09
Salem 1,2 -4 0 0.880 0.108 0.422 0.057 3.75
Seabrook 4 0 1.589 0.154 0.433 0.054 7.08
Class 3: Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
Ginna 2 0 0.992 0.042 0.566 0.064 5.56
Point Beach 1,2 2 0 1.209 0.076 0.590 0.068 6.07
Farley 1,2 3 0 0.890 0.045 0.449 0.059 5.94
H.B. Robinson 3 0.004 1.030 0.243 0.506 0.060 2.09
Summer 3 0 1.069 0.073 0.455 0.058 6.59
Turkey Point 3,4 3 0 1.136 0.096 0.530 0.061 5.33
Braidwood 1 4 0 0.953 0.112 0.408 0.056 4.35
Braidwood 2 4 0 0.774 0.036 0.408 0.056 5.50
Byron 1 4 0 0.953 0.112 0.408 0.056 4.35
Byron 2 4 0 0.774 0.036 0.408 0.056 5.50
Callaway 4 0 1,026 0.060 0.467 0.052 7.04
South Texas 1,2 4 0 0.898 0.160 0.412 0.056 2.87
Vogtle 1,2 4 0 1.050 0.095 0.430 0.054 5.67
Wolf Creek 4 0 0.963 0.075 0.468 0.052 5.42
Zion 1,2 4 0 1.015 0.078 0.364 0.065 6.41
Class 4. Subatmospheric Containment; Reinforced Concrete Cylinder With Steel Liner
Beaver Valley 1,2 3 0 0.973 0.123 0.467 0.054 3.77
North Anna 1,2 3 0 0.973 0.123 0.435 0.051 4.04
Surry 1,2 3 0 0.973 0.123 0.439 0.051 4.01
Millstone 3 4 0 0.909 0.071 0.459 0.051 5.15
Mean 1.016 0.103 0.446 0.058 5.03
STD 0.153 0.047 0.056 0.005 1.18
STD/Mean 0.151 0.461 0.125 0.087 0.23
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8.0 CONCLUSIONS AND RECOMMENDATIONS

This report describes a process for extrapolating the methodology and scenarios developed in
NUREG/CR-6075 and NUREG/CR-6075, Supplement 1, to all other PWRs. The first step in the
DCH issue resolution process is a screening phase in which loads versus strength comparisons are
performed to evaluate the CCFP for each plant using plant-specific data. The results of the screening
calculations show that the CCFP based on the mean fragility curves is less than 0.01 for each
Westinghouse plant with either a large dry or subatmospheric containment. In fact, only one plant-
showed a CCFP greater than 0.001. Thus, DCH is considered resolved for all Westinghouse plants,
except those with ice condenser containments, and no additional analyses are required.

The CCFPs for each plant were recalculated using a biased fragility curve that is shifted to the left
by 0.1 MPa. For Callaway and Palisades, the biased fragility curves are representative of high
confidence fragility curves; and for all other plants, the biased fragility curves should be interpreted as
arbitrary sensitivity studies. All plants have a CCFP less than the required success criterion of 0.1 even
with biased fragility curves. Only H.B. Robinson has a CCFP greater than 0.01; for Scenario Vla,
H.B. Robinson shows a CCFP of 0.028. H.B. Robinson appears to be the most sensitive of the plants
analyzed because it has a large line-of-sight debris transport pathway to the containment dome and a
containment fragility curve to the left of all other plants. Five other sites show finite but negligible
intersections of the loads distributions with biased fragility curves: Ginna, Salem 1 & 2, South Texas 1
& 2, Wolf Creek, and Beaver Valley 1 & 2.

Three recommendations for confirmatory work were suggested in NUREG/CR-6075 and were
addressed in this work. The recommendations from NUREG/CR-6075 are quoted below and are
followed by a paragraph describing how the recommendation was addressed in this report.

1. Deeply Flooded Cavities. “This plant-specific item is needed to identify any cases where
geometry allows the build-up of water depths significantly higher than the condensate levels
examined so far. Need for any additional evaluations will depend on the extent of such situations
and on the particulars of each case.”

A plant-specific evaluation of the potential for having water in the cavity at vessel breach was
performed and is provided in Table C.4. The plants are grouped as either dry (condensate water),
wet, or flooded. If there is no RWST injection, then 26 plants will be dry, 11 plants will be wet,
and 4 plants did not provide sufficient information. If the RWST tank empties, then 21 plants will
be flooded, 11 plants will be wet, 7 plants will be dry, and 2 plants did not provide sufficient
information. For cavities with significant amounts of water, existing analyses and experimental
data indicate that HPME-induced containment loads are comparable to or less than the loads with
dry cavities for oxidic melts. Table C.4 also classifies cavities as either excavated (29 plants) or
free standing (12 plants). For cavities with significant amounts of water at vessel breach, the
cavity loads due to fuel-coolant interactions could potentially damage or fail free standing cavities.
Failure of a free standing cavity would not result in significantly higher DCH loads. In fact, if
debris were dispersed directly into the containment basement, cavity failure might reduce the DCH
load. Detailed assessments of potential FCIs and their impact on cavity structures is outside the
scope of this report. |
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Conclusions and Recommendations

2. System Pressure Level: “Even though we show that melt expulsion with maximum primary
system pressures do not lead to any significant concerns for Zion, we cannot categorically exclude
system pressures above 8 MPa at this time for all plants. It may be worthwhile to determine if
system pressures above 8 MPa can be excluded. This issue is explicitly addressed in integrated
DCH issue resolution task.”

The initial conditions working group (NUREG/CR-6075, Supplement 1) recommended
performing some DCH analyses at full system pressure to better envelop operator intervention
accidents such as TMI-II. Scenarios V and Va were analyzed at 16 MPa and Scenarios VI and
Vla were analyzed at 8 MPa. The splinter scenarios were analyzed at these high pressures even
though SCDAP/RELAPS analyses of Zion, Surry, Calvert Cliffs, and Arkansas Nuclear One
indicate that there is a high likelthood of system depressurization due to ex-vessel failures for
station blackout scenarios without operator intervention.

3. Containment Strength: “It remains to be determined whether there are any significant deviations
from the Zion fragility for containments of a similar class. Containment capability is affected by
design details and must be examined on a plant-specific basis, possibly through the IPE or ongoing
research sponsored by the NRC.”

Containment fragility has been compiled from the IPEs on a plant-specific basis and is summarized
in Section 6 and compiled in Appendix D. From these assessments, we made several important
conclusions. The ultimate capacity of the containment does not correlate well with the design
pressure. The average estimated failure pressure of all 41 plants at the 1 percent probability level
is 97 psig with a standard deviation of + 20 psig, i.e., the variation in plant fragilities is relatively
large.
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Direct Containment Heating Issue for all Westinghouse Plants with- Large Dry Containment or
Subatmospheric Containments”. I find that this is a major step forward in the resolution of this
important severe accident issue. I applaud the NRC for taking this step to resolve issues on a
design specific basis such that individual plants have a clear understanding of the evaluation as
applied to that design. '

While this is a substantial step forward, there are some issues that I believe should be addressed
more completely. My comments on these issues are delineated in the attached summary.

Thank you for the opportunity to review this document. Should you have any questions
regarding my comments, please feel free to call at any time.
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Comments on Draft NUREG-6338

The NRC and its contractors are to be complemented on formulating an approach that enables
this important severe accident issue to be resolved on a design specific basis. The approach of
considering the various scaled experiments, analyses of the dominant accident sequences and a
review of the design specific features that could influence these phenomena for the spectrum of
Westinghouse plants is the appropriate path to resolution. Fundamentally, the major elements
determining potential loads from a high pressure melt ejection (HPME) are:

. mass of molten core debris that could be dispersed,

] RCS pressure at the time of reactor vessel failure,

o strength of the containment building,

. the internal containment structures that could prevent large fractions of molten

core debris from being dispersed and
° the extent of unreacted metals in the molten debris.

This draft document considers all of these in a credible manner for the various design specific
features that need to be addressed:

° size of the reactor core,
. spectrum of accident sequences where the RCS could be at an elevated pressure,
o the plant specific structural capabilities for the containment building,

e the structures within the containment building that could influence debris
transport, and

o SCDAP/RELAPS analyses for the extent of metallic constituents in the melt.

Using a screening approach of CCFP < 0.01 is also appropriate. With this screening criteria
one can sort out those plants where a more detailed assessment may be required from those
where the issue is sufficiently clearly defined that no further evaluations are necessary. Once
the screening criteria has been exercised, those designs where a more careful examination is
necessary can be compared to the formulation used by the NRC (CCFP < 0.1) and if needed,
the approaches taken for the various components, i.e. cavity design, containment fragility, etc.
can be more closely examined.

The key insights listed with respect to the SCDAP/RELAPS calculations are consistent with my
experience from MAAP4 calculations on similar plants. In particular:
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° Hot leg failure is predicted before substantial melt relocation assuming the
operator does not intervene and recovery is not attempted.

. There is only a small amount of metal in the molten debris which drains into the
lower plenum. Furthermore, this metal is steel.

. There is approximately 60% of the cladding reacted (as an upper bound) and
much of the remaining zirconium is contained in metallic blockages that are low
in the core and difficult to oxidize.

o The extent of molten material in the lower plenum at the time of lower head
failure is 55-66 metric tonnes for a Zion-like reactor.

Consequently, this report addresses the major issues for assessing direct containment heating in
the various Westinghouse designs as advertised by the title. There are secondary issues which
should be addressed before the report is issued in final form. These are delineated below.

1. A substantial part of the design specific assessment is the extent of molten core debris
that is available to be dispersed at the time that the RPV fails. This is given for the three
different kinds of RCS designs in Figures 4.5 and 4.7. These result from a simplified
geometric argument which is reasonable. To support this, it would be helpful if
SCDAP/RELAPS calculations could be performed for a 2-loop design, in addition to the
3-loop and 4-loop plant results. This would provide the general analytical support for
the extent of molten material that exists in the lower plenum at some time after the debris
drains into the lower plenum. As an example I would suggest that a time of 1 hour after
debris enters the lower plenum be used as a general guide for the interval before RPV
failure to analytically support the differences in molten material distributions between the
different plants.

2. In the plant specific evaluations there are two plants that do not fall into the
representation provided by Zion and Surry, i.e. HB Robinson and the South Texas
plants. There is extensive discussion on the resolution for HB Robinson but little on that
with regard to resolution of the issue for the South Texas project. The discussion part
of the report should be expanded (see 3 and 4 below) such that it is clear on how the
issue was resolved for the South Texas design.

3. The report is confusing in the treatment of the South Texas 1 & 2 design. On page 50
it states: “"There is no vertical debris transport pathway from the cavity except through
the annular gap between the RPV and biological shield wall, so for South Texas 1 & 2
the fraction of debris that can be transported through the lower compartments is assumed
to be 0." This text indicates that all the debris which is dispersed must go upward
through the gap. Moreover, on page C-27 it states that "Debris could be ejected from
these two openings but it would be ejected horizontally and would not reach the dome
region. Thus we assume that the only debris transport path away from the cavity was
through the RPV annular gap." Here again it is apparent that the debris leaving the
cavity flows through the annular gap. However, when looking and the entries on Table
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C.5, the fraction transferred to the annular gap is 0.162 which is derived from the
geometric ratio of the gap area and the cavity area. Using this it would appear that the
report concludes that a substantial fraction of the debris in the evaluation for South Texas
1 & 2 would be retained in the reactor cavity and not dispersed. On the other hand
Table C.1 concludes that 92% of the debris discharged to the cavity would be dispersed.
The only other potential scenario is that the debris could be dispersed through the
personnel access doors but is discounted as being a contributor to direct containment
heating. Whatever the logic, it should be explicit because it appears to be substantially
different than that used for the other plants.

The discussion on the South Texas design mentions a tortuous path out of the reactor
cavity to the floor of the containment. This path is through a personnel door that would
take no significant pressure. Hence, this is not something that would typically be
considered as tortuous and certainly would have a significant area to remove debris
during a high pressure melt ejection. Since this is one of the plants which does not fit
into a-'general category, I think the actual design of the South Texas cavity deserves a
more extensive narrative and some consideration with respect to how this is treated in
the report.

On page 43 it is important to note that the potential influence of water in the analysis
may not be significant with respect to the containment pressurization, but it may be quite
significant with respect to the resulting containment temperatures.

. On page 64 it should be recognized that some of the containment fragility curves used

in the IPE studies may already be quite conservative. A conservatism used in some IPE
studies was to "tie" the containment fragility curve to the design basis pressure on the
low end of the curve. This extends the very low probability failure "tail" to pressures
that are marginally above the design pressure. It is this low pressure "tail" that is
principally used in the evaluation for this report. Hence, these specific differences in the
analysis approach for IPEs and their inherent conservatisms should be noted in this
discussion.

On page 65 the word "distinguished" should be removed with respect to the HB
Robinson plant.

On page 66 the word "fortunately” should be removed. The results are what they are
and they are neither fortunate nor unfortunate.

On page 72 the HB Robinson containment is characterized as a "weak containment”.
While this containment may not be as strong as others which are included in the
evaluation, within the uncertainties embedded in such containment fragility curves, it is
not substantially different from Salem 1, 2, Braidwood 2, Byron 2 and the South Texas
containments. All of these containment buildings are extremely strong considering their
size. Hence, these discussions should just focus on the "line-of-site debris transport
pathway to the containment dome" combined with the plant specific containment fragility
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-4 -
curve as represented in Table 6.1. It is not appropriate to characterize the Robinson
containment as being weak.

10.  On page 72 the discussion is related to fuel coolant interactions failing free standing

cavities should use the words "are current assumed to be sufficient to" unless some
analysis is presented that would enable quantification of the word "could".
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M. Wayne Hodges, Director August 9, 1995
Division of Systems Technology

Office of Nuclear Regulatory Research

Washington D. C. 20555-0001

Dear Dr. Hodges,

This letter confirms my support of the conclusion that the
DCH issue is resoclved for all Westinghouse plants with dry
containments.

The arguments leading to this conclusion in NUREG/CR-6338
appear to be firmly established. The CCFP (Conditional
Containment Failure Probability) calculations performed with
the TCE (Two Cell Equilibrium) model for load distributions,
combined with the mean fragility curves, are reported to be
less than 0.01 for each plant analyzed. The basis for
resolution is the NRC recommendation that the DCH issue is
resolved for plants with a CCFP less than or equal to 0.1.

The procedure reported begins with a screening process for
containment loads and strength. Apparently all the
Westinghouse plants with dry containments passed the
screening with CCFP's of less than 0.01, a comfortable margin
below the NRC recommendation for DCH issue closure.

I have had the priviledge of following the history leading to
DCH issue resolution for the Zion and Surry plants. The
painful attention to detailed initial conditions, probability
distributions, experimental and system level computational
results demonstrates a degree of thoroughness and competency
on the part of the investigators which can be held in’
confidence by the technical community. All reasonable
vulnerabilities in the methodology have been addressed, in my
opinion. Beginning with known conservatisms, and refining as
necessary to evaluate whether a containment system failure
probability is acceptable has led to the development of a
mature, efficient approach which is followed in the DCH issue
resolution methodology.

Yours truly,

79 Mooty

F. J. Moody cc: R. Lee (NRC)

GE Nuclear Energy M. Khatib-Rahbar
Mail Code 747 :

175 Curtner Avenue

San Jose, CA 95125

(408) 925-6434
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LEVY & ASSOCIATES

3880 S. Bascom Ave., Suite 112
San Jose, CA 95124
408/369/6500
FAX 408/369-8720

July 24, 1995

Mr. M. Wayne Hodges, Director
Division of Systems Technology
Office of Nuclear Regulatory Research
Nuclear Regulatory Commission
Washington. D. C. 20555-0001

Dear Mr. Hodges:

As per your request of June 21, 1995, I have reviewed the draft copy of NUREG/CR-
6338, “Resolution of Direct Containment Heating for all Westinghouse Plants with Large
Dry Containments or Subatmospheric Containments” and my comments are as follows:

1. The report provides an important perspective about the impact of Direct Containment
Heating (DCH) upon the conditional containment failure probability (CCFP) of
Westinghouse plants with dry or subatmospheric containments. The impact is found to
be small for all such Westinghouse plants. This is a significant result particularly when
compared to our state of knowledge at the issuance time of NUREG-1150. The attached
Figure ES.11 taken from NUREG-1150 shows that DCH was anticipated to make a big
increase to the probability of early containment failure as illustrated for the Surry plant.
NUREG/CR-6338 clearly shows that this is not the case for Westinghouse plants with dry
or subatmospheric containments. This conclusion was reached because of relentless
efforts by the Research Division of NRC and by the Sandia National Laboratories (SNL)
and all those involved deserve to be congratulated.

2. In Figure 2.1, NUREG/CR-6338 sets the goal of CCFP < 0.1 for DCH from High
Pressure Melt Ejections (HPME) into the Zion and Surry containments. It also proposes
that the DCH issue should be considered resolved for all other Westinghouse dry and
subatmospheric containments if CCFP < 0.01 due to DCH. This more stringent
requirement was imposed upon all other plants because the models employed in the
calculations “are tied to the Zion and Surry data base” and because “other plants have
different geometries and flow paths which necessitate some judgment in application of
the models”. If any plant cannot pass the criterion of CCFP < 0.01, several options are
described at the bottom of page 6 of NUREG/CR-6338 to refine the calculations and
-possibly to resolve the DCH issue. This strategy, needs clarifications and additional
support for the following reasons: :
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a) It is not clear how the value of CCFP < 0.1 for DCH was arrived at. There are
other NRC publications which propose CCFP < 0.1 for all early modes of containment
failure.

b) There are several other core damage scenarios which can lead to early containment
failure. The attached Figure E.S. 11 from NUREG-1150 shows that the probability of
early containment failure for the Surry plant for scenarios not involving DCH ranges from
0.02 to 0.4. The corresponding probability for the Zion plant is lower and goes from
about close to zero to 0.16. There is merit to recognizing the early failure containment
performance of a plant to all core damage scenarios when assigning a goal to those
produced by DCH. Also, this would provide a stronger tie-up of the DCH assessments to
the PRA’s or IPE’s generated for the plants.

c) The Zion and Surry plants CCFP’s for DCH were based upon an extensive data
base and models validated for those specific geometries. They were also found to be
quite small, i.e. CCFP’s £0.01. Those small values helped relieve many of the concerns
this reviewer had about the uncertainties associated with that methodology and data base
and the need to quantify them. Those uncertainties will certainly grow when the
Zion/Surry data base and models are applied to plants of “different geometries and flow
paths” and NUREG/CR-6338 does not attempt to quantify that degree of extrapolation
and the associated increase in uncertainties. In other words, no quantitative justification
is provided that a CCFP < 0.01 is adequate for the “screening” calculations carried out in
NUREG/CR-6338.

d) Similarly, no quantitative information is provided to justify the adequacy of options
provided at the bottom of page 6 of NUREG/CR-6338. For example, how does one reach
the conclusion that a CCFP < 0.1 is adequate for the screening of plants if combined with
a high confidence fragility curve?

In summary, NUREG/CR-6338 shows that Westinghouse plants with dry or
subatmospheric containments yield “screening” CCFP’s < 0.01 for DCH but it does not
provide enough basis to show that the result is adequate to account for the uncertainties
introduced by the screening methodology. The report should try to quantitatively address
that issue and to take into account that the Zion/Surry plants achieved CCFP’s < 0.01
without the same screening uncertainties.

3. NUREG/CR-6338 utilizes a considerable amount of plant information to carry out its
screening calculations. It is not clear that the information has been validated or verified
by the plant owners. If this has not been done, the NRC should encourage it to happen
(e.g., as part of PRA’s or IPE’s review). In fact, there is a significant advantage to
reverting to the usual process of having the licensees perform their own DCH assessments
using NUREG/CR-6338 as a guide and incorporating those results in their own PRA’s or
IPE’s. This would assure not only the use of correct plant information but also provide
the licensees with a better understanding of DCH phenomena and ways to formulate an
improved PRA or IPE.

4. With respect to initial conditions:

a) Insufficient insight was derived from the code results of SCDAP-RELAPS. For
example, one suspects that the fuel specific power influences the initial conditions
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because the higher the fuel specific power and core power density the greater will be the
amount of molten material to be ejected and the earlier the reactor vessel failure will
occur. The results obtained for Calvert Cliffs and ANO-2 from SCDAP-RELAPS
support this premise (see last statement on page B-5 of NUREG/CR-6338) and could help
quantify that parameter so that plants operating with reduced or increased specific power
fuel can recognize its benefit or penaity.

b) The grouping of Westinghouse plants into two, three, and four loops is reasonable
because it is generally indicative of plant power and reactor fuel mass. However, there
are exceptions which deserve attention. For instance, the South Texas plant is an outlier
of the four loop plants because of its increased output and its fuel and zirconium contents
being about 20 to 25 percent above the other four loop plants. I believe South Texas
employs fuel 14 ft instead of 12 ft length and this needs to be recognized in NUREG/CR-
6338 and possibly its impact assessed through a SCDAP-RELAPS run. Similarly, the
melt mass assigned to two-lcop plants may be too low because it relies upon an
approximate prescription given in NUREG/CR-6075, Supplement 1 which takes
advantage ‘of the assumption that the last row of fuel assemblies does not melt. SCDAP-
RELAPS does not support that judgment. Here again, a SCDAP-RELAPS run could have
been helpful to assess the behavior differences of two-loop plants.

c¢) The dry scenarios VII and VIII are not considered in NUREG/CR-6338 because
they are associated with complete depressurization of the reactor vessel and, therefore,
they are not pertinent to DCH. However, they involve significant metallic contents which
could be released to the cavity and become oxidized if the cavity contains water. These
scenarios pose different risks beyond DCH to the containment integrity and they need to
be considered in overall containment risk assessments.

To summarize, the impact of fuel specific power, of variations in core size and,
particularly, of their fuel contents, and of small reactor cores need to be strengthened.

5. In NUREG/CR-6338, the Zion/Surry DCH data base and models are force-fitted to all
other Westinghouse plants with dry or subatmospheric containments. This approach
raises several issues which are not addressed adequately in the report:

a) NUREG/CR-6338 categorizes all cavities into three groups: Zion-like, Surry-like,
and other. Only the South Texas 1 & 2 plants fall into the other category. This allows
NUREG/CR-6338 to apply the Zion or Surry coherence ratio correlations to 95 percent of
the considered Westinghouse plants. In the case of South Texas 1 & 2, the Zion/Surry
data base was also employed after it was combined and biased by one standard deviation.
The authors state that the “process is one of interpolation rather than extrapolation” and
justify it by claiming that the “coherence correlation is a weak function of the cavity
type”. This perception is reinforced by the statement on page 44 of NUREG/CR-6338
which requires “a model for coherence ratio as a function of hole size” without any
mention of cavity geometry. In fact, we have data on two cavity geometries and it is
difficult to justify interpolation or extrapolation with only two sets of data points.
Furthermore, the available data show a dependence upon geometry, i.e. about a 25 percent
difference in the correlation constant. Furthermore, the cavity sketches developed by
IDCOR show considerable variations in geometry and necessitated their classification
into a total of 14 different types by IDCOR. It is also worthwhile to note that the IDCOR
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. study of cavities had suggested that the Surry-like cavity would be more retentive than the
Zion cavity and the SNL DCH tests have shown an opposite trend. Based upon such
considerations of limited cavity geometric testing, the large variations among geometries,
and the difficulty to pass judgment on cavity performance, it is surprising that the
Zion/Surry data base was utilized in NUREG/CR-6338 with no bias added for 95 percent
of the considered Westinghouse plants and with only one standard deviation being
applied to the South Texas 1 &2 plants. Without further justification by the authors, it
could make much more sense to apply the Zion/Surry data base only to plants with
identical geometries to the data base, to add one standard deviation to plants which are
similar, and two standards to plants with significant differences; and a three standard
deviation may be in order for other plants.

b) On page 49 of NUREG/CR-6338, a 5 percent dome transport fraction is suggested
for 32 out of 41 plants even though the Zion and Surry experiments showed about a 9
percent dome transport. Several reasons are given for the use of 5 percent, but it is not
clear whether that reduction is supported by tests or that it is applicable to the 32 plants.
Again, it might make more sense to use a 9 percent transport to the dome to cover this
lack of test data and potential variations in geometries.

c¢) The models used for transport of debris through the gap, i.e. Eq. (5.9), and for the
debris transport through line-of-sight flow paths, i.e. Eq. (5.10) are oversimplified
expressions which rely exclusively upon area ratios. They are not supported by extensive
tests and they do not cover geometric variations. For that reason, they may not apply
literally to all plant conditions. For example, in the case of South Texas 1 & 2, “there is
no vertical debris transport pathway except through the annular gap.” However, Eq. (5.9)
is applied to a cavity “access labyrinth which has two openings to the lower compartment:
a ventilation duct and a personnel access hatch”. In fact, the labyrinth path may be
subject to a different pressure drop than an opening in the cavity. Also, it is expected that
the access hatch would be closed during operations so that its structural strength and
failure mode could reduce the values used in Eq. (5.9). (Note that such pressure drop
arguments are made by the authors on page C-26 for the Salem 1 & 2 plants when they
help reduce the flow along the vessel). Here again, there may be a need to modify Egs.
(5.9) and (5.10) or to provide a factor to account for such differences.

6. Several judgments are made without providing sufficient justification. Typical
examples are:
a) After a study and evaluation of degree of cavity flooding with water, the statement is
made (see page 43) that “consistent with the limited data, we ignore the potential impact
of cavity water in our analyses”.
b) 12 plants are reported to have free standing cavities which are “potentially vulnerable
to damage from high cavity pressure resulting from explosive or non-explosive FCIs in
the cavity” (See page 43). Any impact such damage may have on the coherence ratio or
the line of sight flow paths is not considered.
c) About 10mt of the debris being ejected is assumed to be solid and to be able to
participate in DCH. Because such debris would have to be fragmented to particles about
1mm in size to participate in DCH, “the impact of solid debris on DCH loads is judged to
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be insignificant and is neglected in these evaluations”. There is no data for supporting
that position.
d) On page 44, it is stated that “the calculations and results presented here are performed
by ignoring any impact of coejected water”. The reason given for ignoring such impact is
that “the margins are significant to DCH threat for Westinghouse plants”.

Such judgments need additional support or some estimate of their potential impact
should be provided. This is necessary because the available data on these issues are
rather limited and in some cases non-existent.

7. The report identifies several items which will be dealt with hopefully before the
issuance of the final report. For example, on page 47, it is recognized that some of the
plants have significantly higher dome transport fractions than the existing data base. It is
proposed to address this potential impact in upcoming tests to be conducted in
Combustion Engineering geometry. Similarly, the authors indicate in a few places that
they lack plant information and they should get it to avoid later changes.

My overall summary is that NUREG/CR-6338 shows that the DCH impact is small for
Westinghouse plants with dry and subatmospheric containments as long as the Zion/Surry
data based and models are applicable to the plants. It fails to account to a sufficient
degree for the variations in geometries, structural designs, and conditions at time of DCH.
An effort to estimate or bound the various issues raised in this letter and a calculation of
loads under such estimated or bounding conditions could strengthen the report
conclusions. It would show quantitatively that the probability of early containment
failure by DCH is still small with conservative assumptions. Also, involvement of plant
licensees is urged in validating plant characteristics and in applying DCH methodology.

Sincerely yours,

Selin Ly

Salomon Levy

cc: Dr. M. Khatib-Rahbar, ERI
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'GRADUATE A.ERONAUTICAL LABORATORIES

CALIF ORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA 91125

GUGGENHEIM AERONAUTICAL . Mail Stop: 105-50
LABORATORY Telephone: 818 395 3283
Fax: 818 449 2677
E-mail: Jeshep@galceit.caltech.edu

22 August, 1995 .

H. Esmaili

Energy Research Inc.

P. O. Box 2034

Rockville, MD 20847

FAX 301 881 0867

RE: NUREG/CR-6338 review and ERI-NRC-046 Task 6, Workorder 9.

Dear Dr. Esmaili:

I regret that I am unable to review the supplied document. I had been very busy this summer
with organizing an international conference and now trying catch up with my primary work
responsibilities. In glancing through the document, I also realized that much of this material is
concerned with plant-specific problems that are outside my area of expertise. Unlike the previous
reports, I do not feel that I am able to other substantive comments on these specific issues.

Since I am unable to render the services called for the work agreement, I relinquish any claim on
compensation.

I apologize for taking so long to respond to you writing.

Sincerely,

Joseph E. Shepherd
Associate Professor of Aeronautics
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UNIVERSITY OF MARYLAND AT COLLEGE PARK

GLENN L. MARTIN INSTITUTE OF TECHNOLOGY + A.JAMES CLARK SCHOOL OF ENGINEERING

DEPARTMENT OF MATERIALS AND NUCLEAR ENGINEERING + NUCLEAR ENGINEERING PROGRAM

Dr. Mohsen Khatib-Rahbar

Energy Research, Inc. July 25, 1995
P.O. Box 2034

Rockville, MD 20847

RE: Review of Draft NUREG/CR-6338

Dear Dr. Khatib-Rahbar:

I have completed my review of NUREG/CR-6338: "Resolution of the Direct
Containment Heating Issue for All Westinghouse Plants With Large Dry Containment
or Subatmospheric Containments." As before, my review mainly focuses on the
probabilistic treatments in the report. The report is consistent with Zion and Surry
approach described in NUREG/CR-6075 (and its Supplement 1), and NUREG/CR-
6109. The screening resuits reported in NUREG/CR-6338 are generally reasonable.
However, to make the results more credible, there are some areas that need
improvement or corrections. | have discussed these areas in the following comments.

General Comments

1.0 Resolution Methodology

The “figure of merit” is too high. | believe that a figure of merit representing
conditional containment failure probability (CCFP) of about 0.01 is more defensible.
Also, a figure of merit for unconditional failure frequency of radioactive release from
containment-due to DCH around 1.0x10° / year is more reasonable. | would also
recommend that for plants that their CCFP exceeds 0.01, a rough estimate of the
frequency of HPME be multiplied by the "screened" CCFP estimate. If the result is

BUILDING 090 + COLLEGE PARK, MARYLAND 20742-2115 «+ (301)405-5209 + FAX:(301) 314-9467
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smaller than 1.0x10°/ year, then no DCH susceptibility shouid be assumed,
otherwise a refined containment analysis, an HPME frequency evaluation, or a
combination of the two would be necessary. | believe that this two-stage screening
approach reduces the need for detailed evaluation of other plants (especially the ice
condenser plants). :

Also, in Figure 2.1 the value of CCFP<0.01 pointing out of the box entitled
"Containment Loads/Strength Screening on Remaining PWRs" should be 0.1 (unless
if the authors agree with my recommendation of 0.01). Additionally, the acceptance
criterion (figure of merit) pointing out of the box entitled "HPME Probability Evaluation
on Remaining PWRs" should reflect a figure of merit based on the frequency of
occurrence of HPME and not CCFP. This is because a more accurate estimate of
HPME frequency does not affect the conditional containment failure probability.
Similarly, the criteria for the box entitled "Integrated Load/Strength and HPME
Probabilities on Remaining PWRs" should reflect the figure of merit for unconditional
containment failure frequency (e.g., 1.0x10° / year).

2.0 Quantification of CCFP

The idea that was originally proposed for calculating CCFP (for example in
NUREG/CR-6075) was to convolute the containment fragility distribution with the
containment pressure distribution. In Zion and Surry, the two distributions did not
have any overlap, as such, CCFPs were considered negligible. In this exercise,
however, some plants have small overlaps. It is not clear from the discussions in this
report whether these two distributions were actually convoluted or not. NUREG/CR-
6338 reports some sensitivity calculations reported in Tables 7.2 - 7.5. Here, from the
containment pressure distribution, the study reports a "Pred. Press. (MPa)" value
such that the likelihood that a DCH yields a containment pressure less than this
value is 0.99 (conversely, the likelihood of exceeding this value is 0.01). Accordingly,
from the fragility distribution a "Failure Press. (MPa)" value is obtained, below which
the likelihood of containment failure is 0.01. Finally, the fraction of "Pred. Press
(MPa)" and "Failure Press. (MPa)" is calculated and defined as the load/strength
ratio. Since this fraction is not the fraction of the means of the load and strength, | am
not sure about the meaning of this fraction. Later | will suggest a better method to
deal with this probiem.

For sensitivity analysis, it is more appropriate to change (by several factors) poorly
known parameters or assumptions that affect fragility and containment pressure. The
fraction of new mean containment pressure and new mean containment failure
pressure is the sensitivity of Load/Strength to these changes.

In general, | suggest that by using a convolution approach the probability that load
exceeds strength should be obtained. That is, CCFP = Pr(L > S). Of course this
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requires some form of a Monte Cario simulation. Accordingly, for finding a
probabilistic measure of the degree to which strength exceeds load, one can use the
concept of a safety margin defined as

_HS)-p(L)
[0%(S) +0*(L)]'?

Where, p (.) and ¢® (.) are mean and variance of either strength (S) or load (L). This
formula is a more objective way of measuring the differences between the load and
strength and incorporates the uncertainties inherent in their distributions. Also, the
load vs. strength fraction should be obtained from

(L)
Ls)=HE).
H(L/S) “f,_s) 2
G2(US) =u(LiS)2S) . O L)y
HA(S) WA(L)

Above fofmulas apply to cases where S and L are independent, which is the case
here.

In order to account for uncertainties the study cites the recommendations of the PRA
working group. This is done by reducing the mean containment failure pressure for
each plant by 0.1 MPa (based on Callaway’'s IPE upper probability limit for the
families of fragility curves). No discussion about the reason that such a change would
be applicable to other plants has been offered. Nor it has been explained why the
spread (e.g., the variance ) of the fragility distributions would be the same for other
plants. | believe that the study has not met the intent of the PRAWG and ACRS
recommendations. Also, the results of the uncertainty calculation should show the
uncertainty bounds for the final answers. For example, the study should show the
distribution of the CCFP for those plants that show any appreciable overlapping
probability densities (e.g., for H.B. Robinson, Ginna, Salem 1&2, South Texas 1&2,
Wolf Creek, Beaver Valley 1&2, North Anna 1&2, Surry 1&2, and Millstone 3). The
spread of CCFP should also be compared to the figure of merit for CCFP. If an
appreciable portion of the CCFP distribution falls below the figure of merit, then one
can confidently conclude that DCH is not an issue for that plant.
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Specific Comments

Page 6; 3rd line: The discussion about using CCFP- < 0.01 instead of CCFP < 0.1
gives the impression that the authors are not sure about the validity of 0.1 value.
This is consistent with my belief and further supports my recommendation of using a
0.01 figure of merit in the first place.

Page 61; 3rd paragraph: In the NUREG/CR-6075 Supplement 1, | was concerned
about the so-called "eyeball" error, which occurs because of digitizing fragility curves.
Errors of several factors in the tails of the distributions are possible when using this
approach. Since the authors have no access to the digital fragility data, | think that for
some sensitive plants (e.g., for H.B. Robinson, Ginna, Salem 1&2, South Texas 1&2,
Wolf Creek, Beaver Valley 1&2, North Anna 1&2, Surry 1&2, and Millstone 3), a
sensitivity calculation should be performed to account for possible digitizing errors (for
example up to a factor of 5 variations may be applied to the tails of the distributions.)

Page 61; 4th paragraph: Please describe the criteria used to select lognormal,
normal, or 3rd order Spline function for the fragility distributions.

Page 62; 2nd paragraph: The mean of CCFP may be obtained from the fragility
curve. Furthermore, if families of fragility curves are used, each curve may be
associated with a confidence (or probability) level.

Page 62; 3rd paragraph: We calculate the "probability" of containment failure from the
fragility curves not the "frequency.” This also applies to Table 6.1.

Page 64, 4th paragraph: | am concerned about this exercise of repeating the
simulation with different "seed numbers.” The results of a reasonably unbiased
simulation with enough iterations should not change by modifying the seed number. If
the authors get noticeably different CCFP distribution by changing the seed number,
then the accuracy of their simulation process may be in question. For example, they
may need to increase the number of iterations to greater than 1000, or their
simulation routine may be yielding biased results. One can, however, account for the
maximum anticipated error from a Monte Carlo simulation using the Central Limit
Theorem approximation. If this is the concern of the authors, they should refer to the
widely available literature.

Page 64; 5th paragraph, last sentence: | don't think Tables 7.2 - 7.5 provide any idea
about the "cause" of DCH sensitivity. '

Page 65; 4th paragraph: Change CCFF to CCFP.

Page 73; Last sentence: | suggest changing ". . . 1 percent confidence level . . . " to
".. . 1 percent probability level .. . "
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Page D-15; Section D.4.2: Some fragility curves reported and compared in this
section are not about the plants within the scope of this study. For example, fragility
curves of some ice condenser, CE and B&W plants are presented. Also, | fail to see
the main purpose and significance of this comparison effort in the CCFP calculations.
For example, Figures D.1 through D.17 seem to have no or small relevance to this
analysis.

Please don’t hesitate to call me at (301)405-5226, if there are any questions.

Sincerely yours,

Mohammad Modarres
Professor of Nuclear
Engineering
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August 7, 1995

Dr. M. Wayne Hodges, Director
Division of Systems Research

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555-0001

Dear Dr. Hodges:

In response to your request to review a draft copy of NUREG/CR-6338, "Resolution
of the Direct Containment Heating Issue for All Westinghouse Plants with Large Dry
Containments or Subatmospheric Containments,” I have completed the review of the
technical content of the above report. The following are my specific comments.

Comment 1. Issue Resolution Method.

The DCH issue resolution for the Zion and Surry plants has been addressed in previ-
ous NUREG/CR-6075 and NUREG/CR-6109. The issue resolution method for these
plants has been peer reviewed in detail and the method can be considered well esta-
blished. However, for all other Westinghouse plants, NUREG/CR-6338 proposed and
applied somewhat different approach. The major reasons for the difference in the
approaches are the lack of the scaled integral test data for these plants and the limited
time and man-power available to carry out a similar analysis such as performed for the
Zion and Surry. In Section 2.0, it is explained that two-step method is used in
NUREG/CR-6338. The initial attempt is to extrapolate the models for the Zion and
Surry. This step is described as screening, aud the success criterion is set at CCFP <
0.01. If this fails, a more detailed analysis is carried out to demonstrate that CCFP < 0.1.
These two steps are not clearly demonstrated in the report. Furthermore, it is difficult to
see how CCFP can be reduced by a factor of 10 by simply introducing more detailed
information for a plant.

I recommend that the authors show detailed analyses of two demonstration cases,
namely the one which satisfies CCFP < 0.01 and the other which requires CCFP < 0.1
with more detailed handling of splinter cases. It should be clear what is meant by the
extrapolation of the Zion and Surry analyses.

Comment 2. Reduction of CCFP Value.

It 1s stated on page 7 that demonstrating that the probability of HPME events 1s
sufficiently low offers an independent path to resolving the DCH issue. This is particu-
larly true and useful for a plant for which it is difficult to evaluate the impact of the dif-
ferent cavity and subcompartment geometries. It is not clear to me whether this approach
has been incorporated into the overall DCH resolution in NUREG/CR-6338 or not. If
this approach was necessary for a certain plant, it should be stated in the report.

1290 NUCLEAR ENGINEERING BUILDING ® WEST LAFAYETTE. IN 47907-1290
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Comment 3. Refined Load/Strength Analyses.

It is indicated that the CONTAIN can be used to assess the applicability of the TCE
model for situations far from the existing data base. However, both the TCE model and
CONTAIN model are not mechanistic. Both models have empirical factors which were
adjusted to fit the integral test data. I am not sure what can be accomplished by studying
the sensitivity of the predictions to the initial input conditions beyond the applicable
ranges for either model.

Comment 4. Effect of Co-dispersed Cavity Water.

It is stated that co-dispersed cavity water can augment DCH loads, rather than miti-
gating loads under some circumstances. It is also easy to develop a phenomenological
model which can do either of these depending on the degree of thermal and momentum
interactions between the debris and water. Furthermore, the experimental data are not
very reliable, because it is not clear how the water in the actual cavity can be scaled by a
small amount of water in the integral tests. However, the authors concluded that they
could ignore the potential impact of cavity water in their analyses consistent with the
limited data. A relatively deep water in the cavity may lead to a significant FCI
approaching a vapor explosion. The potential for this type of interaction should be
evaluated.

Comment 5. Coherency Factor.

The analysis in NUREG/CR-6338 is based on the assumption that the coherency tac-
tor is only a function of the cavity geometry and not of the subcompartment geometry..
However, this is a false assumption. The subcompartment geometry is not important,
only if the droplet flight path before entrapment in the subcompartment is very short as in
the Zion or Surry. This is a different issue from the flight path for small droplets escap-
ing capture in the subcompartment. This later effect is correctly modeled 1n the report.
It may be that all these Westinghouse plants have a flow obstruction at the exit of the
cavity. However, this should be demonstrated. If not, the magnitude of the coherency
tactor should be significantly increased by a factor based on the ratio of the subcompart-
ment direct flight path and the cavity length.

Sincerely,

T~

- V/A/ AV I e ( _:_._.——'— .
M. Ishii

Professor of Nuclear Engineering
MU/ks
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APPENDIX B
Melt Mass/Composition Distributions

Martin M. Pilch
. Sandia National Laboratories

B.1 Introduction

The prescription for quantifying melt mass and composition had its origins in NUREG/CR-6075
(Pilch et al., 1994a), which was peer reviewed by 13 experts representing national laboratories,
universities, and industry. The peer reviewers generally characterized the initial conditions as
optimistic. Specifically, they expressed concerns that the melt mass distributions were too narrow and
that the melt composition did not contain sufficient metallics (Zr and steel). The reviewers also
stressed that SCDAP/RELAPS analyses should be performed and used in a consistent manner in
establishing initial conditions.

The NRC convened a working group to make recommendations on how to address residual
concerns for Zion. Their recommendations are documented in Appendix A of Pilch et al. (1994b) for
Zion. Some modification of the splinter scenarios resulted, and the melt mass distributions were
generally broadened and additional zirconium was considered. The prescription was then applied to
Surry in NUREG/CR-6109 (Pilch et al., 1995) using Surry-specific input.

The prescription represents a synthesis of insights about accident sequences, TMI-II insights,
phenomenological insights, insights from experiments, and insights from SCDAP/RELAPS. These
system code calculations are used to justify or validate the melt mass and composition selections.
SCDAP/RELAPS calculations have been performed for Zion (W 4-loop plants with downcomer
bypass), Surry (W 3-loop plants with downcomer bypass), Calvert Cliffs (CE lowest power density),
and ANO-2 (CE highest power density). The credible range of pump seal leaks have been examined
for each plant and sensitivity studies have been performed. SCDAP/RELAPS will also analyze B&W
plants in a similar fashion as part of the DCH resolution effort for those plants. When complete,
SCDAP/RELAP5 will have analyzed each of the major reactor types from each supplier of PWR
nuclear steam supply systems in the U.S.

Sections B.2 and B.3 focus on quantifying the distribution of molten UO, for all PWRs during
core relocation and at the time of vessel breach using the approved prescription. We expect that the
quantity of molten UO, will be a function of core size, which can vary from vendor to vendor and even
within a given vendor. Fortunately, the core size of all PWRs can be grouped into eight core size
groups, which are correlated by vendor. Section B.4 compares the full melt mass and composition
quantifications with available results from system-level codes.
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Melt Mass/Composition Distributions

B.2 Scenarios V and Va - SBLOCA with Repressurization of the RCS by Operator
Intervention

Scenarios V and Va represent a core melt accident that progresses with water still present in the
lower portions of the core. Such conditions lead to formation of a crust within the core followed by a
massive release of melt when the crust fails. Accumulation of core material on the lower head of the
RPV causes the lower head to heat up. Eventually, its structural strength is so degraded it can no
longer withstand the stresses induced in the lower head by elevated RCS pressures. Thus, creep
rupture of the lower head is the expected failure mechanism. The distinguishing feature of Scenarios V
and Va is that operator actions are assumed to refill the RPV with water and to fully repressurize the
RCS. Analysis of DCH for a repressurized RCS is deemed conservative because we expect operators
to depressurize the RCS in a core damage accident.

Consistent with TMI-II, the potential release of molten material to the lower head is controlled by
the formation of a hemispherical crucible that excludes only the outer assemblies of the core
(Figure B.1). The outer assemblies are generally not expected to be in a severely degraded state
because the RPV is flooded. Asymmetries in crucible growth ensure that localized penetration of the
outer assembly and the core barrel would most likely occur when the crucible has grown (on average)
to the outer assembly. This is consistent with the observed end state at TMI-II. We ascribe, however,
no rigorous meaning to the assembly dimensions; instead, we use the assembly dimensions as
representative of a thin outer region of the core where cooling is adequate to prevent significant
degradation and melting.

Table B.1 lists the eight core size groups and a summary of key inputs leading to calculation of the
distribution for molten UQO,. A hemispherical crucible that excludes the outer assemblies would be
filled with a predominantly oxidic melt with a density of ~10,000 kg/m’. The maximum mass of UO,
and ZrO, that the crucible can contain is listed in Table B.1. The amount of melt released from the
crucible is a function of where the crucible fails, with downward and sideward representing the two
extremes. Recent studies by Schmidt and Humphries (1994), which consider only conduction
processes, suggest that bottom failure of a crucible is very unlikely. Natural convection patterns in the
molten pool, should they develop, would only reinforce the prediction of side failure of the crucible.
Natural convective patterns produce edge-peaked heat flux distributions. The MP-2 experiment
(Gasser et al., 1994) tends to confirm that downward failure of an oxidic crust is unlikely, even in the
absence of active cooling. To establish an upper bound (p ~0.01) on the UO, mass that relocates to
the lower plenum, it was assumed that the crucible could fail at the bottom, releasing the entire volume
of the crucible to the lower plenum head.

To fix the composition a little more closely, we note that ~80 - 90 percent of the relocated melt is
UO, and the remainder is ZrO,. As a best estimate, and consistent with TMI-II observations and
working group recommendations, side failure of the crucible is expected to release about half of the
material contained in the crucible to the lower head. Likewise, the best estimate on the amount of
relocated UQ, is listed in Table B.1. On this basis, the distribution for the amount of UQO, released
from the crucible can be constructed as in Figure B.2.
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It should be noted that the amount of UO, released from the crucible exceeds the amount of
molten material available to participate in DCH at the time of vessel failure. First, not all material
released from the TMI-II crucible reached the lower head. Some froze between the core former plate
and the core barrel and some additional material froze on other structures as it drained into the lower
plenum. Second, some molten material will quench and freeze as it flows through the water in the
lower plenum. Calculations using the THIRMAL code (Rempe et al., 1993) suggest that as much as
~50 percent might freeze during this process if the water is subcooled. Experiments (Spencer et al,,
1994) tend to confirm this number if the water is subcooled, but suggest that only ~10 percent will
quench if the water is saturated. Third, some of the molten material accumulated on the lower head
will form an upper crust resulting from heat transfer to the overlying water. Finally, some of the
molten material will freeze as it transfers heat to the lower head and drives it to failure.

The extent to which these solidified materials persist to vessel rupture is coupled to generation of
decay heat within the debris and the time required to heat the vessel to rupture. SCDAP/RELAPS
calculations for Zion (Appendix C in Pilch et al., 1994b) indicate that ~20-25 mt of material are frozen
on the lower head at the time of vessel breach. The SCDAP/RELAPS calculations are themselves a
lower bound since they do not account for water intruding into the melt through cracks in the overlying
crust or gaps along the vessel wall. These additional cooling mechanisms were identified as part of the
TMI-H vessel investigation program (Stickler et al., 1993).

As a bound, we consider only melt freezing in the process of heating the lower head to rupture.
Boucheron (referenced in Zuber et al., 1991) shows that ~10 - 15 mt of oxide will freeze (with decay
heat coupling) in order to heat the lower head to a point where it loses its strength and ruptures. With
this in mind, we shift the UQ, distributions in Figure B.2 an additional 10 mt to the left. The
distribution of molten UQ, at the time of vessel breach is then given by Figure B.3 for each core size
group. We emphasize the conservative nature of these distributions given the additional quenching
mechanisms that have been ignored. The data presented in Figures B.2 and B.3 are tabulated in Tables
B.2and B3.

We acknowledge that some of the ~10 mt of solid material may be ejected with the melt into the
reactor cavity and that this solid material may participate in DCH. The solids, however, are oxidic, and
sensitivity studies (Pilch et al., 1994b, Appendix A, Response H19) indicate that DCH loads are not
sensitive to the total quantity of oxides in the melt. Furthermore, Griffith (Appendix H in Zuber et al.,
1991) indicates that complete ejection of the solid material is not expected even if it exists as loose
debris particles. The extent to which ejected solids can participate in DCH may be further limited by
the particle size, since fragmentation to ~1mm is necessary for efficient debris gas heat transfer, and
debris oxidation is severely limited for solidified materials. Consequently, the impact of solid debris on
DCH loads is judged to be insignificant and is neglected in these evaluations.

B.3 Scenario VI - SBLOCA Under Wet Core Conditions
The potential release of molten material to the lower head is again controlled by the formation and
failure of a crucible in the core region. Water occupies only the lowest regions of the core, so radial

cooling of a growing crucible is reduced in this situation. Consistent with SCDAP/RELAPS
predictions, the crucible could take on the bounding shape of an upright cylinder as depicted in Figure
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B.4." We note that SCDAP/RELAPS conservatively assumes that the melt pool must grow to the core
boundary as a condition for core relocation. Thus, SCDAP/RELAPS shows some localized
involvement of the outer assemblies. We expect, however, that asymmetries in crucible growth ensure
that localized penetration of the outer assembly and core barrel would likely occur when the crucible
has grown (on average) to the outer assembly. Consequently, the outer assemblies are excluded from
our assessments.

In the extreme of this geometry, ~70 - 80 percent of the core can be contained in the crucible with
the specific values listed in Table B.4. The upper bound to the UQ, distribution is obtained again by
noting that ~80 - 90 percent of the relocated melt is UO,. Again, the calculations of Schmidt and
Humpbhries (1994) favor side failure before the crucible obtains these extreme proportions. As a best
estimate we assume that half of the UO, can be released from the crucible. With this in mind, the
distribution of UO, released from the crucible can be constructed as indicated in Figure B.5 for each
core size grouping. Again allowing (~10 mt) only for melt freezing in order to heat the lower head to
rupture, the distribution of molten UO, at the time of vessel failure is given by Figure B.6 for each
group. The data presented in Figures B.5 and B.6 are tabulated in Tables B.5 and B.6.

South Texas is an exception amongst the Westinghouse four-loop plants in that its core is 15%
taller than the others. We recommend increasing the UO, masses for South Texas relative to the other
Westinghouse four-loop plants. This applies only to Scenario VI. For the other vendors, the core
height is always the same for cores of the same diameter.

B.4 Comparison of Melt Masses and Composition with Prior Work

Because many of the melt constituents are correlated, it is useful to tabulate the lower bound, best-
estimate, and upper bound masses for a more direct comparison of quantifications for the current
assessments with prior work. This is done in Tables B.7 through B.10 for four different plants: Zion,
Surry, ANO-2, and Calvert Cliffs. The lower and upper bounds are taken at the ~1 percent probability
level. '

Consider first the comparison of Scenarios V and VI by composition using the prescription. The
ZrO, values are a function of both the UO, mass and the fraction of Zr oxidized. For this comparison,
the three UO, masses are used in conjunction with the best estimate for the fraction of Zr oxidized.
This ensures that lower and upper bounds to the ZrO, values are also at the ~1 percent probability
level; however, this prescription is not unique. For instance, it is possible to use the best estimate for
the UO, mass in conjunction with the lower, best-estimate, and upper bound values for the fraction of
Zr oxidized. This procedure, however, gives somewhat less ZrO, mass for the best-estimate and upper
bound value.

At the outset, we should state that no potential comparisons are fully consistent with the plant and
scenarios discussed in this report, so some compromise is necessary to make suitable comparisons.
Prior summary efforts (i.e., NUREG-1150 and SASM) are therefore the most useful for comparison
since these activities employed panels of knowledgeable experts who were able to synthesize the
experimental and analytical information available at the time. Since the time of these summary efforts,
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new information in the form of best estimate SCDAP/RELAPS5 calculations have become available and
these new data are reflected in our current quantifications.

NUREG-1150 was the first summary assessment of core melt progression parameters and this
study only addressed the core fraction that is molten and the fraction of cladding oxidized. NUREG-
1150 assessments were largely based on MARCH, early MAAP, and preliminary MELPROG
calculations. The distribution of the molten core fraction in Scenario V1 is in good agreement with the
expert elicitation results in NUREG-1150.

SASM (Zuber et al.,, 1991) is the most recent of the summary assessments, and it was focused
specifically on the DCH issue. The SASM assessments were based on input and calculations specific
to Surry, so we only compare our quantifications for Surry with the SASM recommendations. The
SASM recommendations for molten oxides are enveloped by the current quantifications; however, the
metals are outside the current assessments. Assessment of steel mass in the SASM effort was largely
based on a MELPROG calculation (Kelly et al., 1987) of a station blackout accident in which
significant upper plenum melting was predicted. Melting of upper plenum steel is strongly correlated
with surge line or hot leg failure, which in fact was predicted in the MELPROG calculation.
Specifically, gases hot enough to melt upper plenum steel are also hot enough to rupture the surge line
or hot leg. This is also consistent with the current SCDAP/RELAPS assessments. The large quantities
of Zr and CRM in the SASM assessment are traceable to a MELPROG modeling assumption that
crucible failure occurs as a massive event carrying most of the metallic blockage into the lower plenum.
Thus, the SASM assessment of metals in the melt is not consistent with our current understanding of
core melt progression, especially under wet core conditions.

Tables B.7 through B.10 also summarize the melt mass predicted by SCDAP/RELAPS at the time
of vessel failure for the spectrum of credible pump seal leaks. Current quantifications (Scenario VI) for
oxide mass are in general agreement with the system code predictions. These code predictions are
interpreted as upper bounds because SCDAP/RELAP5 assumes complete drainage of the in-core
molten pool, because the molten pool must grow to the core boundary before SCDAP/RELAPS
relocates material, and because SCDAP/RELAPS always predicted complete depressurization of the
RCS. Complete depressurization delays bottom head failure and increases the time available for frozen
material to remelt on the lower head. Here, we compare only to Scenario VI because Scenario V
progresses with water in the core (operator action), which was not modeled in the SCDAP/RELAP5
calculations. SCDAP/RELAPS predicts essentially no Zr in the melt while our quantifications chose to
bound the amount. The amount of lower plenum steel predicted by SCDAP/RELAPS is somewhat
greater than the current assessments for the Westinghouse plants (Zion and Surry). The CE plants
(ANO-2 and Calvert Cliffs) have integral lower heads, so there is essentially no thin steel in the lower
plenum. Calvert Cliffs has a low power density relative to ANO-2; consequently, Calvert Cliffs shows
a substantially smaller fraction of the core molten at vessel breach.
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Table B.1 Calculation of UQ; melt relocation for Scenarios V and Va

Group Core Dia. (m) | Assembly Dim. (m) | Hemisphere | Total Mass Max UO, Best Est. UO, (mt)
Vol. (m®) Relocated (mt)
(mt)
W 4-loop 3.37 0.214 7.0 70 60 30
W 3-loop 3.04 0.214 4.6 46 40 20
W 2-loop 2.45 0.197 2.3 23 20 10
B&W 3.27 0.217 6.0 60 50 25
CE-1 2.70 ~0.2 3.2 32 30 15
CE-2 3.13 0.202 5.3 53 46 23
CE-3 3.45 0.202 7.4 75 64 32
CE+4 3.65 0.202 9.0 90 77 38.5
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Table B.2 Distribution for molten UQ; mass at the time of melt relocation to the lower plenum for Scenarios V and Va

UO; Mass (mt) Discrete UO; Mass (mt) Cumulative UO; Mass (mt) Discrete UO; Mass (mt) Cumulative

Range Probability Probability Range Probability Probability

W 2-Loop Plants (2.45m Core Dia.) CE Plants (2.70m Core Dia.)

0-3.0 0.01 0 0 0-5.0 0.01 0 0

3.0-6.5 0.10 3.0 0.01 5.0-10.0 0.10 5.0 0.01
6.5-13.5 0.78 6.5 0.11 10.0 - 20.0 0.78 10.0 0.11
13.5-16.5 0.10 13.5 0.89 20.0 -25.0 0.10 20.0 0.89
16.5 -20.0 0.01 16.5 0.99 25.0-30.0 0.01 25.0 0.99
20.0 1.00 30.0 1.00

W 3-Loop Plants (3.04m Core Dia.) CE Plants (3.13m Core Dia.)

0-6.7 0.01 0 0 0-76 0.01 0 0
6.7-133 0.10 6.7 0.01 76-153 0.10 7.6 0.01
13.3-26.7 0.78 13.3 0.11 15.3-30.7 0.78 15.3 0.11
25.7-333 0.10 25.7 0.89 30.7 -38.4 0.10 30.7 0.89
33.3-40.0 0.01 33.3 0.99 38.4-46.0 0.01 384 0.99

40.0 1.00 46.0 1.00
W 4-Loop Plants (3.37m Core Dia.) CE Plants (3.45m Core Dia.)

0-10.0 0.01 0 0 0-11.0 0.01 0 0
10.0 - 20.0 0.10 10.0 0.01 11.0-21.5 0.10 11.0 0.01
20.0 - 40.0 0.78 20.0 0.11 21.5-425 0.78 21.5 0.11
40.0 - 50.0 0.10 40.0 0.89 42.5-53.0 0.10 42.5 0.89
50.0 - 60.0 0.01 50.0 0.99 53.0-64.0 0.01 53.0 0.99

60.0 1.00 64.0 1.00
B&W Plants (3.27m Core Dia.) CE Plants (3.65m Core Dia.)

0-80 0.01 0 0 0-12.5 0.01 0 0
8.0-16.5 0.10 8.0 0.01 12.5-255 0.10 12.5 0.01
16.5 - 33.5 0.78 16.5 0.11 25.5-51.5 0.78 25.5 0.11
33.5-42.0 0.10 33.5 0.89 51.5-64.5 0.10 51.5 0.89

42.0 - 50.0 0.01 42.0 0.99 64.5-77.0 0.01 64.5 0.99
50.0 1.00 77.0 1.00
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Table B.3 Distribution for molten UQ, mass at the time of vessel breach for Scenarios V and Va

UQ; Mass (mt) Discrete U0, Mass (mt) Cumulative U0, Mass (mt) Discrete U0, Mass (mt) Cumulative
Range Probability Probability Range Probability Probability
W 2-Loop Plants (2.45m Core Dia.) CE Plants (2.70m Core Dia.)
0-3.5 0.89 0 0 0-10.0 0.89 0 0
3.5-6.5 0.10 3.5 0.89 10.0 - 15.0 0.10 10.0 0.89
6.5-10.0 0.01 6.5 0.99 15.0 -20.0 0.01 15.0 0.99
10.0 1.00 20.0 1.00
W 3-Loop Plants (3.04m Core Dia.) CE Plants (3.13m Core Dia.)
0-3.3 0.10 0 0 0-5.3 0.10 0 0
. 33-16.7 0.79 33 0.10 5.3-20.7 0.79 5.3 0.10
16.7-23.3 0.10 16.7 0.89 20.7-284 0.10 20.7 0.89
23.3-30.0 0.01 23.3 0.99 28.4-36.0 0.01 284 0.99
30.0 1.00 36.0 1.00
W 4-Loop Plants (3.37m Core Dia.) CE Plants (3.45m Core Dia.)
0-10.0 0.10 0 0 0-1.0 0.01 0 0
10.0 - 30.0 0.79 10.0 0.10 1.0-11.5 0.10 1.0 0.01
30.0 -40.0 0.10 30.0 0.89 11.5-32.5 0.78 11.5 0.11
40.0 - 50.0 0.01 40.0 0.99 32.5-43.0 0.10 32.5 0.89
50.0 1.00 43.0-54.0 0.01 43.0 0.99
54.0 1.00
B&W Plants (3.27m Core Dia.) CE Plants (3.65m Core Dia.)
0-6.5 0.10 0 0 0-25 = 0.01 0 0
6:5-23.5 0.79 6.5 0.10 2.5-15.5 0.10 2.5 0.01
23.5-32.0 0.10 23.5 0.89 15.5 -41.5 0.78 15.5 0.11
32.0-40.0 0.01 32.0 0.99 41.5-54.5 0.10 41.5 0.89
40.0 1.00 54.5-67.0 0.01 54.5 0.99
’ 67.0 1.00
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Table B.4 Calculation of UO; melt relocation for Scenario VI

Group Representative Core Dia. (m) Assembly Dim. Core Fraction Max UO, (mt) Best Est. UO,
U0, (mt) (m) (mt)
Inventory
W 4-loop 100 3.37 0.214 0.80 80 40
W 3-loop 79.8 3.04 0.214 0.80 64 32
W 2-loop 55 2.45 0.197 0.70 40 20
B&W 94 3.27 0.217 0.75 74 37
CE-1 54 2.70 ~0.2 0.75 44 22
CE-2 84 3.13 0.202 0.75 66 33
CE-3 94 3.45 0.202 0.80 80 40
CE-4 118 3.65 0.202 0.80 94 47
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Table B.5 Distribution for molten UQ, mass at the time of melt relocation to the lower plenum for Scenario VI and VIa

UO0; Mass (mt) Discrete UO; Mass (mt) Cumulative UO; Mass (mt) Discrete UO; Mass (mt) Cumulative

Range Probability Probability Range Probability Probability

W 2-Loop Plants (2.45m Core Dia.) CE Plants (2.70m Core Dia.)

0-6.6 0.01 0 0 0-7.0 © 001 0 0
6.6-13.3 0.10 6.6 0.01 7.0-14.5 0.10 7.0 0.01
13.3-26.7 0.78 13.3 0.11 14.5-29.5 0.78 14.5 0.11
26.7-33.4 0.10 26.7 0.89 29.5-37.0 0.10 29.5 0.89
33.4-40.0 0.01 334 0.99 37.0-44.0 0.01 37.0 0.99

40.0 1.00 44.0 1.00
W 3-Loop Plants (3.04m Core Dia.) CE Plants (3.13m Core Dia.)

0-10.6 0.01 0 0 0-11.0 0.01 0 0
10.6 -21.3 0.10 10.6 0.01 11.0-22.0 0.10 11.0 0.01
21.3-42.7 0.78 213 0.11 22.0-44.0 0.78 22.0 0.11
42.7-53.4 0.10 427 0.89 44.0-55.0 0.10 44.0 0.89
53.4 - 64.0 0.01 534 0.99 55.0 - 66.0 0.01 55.0 0.99

64.0 1.00 66.0 1.00
W 4-Loop Plants (3.37m Core Dia.) CE Plants (3.45m Core Dia.)

0-15.0 0.01 0 0 0-13.2 0.01 0 0
15.0- 30.0 0.10 15.0 0.01 13.2-26.6 0.10 13.2 0.01
30.0 - 50.0 0.78 30.0 0.11 26.6 - 534 0.78 26.6 0.11
50.0 -65.0 0.10 50.0 0.89 534-66.8 0.10 53.4 0.89
65.0 - 80.0 0.01 65.0 0.99 66.8 - 80.0 0.01 66.8 0.99

80.0 1.00 80.0 1.00
B&W Plants (3.27m Core Dia.) CE Plants (3.65m Core Dia.)

0-12.0 0.01 0 0 0-15.0 0.01 0 0
12.0 -24.5 0.10 12.0 0.01 15.0-31.0 0.10 15.0 0.01
24.5-49.5 0.78 245 0.11 31.0-63.0 0.78 31.0 0.11
49.5 - 62.0 0.10 49.5 0.89 63.0-79.0 0.10 63.0 0.89
62.0 - 74.0 0.01 62.0 0.99 79.0-94.0 0.01 79.0 0.99

74.0 1.00 94.0 1.00
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Table B.6 Distribution of molten UQ, mass at the time of vessel breach for Scenario VI and VIa

UO; Mass (mt) Discrete UO0; Mass (mt) Cumulative UO0; Mass (mt) Discrete UO; Mass (mt) Cumulative
Range Probability Probability Range Probability Probability
W 2-Loop Plants (2.45m Core Dia.) CE Plants (2.70m Core Dia.)
0-33 0.10 0 0 0-45 0.10 0 0
33 -16.7 0.79 33 0.10 4.5-19.5 0.79 4.5 0.10
16.7-234 0.10 16.7 0.8% 19.5-27.0 0.10 19.5 0.89
23.4-30.0 0.01 234 0.99 27.0-34.0 0.01 27.0 0.99
30.0 1.00 34.0 1.00
W 3-Loop Plants (3.04m Core Dia.) CE Plants (3.13m Core Dia.)
0-1.0 0.01 0 0 0-1.0 0.01 0 0
1.0 12.0 0.10 1.0 0.01 1.0-12.0 0.10 1.0 0.01
12.0 - 34.0 0.78 12.0 0.11 12.0 - 34.0 0.78 12.0 0.11
34.0-45.0 0.10 34.0 0.89 34.0-45.0 0.10 34.0 0.89
45.0-54.0 0.01 45.0 0.99 45.0 - 56.0 0.01 45.0 0.99
54.0 1.00 56.0 1.00
W 4-Loop Plants (3.37m Core Dia.) CE Plants (3.45m Core Dia.)
0-5.0 0.01 0 0 0-32 0.01 0 0
5.0 -20.0 0.10 5.0 0.01 3.2-16.6 0.10 3.2 0.01
20.0 -40.0 0.78 20.0 0.11 16.6 - 43.4 0.78 16.6 0.11
40.0 - 55.0 0.10 40.0 0.89 43.4 - 56.8 0.10 43.4 0.89
55.0-70.0 0.01 55.0 0.99 56.8 - 70.0 0.01 56.8 0.99
70.0 1.00 - 70.0 1.00
B&W Plants (3.27m Core Dia.) CE Plants (3.65m Core Dia.)
0-20 0.01 0 0 0-5.0 0.01 0 0
2.0-145 0.10 2.0 0.01 50-21.0 0.10 5.0 0.01
14.5 - 39.5 0.78 14.5 0.11 21.0-53.0 0.78 21.0 0.11
39.5-52.0 0.10 39.5 0.89 53.0-69.0 0.10 53.0 0.89
52.0 - 64.0 0.01 52.0 0.99 69.0 84.0 0.01 69.0 0.99
64.0 1.00 84.0 1.00
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Table B.7 Comparison with pr\ior work for Zion

SCDAP/RELAP5

Parameter Scenario V Scenario VI NUREG-1150
NUREG/CR-607S, Sup.
1
Case 1-2-3
UQO, mass (mt) 0/20/50 0/30/70 43.3-52.8-44 4
ZrO, mass (mt) 0/2.2/5.5 0/3.3/7.7 11.2-13.4-12.3
Zr mass (mt) 0/0.6/1.5 0/0.9/2.0 0-0.5-0
Steel mass (mt) 0.3/1.1/2.3 0.3/1.8/4.4 4.8-8.2-5.0
CRM mass (mt) 0 : 0 0-3.3-2.2
Total melt mass (mt) 0.3/23.9/59.3 0.3/36.0/84.1 59.3-78.2-63.9
Core fraction molten 0.002/0.19/0.47 0.002/0.29/0.67 0/0.28/0.60 0.47-0.63-0.51
Fraction Zr oxidized 0.15/0.40/0.65 0.15/0.40/0.65 0.08/0.32/0.76 0.53-0.59-0.48
Case 1 = 0 gpm/pump (minimum); Case 2 = 250 gpm/pump (best estimate); Case 3 = 480 gpm/pump (maximum).
Table B.8 Comparison with prior work for Sur
Parameter Scenario V Scenario VI NUREG-1150 _ SASM SCDAP/RELAPS
NUREG/CR-5809 NUREG/CR-6109
Case-3
UO, mass (mt) 0/10/30 0/23/55 15.7 38.1
ZrQO, mass (mt) 0/1.1/3.3 0/2.5/5.9 445 9.7
Zr mass (mt) 0/0.3/0.9 0/0.7/1.6 6.35 0.0
Steel mass (mt) 0.3/0.6/1.3 0.3/1.1/2.3 13.8 5.4
CRM mass (mt) 0 2 2.7 1.9
Total melt mass (mt) 0.3/12.0/35.5 2.3/29.3/66.8 43 55.1
Core fraction molten 0.003/0.1/0.33 0.02/0.29/0.65 0/0.28/0.60 0.42 0.54
Fraction Zr oxidized 0.15/0.40/0.65 0.15/0.40/0.65 0.08/0.32/0.76 0.40-0.50 0.53

Case 3 = 480 gpm/pump (maximum)
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Table B.9 Comparison with prior work for ANO-2

Parameter Scenario V Scenario VI NUREG-1150 SCDAP/RELAPS
. Case 1-2
UO, mass (mt) 0/13/36 0/23/56 42.1-50.6
Zr0O, mass (mt) 0/2.0/5.5 0/3.5/8.6 12.4-14.5
Zr mass (mt) 0/0.4/1.0 0/0.7/1.6 0-0.04
Steel mass (mt) 0 0 0-3.9
CRM mass (mt) 0 5 48-49
Total melt mass (mt) 0/15.4/42.5 0/32.2/71.2 59.3-73.9
Core fraction molten 0/0.14/0.38 0/0.29/0.63 0/0.28/0.60 0.53-0.66
Fraction Zr oxidized 0.15/0.40/0.65 0.15/0.40/0.65 0.08/0.32/0.76 0.47-0.45
Case 1 = 1.5 gpm/pump (best estimate); Case 2 = 220 gpm/pump (maximum).
Table B.10 Comparison with prior work for Calvert Cliffs
Parameter Scenario V Scenario VI NUREG-1150 SCDAP/RELAPS
Case 1-2
UO, mass (mt) 0/22/54 0/30/70 36.3-34.8
Z10, mass (mt) 0/3.3/8.1 0/4.5/10.5 9.4-9.0
Zr mass (mt) 0/0.66/1.6 0/0.69/2 0-0
Steel mass (mt) 0 0 0-0.4
CRM mass (mt) 0 5 1.7-1.6
Total melt mass (mt) 0/25.9/63.7 0/40.4/87.5 47.4-45.8
Core fraction molten 0/0.21/0.51 0/0.33/0.70 0/0.28/0.60 0.38-0.37
Fraction Zr oxidized 0.15/0.40/0.65 0.15/0.40/0.65 0.08/0.32/0.76 0.41-0.37

Case 1 = 1.5 gpm/pump (best estimate); Case 2 = 220 gpm/pump (maximum).
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Melt Mass/Composition Distributions
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Figure B.1 Crucible formation in a flooded RPV for Scenarios V and Va.
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Melt Mass/Composition Distributions
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APPENDIX C
Plant Geometry

Michael D. Allen and Martin M. Pilch
Sandia National Laboratories

C.1 Introduction

This appendix summarizes plant-specific information on the reactor cavity and subcompartment
region for each operating Westinghouse plant with a large dry containment or subatmospheric
containment. This information serves four needs:

To quantify debris dispersal fractions and to provide assessments of dispersal pathways,
To quantify the coherence ratio,

To quantify transport of debris to the dome, and

To catalog the potential for the reactor cavity to be deeply flooded.

b S

These quantifications are discussed below in greater detail.
C.2 Reactor Cavity Geometry

IDCOR (1985) categorized cavity geometries in 14 classes and provided a subjective
assessment of the dispersive qualities of each cavity. For completeness, the IDCOR descriptions
for all cavity types are listed below. The IDCOR descriptions refer to some plants that are no
longer operational, but we have made no attempt to update the discussion. Figure C.1 provides a
schematic of each of the IDCOR cavities. We have consulted the IPEs, FSARs, PSARs, and
sometimes the utilities to obtain a schematic of the cavity for all Westinghouse plants (excluding
ice condenser plants). This catalog of cavity schematics is shown in Figure C.2.

Table C.1 associates an IDCOR cavity type with each Westinghouse plant. IDCOR did not
provide an assessment for Kewaunee or Salem 1 & 2, so we have provided our own subjective
assessment (noted by parenthesis). In two cases, Diablo Canyon 1 & 2 and Vogtle 1 & 2, we did
not agree with the IDCOR assessment. For these plants we have supplemented the IDCOR
assessment with our own. The cavity geometry potentially impacts debris dispersal, coherence
ratio, and the possible impact of cavity water. Specific quantifications for these issues are
addressed in Sections C.2.1, C.2.2, and C.2.3, respectively.

The following is the IDCOR discussion of reactor cavity groups:

IDCOR Type A

This configuration is representative of Braidwood 1 & 2, Byron 1 & 2, and Zion 1 & 2, all of
which are Westinghouse/Sargent & Lundy plants. This configuration would allow debris
dispersal during a high pressure blowdown of the primary system as predicted in the Zion
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Plant Geometry

Probabilistic Safety Study and confirmed by the ANL and SNL experiments. The containment
structures that could possibly entrap debris after it was ejected from the reactor cavity and
instrument tunnel would be the lower side of the seal table room and two of the nearby walls.

IDCOR Type B

This configuration is representative of Seabrook, Indian Point 2 & 3, and Trojan which are
Westinghouse/United Engineers and Constructors and Bechtel plants. This geometry would
also not retain much debris after high-pressure melt ejection. It also has an additional manway
which would serve as a vent during such an event. The debris that would be ejected and
propelled upward from this type cavity would impact upon the bottom of the floor of the seal
table room. There is somewhat more surface area for the debris to impact upon than for a type
A configuration and thus more potential for aerosol generation.

IDCOR Type C

This configuration is representative of Sequoyah 1 & 2, Catawba 1 & 2, McGuire 1 & 2,
Diablo Canyon 1 & 2, Vogtle 1 & 2, and Watts Bar 1 & 2. These plants all have a
Westinghouse NSSS but a variety of containment A/Es (TVA, Duke, Pacific Gas & Electric,
Southern Services, and Bechtel). This type has a reduced potential for direct entrainment and
an increased potential for retaining a considerable amount of debris at steps and standoff
regions away from the main gas flow. The manway into this reactor cavity would serve as a
vent during such an event. The impingement locations for any ejected debris from the reactor
cavity from which an aerosol could perhaps be produced would be under the floor containing
the seal table and on the edges of some of the adjacent walls.

IDCOR Type D

This configuration is representative of Millstone 3, Beaver Valley 1 & 2, Ginna, Harris 1,
North Anna 1 & 2, Robinson 2, and Surry 1 & 2. All these plants have a Westinghouse NSSS,
and the containment A/Es were Stone & Webster, Gilbert & Associates, and Ebasco. This
configuration is expected to retain essentially all of the debris. Most of the debris would be
anticipated to initially accumulate at the sump end of this reactor cavity type. Authors Note:
Since the time of the IDCOR study, many experiments using low-temperature and high-
temperature simulant fluids have demonstrated that Surry-like cavities are not retentive as the
IDCOR study suggested.

IDCOR Type E

This is the configuration of South Texas 1 & 2, which are Westinghouse/Bechtel plants. Little
debris will escape this reactor cavity because the instrument tubes are individually sealed
through the concrete wall in the reactor cavity and the manway represents a tortuous path to
the upper compartments in the containment. The manway continues around in a circular
pattern for about 45° from the door location after which it starts up a flight of stairs. It is the
horizontal surface area of the roof in this stairwell compartment that provides nearly all the

NUREG/CR-6338 C-2



Plant Geometry

impaction area for the hypothetical generation of an aerosol that could then possibly be carried
up further into the containment.

IDCOR Type F

This configuration is representative of Calvert Cliffs 1 & 2, Arkansas 2, Millstone 2, and
Palisades which are all Combustion Engineering/Bechtel plants. Most all of the debris would
escape through the annulus between the reactor vessel and the biological shield. Most of the
ejected debris would then impact on the missile shield over the control rod drive mechanisms
and be accumulated in the refueling pool.

IDCOR Type G

This is the configuration of Oconee 1, 2, and 3 which are Babcock & Wilcox/Duke-Bechtel
plants. Not much core debris is expected to escape from this reactor cavity since the
instrument tunnel is dead ended. The instrument tubes are individually sealed as they pass
through separate penetrations in the floor before they enter the seal tank. Hence, significant
fractions of the debris inventory could not migrate up into the containment via this path. The
~0.76 m diameter access passage to the reactor cavity is brick filled but without any mortar. If
this is opened by the blowdown, debris would be distributed onto the containment floor and
would not provide for significant direct heating.

IDCOR Type H

This configuration is representative of Summer 1, Maine Yankee, Palo Verde 1, 2, 3, WNP 3,
Farley 1 & 2, Prairie Island 1 & 2, and Turkey Point 3 & 4. These plants have Combustion
Engineering & Westinghouse NSSS, and the containment A/Es were Stone & Webster,
Bechtel, Ebasco, Southern Services, Gilbert & Associates, and Pioneer. Little debris is
expected to escape from this configuration partially because of the trapping of such material at
the sump end of the lower cavity. The upper wall adjacent to where debris would accumulate
at the sump is also chambered thus providing additional flow area for the gas/vapor flow to
negotiate the turns without entraining the heavier debris.

IDCOR Type I

This configuration is representative of St. Lucie 1 & 2, Point Beach 1 & 2, and Waterford 3.
These plants have Westinghouse and Combustion Engineering NSSS, and the containment
AJ/Es were Bechtel and Ebasco. Not much core debris is expected to migrate to the upper
regions of the containment primarily because of the tortuous path involved in this
configuration. Furthermore, the flow area enlarges as the upper floor is approached, reducing
the velocity of the debris.
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IDCOR TypeJ

This is the configuration of San Onofre 2 & 3 which are Combustion Engineering/Bechtel
plants with top-mounted in-core instrumentation. A considerable amount of core material is
expected to escape from this reactor cavity through the cooling ducts and up around the RPV.
Most of the debris would probably pass up around the RPV since the total cooling duct flow
area is only about 40 percent of that around the RPV. Consequently, most of the debris
impaction area for possible aerosol generation would be on the main coolant lines just outside
of the RPV before they penetrate the concrete biological shield and also on the missile shield
over the control rod drive mechanisms.

IDCOR Type K

This configuration is representative of Arkansas Nuclear One and WNP 1 which have Babcock
& Wilcox NSSS and containments designed by Bechtel and United Engineers & Constructors,
respectively. Not much core material is expected to escape from this type even with the large
volume of the instrument tunnel because it is dead ended where the instrument tubes pass
through individually sealed penetrations in the floor supporting the seal tank. The most likely
debris migration path in such an event would be up around the RPV where the impaction area
would be that imposed by the main coolant lines between the RPV outer wall and concrete
biological shield as well as on the missile shield.

IDCOR Type L

This is the configuration of Bellefonte 1 & 2, which are Babcock & Wilcox/Tennessee Valley
Authority plants. Even though the instrument tunnel and the ventilating ducts are shown in the
same plant for simplicity, they are actually rotated about 120° from each other. Some core
material would be anticipated to escape from this configuration. Most is expected to traverse
up around the RPV and also out through the outboard cooling duct. Not much is anticipated
to migrate through the smaller flow area, inboard cooling duct, or through the large volume
instrument tunnel because it is sealed where the instrument tubes pass through the floor
supporting the seal tank. The impaction of core debris would most likely occur on the
structure above the outboard cooling duct exit and on the main coolant line in the annulus
surrounding the RPV.

IDCOR Type M

This configuration is representative of Callaway 1, Comanche Peak 1 & 2, Wolf Creek, and
Davis Besse 1. These plants have Westinghouse and Babcock & Wilcox NSSS and
containments designed by Bechtel, Gibbs & Hill, and Sargent & Lundy. This particular reactor
cavity arrangement is expected to retain a good fraction of the core material ejected from the
RPV. Most of this debris is anticipated to accumulate in the corner opposite the RPV which
contains the sump. The debris retention capabilities are enhanced by the manway which could
serve as a vent and the chamfered wall adjacent to the sump which would create more flow
area to relieve the gas/vapor flow during the blowdown.
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IDCOR Type N

This is the configuration of Yankee Rowe which is a Westinghouse/Stone & Webster plant. It
is expected that a reasonable fraction of the core material ejected from the RPV would exit this
cavity. The debris would most likely traverse up around the RPV because there are apparently
no penetrations nor vents in the lower region of the reactor vessel cavity. One of the few
structures that would most likely impede the debris migration out of the LRC would be the
borated water tank surrounding the RPV. Impaction of core debris on the main coolant lines
would occur as the debris exited the cavity. Authors’ Note: No operational reactors have this

cavity type.
C.2.1 Debris Dispersal

Debris dispersal from the reactor cavity has been the focus of many programs since the Zion
Probabilistic Safety Study (ZPSS, 1981). Spencer et al. (1982; 1983) showed that the threshold
for dispersal from the Zion reactor cavity is reasonably predicted by the Kutateladze criterion
proposed in the Zion Probabilistic Safety Study. IDCOR (1985) categorized existing cavity
geometries into 14 classes and provided a subjective assessment of the dispersive or nondispersive
qualities of each class. The IDCOR notion that cavity geometry influences debris dispersal has
been confirmed only partially by more recent experiments. Separate effects experiments using
low-temperature simulant fluids in the Zion, Surry, and Watts Bar geometries (Tutu et al., 1988a;
b; Tutu, 1990; Tutu and Ginsberg, 1990), in the Sizewell B geometry (MacBeth and Trenberth,
1987; Rose, 1987, MacBeth et al., 1988), and in Korean designs (Kim et al., 1992; Chun et al.,
1991) all show that cavity geometry is important only at low RCS pressures where dispersal is
incomplete. However, correlations proposed by these authors and independent correlations
(Levy, 1991) based on some of the same data all suggest that debris dispersal is nearly complete
at reactor scale for RCS pressures in excess of about 4 MPa, regardless of the cavity geometry.

Typical dispersal fractions of 62 - 89 percent have been observed in recent large-scale integral-
effects DCH experiments (Allen et al., 1994a; Blanchat et al,, 1994) and some smaller-scale
counterparts at ANL (Binder et al., 1994). The retained material predominantly appears as a thin
frozen crust on all cavity surfaces. This retention by freezing did not occur in dispersal
experiments using low temperature simulant fluids.

Henry (1989) and Ishii et al. (1993) analyzed the dispersal process as a competition between
film sweepout and surface entrainment. Ishii’s predictions have been confirmed qualitatively by
recent separate effects tests conducted at Purdue University (Ishii et al., 1993) using water as a
simulant for molten core material. These models, although differing in their details, both predict
that surface entrainment dominates the dispersal process for representative conditions of interest if
heating of the blowdown gas is significant. These predictions and conclusions are consistent with
the Ishii and Mishima (1989) correlation for the entrained liquid flux in annular two-phase flow.

The experiments of MacBeth et al. (1988) suggest that the fraction of melt swept from the

cavity is independent of physical scale. Correlations by Tutu and Ginsberg (1990) for the Zion
and Surry cavities (based on 1/42 scale experiments conducted at BNL and unpublished 1/10
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scale experiments conducted at SNL) suggest that the extent of dispersal is nearly independent of
physical scale. The correlations of Levy (1991), which are based on the same data suggest that
dispersal increases with physical scale. Other experiments (Kim et al., 1992; Chun et al., 1991)
also show that the extent of dispersal is nearly independent of physical scale. More recently, the
large-scale (1:10) integral effects DCH experiments (high temperature melts) conducted at SNL
(Allen et al., 1992c-h, Allen et al., 1993) and their smaller-scale counterparts (1:40) at ANL
(Binder et al., 1992a-f) show that the extent of melt dispersal is independent of physical scale.

Reactor cavities normally exist so in-core instrument guide tubes can have access to the lower
head of the RPV. Most dispersal experiments have been conducted without these structures in
the cavity. Rose (1987) found that modeling the guide tubes and their supports dramatically
reduced dispersal of low temperature simulant fluids from a model of the Sizewell B cavity. The
support structures are much more massive in the Sizewell reactor than typical U.S. reactors.
Allen et al. (1990), however, found that the guide tubes and their supports were forcibly ejected
from a model of the Surry cavity during the dispersal process. The distinguishing feature here is
that a high temperature melt cut (by ablation) the supports free from the anchors in the floor of
the cavity. . ‘

Surface entrainment results in fine fragmentation of the melt. Particle sizes have been
measured in some high temperature DCH experiments using either a Fe/AlLL,O; thermite (Tarbell et
al,, 1987; Allen et al., 1991, 1992a,b, 1994a,b) or a uranium thermite (Blomquist et al., 1985,
1986). Particle sizes are distributed lognormally with a mass mean diameter of ~0.5 - 1.5 mm and
a geometric standard deviation of ~4. Sienicki and Spencer (1986) showed that the mass mean
sizes in these experiments are qualitatively consistent with the correlation of Kataoka and Ishii
(1982). Ishii et al. (1993) and Zhang et al. (1994) have performed separate effects tests with
water and woods metal and found that the Kataoka correlation can underpredict the particle size
by as much as a factor of two. Zhang and Ishii (1995) attribute this to entrance region effects.

The Kataoka correlation sometimes predicts particle sizes from entrainment that are sufficiently
large that secondary fragmentation (We 2 12) can occur in the gas core (Sienicki and Spencer,
1986; Ishii et al., 1993). Using mean gas velocities and ignoring heating of the blowdown gas,
Ishii et al. (1993) predict a mass mean particle size of ~0.6 mm for a representative set of DCH
conditions. Larger particles are expected if secondary fragmentation does not go to completion
or if entrained debris slows the gas. On the other hand, smaller particles are expected if localized
gas velocities near the entrainment surface significantly exceed the mean gas velocity or if heating
of the blowdown gas is significant.

In summary, we expect that debris dispersal will be complete for RCS conditions of most
interest to DCH, except for some retention by freezing on cavity surfaces, for all cavity designs
representative of Westinghouse plants. We also expect that dispersal will be dominated by
surface entrainment and that the melt will be fragmented to sizes of ~1 mm.

We now seek a first order accounting of the quantity of melt that can freeze on cavity

structures. The fraction of melt that can disperse where freezing on cavity structures is the sole
mechanism for retention is given by
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The definition of each of these terms is given in the nomenclature section, C.5. The crust growth
constant ranges from A ~ 0.14 for thermite on concrete to A. ~ 0.48 for corium on concrete. We
assume that freezing occurs on cavity surfaces during the debris dispersal interval t = R.t, where
R. is the coherence ratio as discussed later in Section C.2.2 and 73 is the characteristic blowdown
time given by

_r+l 172
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Table C.2 validates the model predictions against the major DCH integral tests. Reactor
applications are both plant-specific and scenario-specific. The former is true because of geometric
differences and the latter is true because of the scenario dependent melt masses and RCS
pressures. Table C.1 lists the fraction dispersed for each plant and for each scenario, with the
evaluation being performed for the upper end of the mass distributions as quantified in Appendix
B. It is seen that freezing on cavity surfaces retains only ~10 percent of the melt for each plant
and scenario.

C.2.2 Coherence Ratio

The TCE model assumes that debris/gas interactions are limited to that portion of the
blowdown gas that is coherent with the dispersal process. The ratio of the characteristic dispersal
time to the characteristic time constant for blowdown is termed the coherence ratio. Smaller
values of the coherence ratio means that the primary heat sink for debris/gas thermal interactions
is smaller and that metal/steam reactions are more likely to be steam limited.

The notion that noncoherence (between debris dispersal and RCS blowdown) can limit DCH
interactions is not unique to the TCE model. Ginsberg and Tutu (1987) were the first to suggest
this limitation. Early CONTAIN calculations (Williams and Louie, 1988) also exhibited some
sensitivity to coherence, though the effect found was not large. The CLCH model (Yan and
Theofanous, 1993) also considers noncoherence as a basic modeling process. These analytic
reflections all have a solid basis in experiment observations. Unpublished real-time flash x-rays
taken at SNL show that dispersal is complete well before blowdown. In addition, many
experiments have been conducted (e.g., Allen et al., 1991; Allen et al., 1992a,b) with pyrometers
focused on the cavity exit. Pyrometer signals also confirm the notion of noncoherence, and they
suggest that cavity pressurization records can also be used to define the coherent interval.
Despite this physical evidence, no systematic experiments have ever been performed for the
purpose of directly validating the impact of noncoherence on DCH loads.

The database for the coherence ratio largely overlaps the range of individual parameters that

are of interest to reactor applications. However, the database does not include all possible
combinations of parameters for each of the potential applications; consequently, a correlation for
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the coherence ratio is required in order to fill gaps in the database. It is significant that any such
process is more closely analogous to interpolation rather than order of magnitude extrapolation.

Pilch (Appendix E in Pilch et al., 1994a) developed a correlation for the coherence ratio based
on momentum considerations. The Pilch correlation can be expressed as

1/4 1/2
T, T, M; A ch
Rr = = CRffdisp( ;(;Sj (Cd,h M‘: I/hv j
Ty d ' 2 RCS

, (C3)

where C; is a cavity-specific (weakly) multiple that is determined from experiment data. For an
isentropic blowdown of the RCS, the fraction of blowdown gas that is coherent with debris
dispersal is given by
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for R, £ 0.5, feon ~ Ry, so that R, is directly proportional to the amount of blowdown gas that can
_react with the debris.

Table C.1 summarizes information needed to quantify the coherence ratio for each plant.
Specifically, the coherence ratio correlation contains a lead multiplier that is a weak function of
plant geometry. Our goal is to quantify the multiplier and other geometric information needed to
compute the coherence ratio for each plant. In addition, we must specify a relative standard
deviation in our quantification of the coherence ratio.

The database on which the coherence ratio correlation is based contains Zion-like geometries
and Surry-like geometries, and the lead constant on the correlation is a weak function of the
cavity type. Our intent here is to further reduce the IDCOR categorization into 3 groups: Zion- -
like, Surry-like, and other. We define Zion-like cavities as having a U-tube layout with a slanted
riser section, and we define Surry-like cavities as having a U-tube layout with a vertical riser
section. Only two plants, South Texas 1 & 2, cannot be characterized as Zion-like or Surry-like.
Our assessments are summarized in Table C.1. Westinghouse cavities (41 total) are 27 percent
Zion-like, 68 percent Surry-like, and 5 percent neither. We expect no significant impact of
subcompartment geometry on coherence because all Westinghouse plants evaluated in this study
have a significant impaction structure near the cavity exit (i.e., flight paths similar to Surry and
Zion). :

Having further grouped the cavity designs, we assign the lead constant and relative standard
deviation appropriate to Zion to all Zion-like cavities. A similar procedure is followed for Surry.
Only South Texas 1 & 2 cannot be characterized as Zion-like or Surry-like. We biased (in the
conservative direction) the lead constant for South Texas 1 & 2 for the combined Zion/Surry
database by one standard deviation and then assigned the relative standard deviation appropriate
to the combined database to the biased correlation. Uncertainties resulting from a geometry
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significantly outside the current database are bounded in this fashion while still maintaining a
generous uncertainty distribution. The coherence constant and the relative standard deviation are
tabulated in Table C.3.

C.23  Cavity Water

NUREG/CR-6075 (Pilch et al., 1994a) identified the need to catalog the extent of cavity
flooding prior to vessel breach. The need is born from two questions:

1. What impact does cavity water have on DCH loads?
2. Can explosive or non-explosive FClIs in the cavity cause structural damage to the cavity?

This section catalogs the necessary information (to the extent available) to address these issues.

All reactor cavities will always contain some water due to condensation on cavity surfaces.
This water will typically collect in the cavity sump, so we refer to this situation as “dry.” The
issue then becomes whether the cavity can act as a collection point for condensate from the entire
containment or act as a collection point for RWST water should it be injected into the
containment during spray operation, ECCS operation, or operator action.

The IPEs generally assessed the likelihood that water will be present in the reactor cavity. We
consider three categories:

1. Dry cavities which contain only condensate levels of water,
2. Wet cavities which are only partially full, and
3. Flooded cavities which will overflow onto the basement floor.

We note, however, that a flooded cavity does not always mean that the lower head of the RPV is
submerged. A catalog of the IPE assessments of cavity water is provided at the end of this
section. These assessments are summarized in Table C.4. The IPE descriptions are sometimes
supplemented with our own subjective interpretations of the IPE descriptions in order to
categorize each cavity.

Reactor cavities are more likely to be dry if the RWST water is not injected into the
containment. Most cavities are either free standing or have a curb around the cavity entrance that
prevents containment condensate from draining into the cavity. The reactor cavity is a sump for
containment condensate in only four plants: Comanche Peak 1 & 2 and Indian Point 2 & 3. These
cavities will not be deeply flooded, however, because cavity and RCS volumes are comparable
and some RCS boiloff will exist as steam in the atmosphere and drainage of condensate from
structures to the cavity will not be complete.

Many reactor cavities will be deeply flooded if the RWST water is injected into the
containment through spray operation, ECCS operation, or operator action. Only 7 plants will
have dry cavities under these conditions: Farley 1 & 2, Kewaunee, South Texas 1 & 2, and Vogtle
1&2.
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Operation of the containment sprays is a dominant mode for injecting the RWST into the
containment (a LOCA with ECCS injection is the other). Table C.4 lists the spray activation
setpoint for each plant. The sprays can be activated in those SBO sequences where power is
recovered but core melt progression and lower head failure are not terminated. The spray -
setpoints can be compared to maximum containment pressure rise any time prior to vessel breach,
assuming hot leg failure does not occur. For a large dry containment such as Zion (Tadios and
Stamps, Appendix D in Pilch et al., 1994b) the maximum pressure rise was AP ~ 0.15 MPa
(22 psig); and for a subatmospheric containment such as Surry (Tadios and Stamps, Appendix D
in Pilch et al., 1995), the maximum pressure rise was AP ~ 0.17 MPa (17 psig). Thus, spray
activation seems likely for some containments.

Table C.4 further categorizes the cavities as excavated or free standing. Free standing cavities
are potentially vulnerable to damage in the event of high cavity pressures resulting from explosive
or non-explosive FCIs in the cavity. The failure pressure for each free standing cavity is not
known; but should cavity failure occur, the debris will be dispersed on the containment floor thus
minimizing DCH interactions. Excavated cavities are not vulnerable to damage from high cavity
pressures. '

The following catalog of cavity water assessments was compiled from IPE and other PSA
reports. :

Beaver Valley 1 & 2

Access to the keyway is through a steel hatch, which is hinged on one end of the hatch and
positively latched to the steel decking on the opposite end of the hatch with a screw. The
platform is located at Elevation 707'6”, whereas the floor of the keyway is at Elevation 690'11".
Thus, water in the containment proper would have to rise to a level of 14'7" above the floor
before it would overflow into the keyway. The exception is the case of a LOCA involving leaking
instrument tubes that would directly wet the cavity. Conversely, water that enters the reactor
cavity from the refueling tank would be unavailable for recirculation until the reactor cavity and
instrumentation tunnel filled to a level 16’7" above the cavity floor before it reached the decking
above the keyway. Approximately 64,800 gallons are estimated to be required to fill the reactor
cavity and instrumentation tunnel up to the RHR platform elevation.

Approximately 1,092,000 gallons of water are required to reach the 707'6” level in the
containment (excluding the volume in the keyway). The RWST has a minimum capacity of
441,000 gallons. Another 78,500 gallons are available from the accumulators, chemical addition
tank, and reactor coolant system. '

As is the case for the Surry Unit 1 containment, the Beaver Valley Unit 2 reactor cavity does
not communicate directly with the containment sump. A small sump pump (rated at 10 gpm) is
located at the bottom of the instrument tunnel near where the instrumentation tubes rise vertically
toward the seal table.
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Since it is not possible (unless an outside source of makeup is provided) to flood the reactor
cavity via “overflow” from the containment, the only significant source of water in the reactor
cavity prior to vessel failure results from operation of the quench spray (QS) system. If both QS
pumps operate, it is estimated that approximately 140 gpm of the spray will fall into the reactor
cavity. At this rate, water level in the reactor cavity and instrumentation tunnel would rise
approximately 0.03 feet/minute.

Braidwood 1 & 2

The lower compartment and reactor cavity regions communicate via the cavity instrument
tunnel and the reactor vessel nozzle openings in the biological shield wall. A removable hatch
cover is located at the top of the instrument tunnel at the 377’ elevation, and is essentially leak-
tight. With containment spray operation, some water will accumulate in the refueling cavity until
it overflows the 400’-1%" elevation and spills through the refueling seal area and the RPV annulus
into the reactor cavity. This means that most sequences will result in accumulation of some water
in the reactor cavity and, depending on timing and operation of containment spray, some
sequences may have enough time to immerse the lower head of the vessel. This ability to flood
the reactor cavity (even if only part way) is an important feature of the Braidwood containment
since the presence of water in the cavity plays a strong mitigative role in many severe accident
sequences.

Byron1 &2

A removable hatch cover is located at the top of the instrument tunnel at the 377’ elevation.
The hatch cover is not leak-tight. Also, there is an opening in the Unit 1 deck plate to permit
routing of the cavity sump pump discharge line, while in the Unit 2 deck plate there is an opening
to permit installation of a temporary sump pump during refueling outages. The cross-sectional
areas of the opening are estimated at 0.036 ft.* and 0.222 ft.%, respectively. This permits some
water to flow from the containment basement into the reactor cavity. In addition, containment
spray operation will cause water to accumulate in the refueling cavity until it overflows the 400’-
1*s” elevation and spills through the refueling seal area and the RPV annulus into the reactor
cavity. This means that most sequences will result in accumulation of some water in the reactor
cavity and, depending on timing and operation of containment spray, some sequences may have
enough time to immerse the lower head of the vessel. This ability to flood the reactor cavity
(even if only part way) is a very important feature of the Byron containment since the presence of
water in the cavity plays a strong mitigative role in many severe accident sequences.

Callaway

The plant-specific details of the cavity configuration were evaluated to determine whether
water can accumulate during core damage. The volume of the cavity is 16,837.8 f.2, with a
projected floor area of 645.72 ft.>. The volume of RWST inventory that would be injected into
the containment is approximately 245,000 gal. or 32,700 ft.>, based on the assured Technical
Specification volume plus instrument error. Thus, if a vessel breach were to occur and all of the
RWST water were injected into the containment, the cavity would be flooded approximately 31
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feet above the floor of the cavity. The bottom of the reactor vessel is 16.2 fi. above the floor of
the cavity.

Another advantage of the Callaway cavity design is that the second opening to the lower
compartment has a small (6 inch) curb around it. This curb is low enough such that, as water is
boiled away from the cavity by molten debris and condensed by containment coolers and/or sprays
onto the floor of the lower compartment, the resulting height of water on the lower compartment
floor is sufficient to ensure backflow into the cavity.

Comanche Peak 1 & 2

The absence of a curb between the cavity and the lower compartment allows nearly all the
water in the containment to drain into the cavity.

Diablo Canyon 1 & 2

An important consideration in Level 2 analysis is the accessibility of water to the reactor cavity
where it potentially would cool any core debris that may collect in the reactor cavity floor. Water
that can collect on the containment floor does not have direct access to the reactor cavity except
for leakage through the RCDT room fire door and damper gaps and the possible gaps in the
access covers. Air and water leakage through the RCDT room fire door and damper is extremely
limited. The seal table and ventilation duct are too high to provide injected RWST water access.
However, if the containment spray system is operating, a portion of the flow will fall into the
refueling cavity and drain into the reactor cavity via the clearance between the reactor vessel
thermal insulation and the biological shield. Additionally, after vessel breach, water in the reactor
coolant system will flow into the reactor cavity through the breach in the vessel. Water that
collects in the reactor cavity cannot drain out of the reactor cavity.

Farley 1 & 2

The FNP containment design does not facilitate flooding of the reactor cavity. Although water
can easily drain from the upper compartment to the annular and lower compartment floors, the
water on the lower compartment floor would have to reach a depth of 16 fi. before it could spill
into the reactor cavity. This is unlikely to occur at FNP, even during a severe accident in which
the entire usable refueling water storage tank (RWST) volume (450,000 gal) is injected into the
containment.

Ginna

The floor of the reactor cavity is located 25.7 ft. below the floor of the main containment
region. A six inch curbing exists above the floor of the main containment compartment at the top
of the instrument tunnel (where the instrument tubes exit the roof of the cavity). Hence,
whenever the contents of the RWST are injected into the containment, the cavity will be
completely filled and will remain filled (unless water inventory leaks from containment due to a
containment breach).
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H.B. Robinson

The cavity geometry creates the potential for reactor vessel submergence at vessel breach. A
submerged vessel affects vessel bottom head coolability and has the potential to mitigate ex-vessel
steam explosions and pressure loads associated with direct containment heating (DCH) during
HPME. During scenarios in which the RWST is completely injected, the water level would be
approximately 20 ft. above the bottom of the reactor vessel. The volume of the cavity region is
8548 ft.3, with a floor area of 453 ft.>. The height of the vessel bottom head relative to the cavity
floor is 15.16 ft. The base of the HBR2 cavity is at an elevation approximately 27 ft. below that
of the containment floor external to the cavity. Unlike other plants, the HBR2 cavity is not
surrounded by a concrete curb on the containment floor. Therefore, only a small fraction of the
RWST must be injected or approximately 50 percent of the RCS inventory lost to containment in
order to have water present in the cavity.

Indian Point 2 & 3

The Indian Point 2 design is such that water fills the reactor cavity when the primary system
contents are released. Also, the design of the sump is such that the containment floor is also
covered with water even when the RWST contents are not injected into containment. However,
if the debris is not in a coolable configuration then basemat melt-through may occur at Indian
Point 2. Basemat melt-through was considered in the Indian Point 2 IPE containment analysis.

Kewaunee

The Kewaunee containment does not facilitate flooding of the reactor cavity. Although water
can readily flow from the upper compartment to the lower and annular compartment floors, water
cannot access the cavity due to the instrument tunnel wall in the annular compartment. A
potential flow path does exist in the form of two access hatches located on the instrument tunnel
wall, approximately 2 feet off the floor of the annular compartment. These hatches are closed
during normal operations, but if they were left open the cavity could be easily flooded if the
RWST were injected into the containment.

Millstone 3
No assessment of cavity water was found.

North Anna 1 &2

Water can enter the cavity in one of two ways. Following vessel failure any water being
injected into the vessel will enter the cavity. If quench or recirculation sprays are operating then
that portion of the spray flow which falls into the refueling pool (estimated to be 16 percent of
total spray flow) will flow into the cavity (after the refueling transfer canal is filled). All other
spray water will flow to the containment sump. With full operatxon of all spray systems, the
cavity will fill with water in approximately 20 minutes.
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The maximum water elevation on the containment floor (outside the cavity) considering the
entire contents of the refueling water storage tank and the contents of the primary system is
approximately 6.0 ft. This is far short of the required depth of 16.5 ft. for overflow from the
lower containment/sump into the reactor cavity.

Point Beach 1 & 2

The PBNP containment facilitates flooding of the reactor cavity. Water can readily flow from
the upper compartment to the lower and annular compartment floors and access the cavity.
Access is in the form of two floor drains in the annular compartment. If there is water present on
the containment floor, the cavity will be wet. During most severe accident sequences, there will
be a water pool in the cavity. This feature of the PBNP containment has important implications
for core-concrete interactions, ex-vessel steam explosions, etc. Also, this feature allows for the
possibility of cooling the reactor vessel lower head externally, thereby averting vessel failure
altogether. No credit was taken for this latter possibility, however, in the PBNP PSA.

Prairie Island 1 & 2

The Prairie Island containment facilitates flooding of the reactor cavity. Water can readily flow
from the upper compartment to the annular containment floors and access the cavity. Access is in
the form of two personnel entry hatches located on the instrument tunnel, approximately 18" off
the floor of the containment. These two hatches are left slightly ajar during normal plant
operation. The base case assumption is that if the RWST is injected into containment, either by
continuous containment spray operation, or by injection flow out of a break in the primary system,
water will accumulate on the floor of the containment. Once the containment water level exceeds
18", water will begin to overflow into the cavity through the two access hatches. Since the flow
velocity going into the instrument tunnel may be sufficient enough to pull the doors closed, the
issue of RPV lower coolability will be treated as a sensitivity. This feature of the Prairie Island
containment has important implications for core-concrete interactions, ex-vessel steam explosions,
hydrogen combustion, etc. Also, this feature allows for the possibility of cooling the reactor
vessel lower head externally, thereby averting vessel failure altogether.

Salem1 & 2

The reactor cavities of each plant (Zion and Salem) allow cavity flooding if the refueling water
storage tank (RWST) is injected.

Seabrook

In the Seabrook design, the reactor cavity forms a well 27 feet below the level of the
containment floor. It has a volume of about 14,700 ft.> and thus will accommodate about 30
percent of the water volume which is injected from the RWST. Water can reach the reactor
cavity prior to vessel melt-through if the refueling water storage tank is discharged into the
containment building. In this case, water can reach the reactor cavity either by: (1) spray water
draining from the elevated portion of the refueling canal floor into the annulus region between the
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reactor vessel and the vessel support concrete structure, or (2) by spilling over the reactor cavity
curb after approximately 60 percent of the RWST is discharged on the containment floor. It is
concluded that with the RWST injected into the containment, the reactor cavity will always be
filled with water and the water level in the containment will be above the elevation of the reactor
cavity curb.

In the Seabrook plant, accident sequences in which the RWST is not discharged via the safety
injection or residual heat removal (RHR) pumps (no injection) and in which the sprays do not
operate would have no water in the reactor cavity prior to vessel melt-through. This is because
even spilling the entire primary coolant system inventory, including the accumulators, would result
in a water depth on the containment floor of less than half the curb height. Therefore, such
sequences would exhibit a dry cavity for Seabrook, whereas in the Indian Point design, the curb
was sufficiently low to have water present in the reactor cavity even without RWST discharge.
In the Seabrook containment response analysis, dry reactor cavity cases will therefore be given
greater emphasis, and these sequences will be referred to as dry sequences. Accident sequences
with the RWST injected will be referred to as wet sequences.

The Seabrook cavity design includes a 30” high curb around the reactor cavity. This means
that in the Seabrook design, most of the RWST contents must be injected before water will spill
over into the cavity. For Seabrook, the reactor cavity is full of water with RWST injection and is
dry without RWST injection.

Another difference is related to the height of the curb on the containment floor surrounding the
reactor cavity. The Seabrook design includes a 30” high curb, while in the comparison plants, the
curb height is only 6” high. This means that in the Seabrook design, most of the RWST contents
must be injected before water will spill over into the cavity. In the comparison plant designs, only
a small fraction of the RWST must be injected before flooding of the cavity occurs. However, for
both Seabrook and the comparison plants, the reactor cavity is full of water (wet) with RWST
injection and is dry without RWST injection. ’

Shearon Harris

During scenarios in which the RWST is injected, the water level would be approximately 13.5
ft. above the bottom of the cavity. The height of the vessel bottom head relative to the cavity
floor is 15 ft. 5 in. Thus, the bottom head would not be submerged as a result of discharging the
normal RWST inventory into containment, and ex-vessel cooling is not likely to happen at
SHNPP. The SHNPP cavity is surrounded by a 1.5 ft. concrete curb on the containment floor.
Thus, only in cases with the RWST injected would there be water present in the cavity prior to
RPV failure.

South Texas 1 & 2

Water access to the reactor cavities could be via the ventilation access tunnel at the reactor
cavity floor level (or) backup drainage through the single 4" diameter floor drain. There is no
possibility of water draining into the cavity around the penetrations for the instrument tubes where
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they penetrate through the biological shield wall. There is no clearance around these pipes in the
concrete wall. The area where the instrument tubes penetrate through the biological shield wall is
a recessed hatch area about 3 ft. high going into concrete about 3 to 4 ft. In this area it might be
difficult to get water access for debris cooling, even if water covers the debris in the main cavity
area. The in-core instrumentation room is level with the containment floor. The in-core
instrumentation tubes come out of the biological shield wall through a steel seal plate. The
instrument tubes in the instrument tube room are much thinner than on the reactor cavity side.
The view from the instrument tube room side also confirms that there is no water access from the
instrument room to the reactor cavity. Access to the instrument room is by a 4x4 fi. hollow steel
door at the floor level.

The refueling pit (refueling cavity) was inspected for any possibility of spray water draining
from the refueling pit around the reactor vessel into the reactor cavity. There is an approximately
8” high lip around the reactor vessel that will divert any water on the refueling pit floor to flow
around the reactor vessel and drain into the lower portion of the refueling pit where the fuel
transfer tube is located. The reactor vessel was filled up to the top of this 8” diversion lip and
there was no appearance of any water draining around the reactor vessel.

Summer

No assessment of cavity water was found.

Surry 1 & 2

Water can enter the cavity in one of two ways. Following vessel failure any water being
injected into the vessel will enter the cavity. If containment sprays are operating then that portion
of the spray flow which falls into the refueling pool (estimated to be 16 percent of total spray
flow) will flow into the cavity (after the refueling transfer canal is filled). All other spray water
will flow to the containment sump. With full operation of all spray systems, the cavity will fill
with water in approximately 20 minutes.

The maximum water elevation on the containment floor (outside the cavity), considering the
entire contents of the refueling water storage tank and the contents of the primary system, is
approximately 4.5 ft. This is far short of the required depth of 14.5 fi. for overflow from the
lower containment/sump into the reactor cavity.

Turkey Point 3 & 4

The Turkey Point containment internal design is such that all the floor drains are directed into
the reactor cavity sump via drain pipes. This feature makes the reactor cavity ‘wet’ for essentially
all the important sequences analyzed in the Turkey Point IPE.
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Vogtle 1 & 2

The VEGP containment does not facilitate flooding of the reactor cavity. Although water can
easily drain from the upper compartment to the annular and lower compartment floors, the water
on the lower compartment floor would have to reach a depth of 9 fi. 2 in. before it could spill into
the reactor cavity through the cavity sump pump discharge pipe penetration. This is unlikely to
occur at VEGP, even during a severe accident in which the entire usable RWST volume (628,000
gal) is injected into the containment.

Wolf Creek

The WCGS containment does not facilitate flooding of the reactor cavity. Although water can
easily drain from the upper compartment to the annular and lower compartment floors, the water
on the lower compartment floor would preferentially drain into the annular compartment since a
6" curb exists around the cavity manway and the annular compartment floor is 16” below that of
the lower compartment. Thus, the annular compartment would have to be flooded to a depth of
22" and the lower compartment to a depth of 6”, which would require a total liquid volume of
~114,500 gallons, prior to water entry into the cavity via the cavity manway opening. This
implies that only limited flooding of the cavity region is possible for sequences in which injection
of the RWST inventory occurs and that the cavity would be essentially dry otherwise.

Zionl &2

The Zion containment facilitates submerging the bottom portion of the reactor vessel with only
minimal water injection to the containment. Water can easily drain from the upper compartment
to the annular and lower compartment floors. Once the water on the lower compartment floor
reaches a depth of 6", it will spill into the cavity through the opening at the top of the instrument
tunnel. Injection of the RWST inventory above its low-level alarm setpoint would completely
flood the reactor cavity, fully submerging the RPV lower head and part of the vessel cylinder.
This ability to flood the reactor cavity (even if only part way) is a very important feature of the
Zion containment since the presence of water in the cavity plays a strong mitigative role in many
severe accident sequences.

C.3 Debris Transport to the Containment Dome

There are two primary debris transport pathways from the cavity to the containment dome in
Westinghouse plants: (1) through the annular gap between the RPV and the biological shield
wall, and (2) from the in-core instrument tunnel through the lower compartments. In the
calculations performed to assess the CCFP for W PWRs, all of the debris dispersed from the
cavity is assumed to enter these two debris transport pathways. The fraction of the debris that is
dispersed through each of these pathways.is calculated by dividing the minimum flow area of that
pathway by the total flow area out of the cavity. Most of the debris (90 percent) that flows
through the annular gap reaches the containment dome. On the other hand, much of the debris
that is ejected into the lower compartments from the cavity exit is trapped in the lower
compartments. This debris trapping is a major mitigation mechanism for DCH loads in W plants.
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C.3.1 Debris Transport Through the RPV Annular Gap

The annular gap around the RPV is a debris transport pathway to the upper dome. The SNL IET-
11 experiment showed that the melt-laden gas will melt the insulation and sweep it from the gap. The
- SNL HIPS-8C experiment also simulated the gap without insulation. Analysis of these two
experiments indicates that the fraction of dispersed debris that goes through the gap is equivalent to the
minimum flow area (without insulation) through the gap divided by the sum of the minimum gap and
tunnel flow areas (see Appendix I in Pilch et al,, 1994a for more development of the phenomena
involved and validation against a database for Zion and Surry designs). The HIPS-10S experiment
(Allen et al., 1990) showed that the in-core instrument tubes and their supports are forcibly ejected
from the cavity; consequently, the minimum tunnel flow area is evaluated without the presence of these
structures. This assessment of gap transport may be conservative because the experiments did not
model the neutron shields or other structures in the gap, because water is expected to be coejected
from the RPV with the melt, and because approximately 10 percent of the melt could be intercepted by
the missile shield (Bertodano, 1993). Nonetheless, containment loads are not sensitive to reasonable
variations in debris transport to the dome because hydrogen combustion is the dominant contributor to
loads.

The fraction of the debris transported through the annular gap between the RPV and the
biological shield wall (fg,,) is calculated in a manner consistent with what has been done
previously for Zion and Surry. Specifically, the gap transport fraction is calculated with the
equation below:

A

foo =—22 (C.5)
Ayt A,

where Ay, = the minimum flow area through the RPV annular gap between the RPV and
biological shield wall; this flow area was taken at the nozzles and was reduced by the projected
area of the nozzles, but the insulation, neutron shields, and refueling seal rings were not
considered, and A, = the minimum flow area out of the cavity through the instrument tunnel.

Agap, Acaviy, and feop for all 41 W PWRs are listed in Table C.5. We have taken nominal
credit for flow through the nozzle cutouts in the biological shield wall and nominal credit for
knockdown by the missile shield. Specifically, 10 percent of what goes up the gap is assumed to
be knocked down by the missile shield or flows out the nozzle cutouts into the steam generator
compartments. We base this estimate on woods metal experiments performed at Purdue
University (Bertodano, 1993) where nozzle cutouts and the missile shield were simulated. In
these experiments, ~17 - 20 percent of the melt going up the gap went through the nozzle cutouts
and another ~10 percent was knocked down by the missile shield. However, these tests were
performed at 1000 psi and other data indicate a decreasing trend with increasing pressure.
Lacking a model, or even a scaling rationale, we take only nominal credit for these processes.

C.3.2  Debris Transport Through the Lower Compartments

To perform TCE loads calculations for each W plant, we had to assess the fraction of the
debris ejected from the instrument tunnel exit that transported through the lower compartments
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into the containment dome. Plant drawings from all of the Westinghouse PWRs (41 plants at 25
sites) were reviewed. These drawings were reviewed with several key questions in mind: (1) Are
there at least two floors between the cavity exit and the containment upper dome that cause
significant trapping in the lower compartment region, as there were in both Zion and Surry? (2)
Are there significant direct line-of-sight debris transport pathways from the cavity exit to the -
containment upper dome? (3) Do the plants look enough like Zion or Surry so that the dome
transport fractions used in NUREG/CR-6075 for Zion (Pilch et al., 1994a) or in NUREG/CR-
6109 for Surry (Pilch et al., 1995) can be used in the extrapolation calculations? (4) Is there
additional information needed about individual plants that will allow us to make an estimate of the
dome transport fraction? and (5) Do the utilities make judgments about debris transport to the
upper dome in their IPE submittals that are relevant?

After reviewing the IPE drawings of all 41 Westinghouse plants, we were able to categorize
the lower compartment geometries into four distinct types: (1) Zion-like (17 plants); (2) Surry-
like (15 plants); (3) two-loop plants (6 plants); and (4) others (3 plants). These classifications are
shown in Table C.5. The IPEs often provided a short description of dispersal pathways through
lower compartment structures. Some of the typical descriptions are included in Section C.3.3.

In Zion geometry, numerous experiments have shown that a small amount of debris dispersed
from the cavity through the instrument tunnel (not the annular gap) will enter the upper dome, some
through the seal table room and some through vents above the reactor coolant pumps. For the
evaluations in this report, we assume 5 percent transport through the seal table room to the upper
dome. This subcompartment debris transport fraction is believed to be conservative because the Zion
experiments did not model the seal table that blocks access into the seal table room, the "penthouse"
over the cavity exit (a steel enclosure with blowout panels intended to deny unauthorized personnel
access to the cavity), or the vast array of in-core instrument guide tubes that will be dispersed from the
cavity with the debris. These additional structures are expected to significantly reduce debris transport
to the dome. Minimal transport to the dome is supported by additional scoping experiments using
water (FAI, 1991; Ginsberg and Tutu, 1988). A concrete plug must be displaced from the roof of the
seal table room before debris can pass to the upper dome. The concrete plug was simulated in the
IET-1,3 experiments (Allen et al., 1994a). The concrete plug was displaced in IET-1 but not in IET-3.

Debris transport through the seal table room to the dome is also expected in Surry geometry, but
the database is limited to only three experiments: SNL IET-9, 10, and 11 (Blanchat et al., 1994). The
seal table (which was simulated in two of the experiments) failed in IET-10, allowing transport through
the seal table room to the dome. The seal table, however, remained intact in IET-11, partially blocking
transport through the seal table room. An important difference in the tests is that the annular gap
around the RPV (which exists in the plant) was modeled in IET-11 but not in IET-10. For the
evaluations in this report, we assume 5 percent transport through the seal table room to the upper
dome. Such treatment, however, is deemed conservative because the Surry experiments did not model
the steel hatch (which restricts personnel access to the cavity), because the seal table may not fail,
because the experiments did not model the vast array of in-core instrument guide tubes that will be
dispersed from the cavity with the debris, and because concrete plugs in the roof of the seal table room
were not modeled.
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For all of the plants that are Zion or Surry-like, a transport fraction from the cavity exit to the
upper dome (fu) of 0.05 will be used in the extrapolation calculations, which is consistent with
NUREG/CR-6075 for Zion and NUREG/CR-6109 for Surry. In all of these plants, there are at
least two floors between the cavity exit and the upper dome (usually the seal table room floor and
ceiling, which is the operating deck level) and there are no significant direct line-of-sight debris
transport pathways to the upper dome.

The two-loop plants (Ginna, Kewaunee, Point Beach 1 & 2, and Prairie Island 1 & 2) have two
floors between the cavity exit and the upper dome: the seal table room floor and the operating
deck floor. However, these plants do have direct line-of-sight debris transport pathways from the
instrument tunnel exit to the containment dome. For this reason, the subcompartment debris
transport fraction (fuu), which were determined from experiments and used for all Zion-like and
Surry-like plants, cannot be used for two-loop plants. '

There are three plants (H.B. Robinson and South Texas 1&2) that are marked as “other” in
Table C.5. These plants do not look either like Zion or Surry and do not appear to meet the
criteria for using the debris transport fractions used for Zion in NUREG/CR-6075 and for Surry in
NUREG/CR-6109. The H.B. Robinson plant has two floors but has significant direct line-of-sight
debris transport pathways to the upper dome and will be treated using the same approach as used
for two-loop plants. South Texas 1&2 also are sufficiently different from both Zion and Surry
‘that a separate evaluation must be performed. In South Texas 1&2, the instrument guide tubes
are sealed by 2 feet of concrete and the only debris transport pathway out of the cavity besides the
RPV annular gap is through a tortuous manway into the lower compartments. There is no
vertical debris transport pathway from the cavity except through the annular gap between the
RPV and biological shield wall, so for South Texas 1&2 the fraction of debris that can be
transported through the lower compartments is assumed to be zero.

For plants with direct line-of-sight debris transport pathways from the instrument tunnel exit to
the containment dome, the subcompartment debris transport fraction (f,,) will be calculated with
a simple area ratio model that is tied to the Surry database, specifically SNL IET-10. In Surry,
the area of the seal table room opening (Ay,) over the area of the instrument tunnel exit (Acay exit)
is 0.28, and in IET-10, the fraction of the debris that was ejected from the cavity exit that entered
the seal table room was about 0.28. Thus, debris ejected at an opening will go through that
opening, and transport through openings can be calculated with simple area ratios. The exception
to this rule is if the cavity exit is much larger than the seal table room opening and the seal table
room opening is directly above the half of the cavity furthest from the RPV. DCH experiments
show that almost all of the debris is entrained out of the instrument tunnel along the wall furthest
away from the reactor pressure vessel. In some plants with very large cavity exit areas, virtually
all of the debris would be ejected from the half of the opening furthest away from the RPV.
Furthermore, if area ratios are greater than 1, the fraction is set to 1 since more than 100 percent
of the debris cannot be ejected through an opening. The simple model for the subcompartment
debris transport fraction (fiu) is
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where
Agr = the area of the seal table room opening,
Acvet = the area of the instrument tunnel (cavity) exit, and
Apac = the area of the opening in the operating deck that is directly above the

seal table.

In Equation C.6, nominal credit (0.05) is taken for the last array of equipment and structures that
could impede flow into or out of the seal table room. These include: steel hatches or
“penthouses” which restrict personnel access to the cavity, partial failure or nonfailure of the seal
table, the array of in-core instrument guide tubes and their support structures that will be
dispersed from the cavity with the debris, and equipment in the seal table room.

Two-loop plants and H.B. Robinson 2 have an opening in the seal table room and in the
operating deck directly above the cavity exit. The subcompartment debris transport fraction (fuub)
is calculated with Equation C.6 for these plants and is listed in Table C.5. We were unable to
obtain opening dimensions for Ginna, Kewaunee, and Prairie Island 1 & 2, and thus we are using
fuwb = 0.40 until we get the dimensions from the utilities.

Dome transport is the sum of contributions through the annular gap and through the lower
compartment structures, which is given by the equation below.

fdome :fgap(l_fnoz/xhld)+fmb(1_fgap) (C-7)

The values of these fractions are listed in Table C.5 for all of the W PWRs. The dome transport
fraction (fzme) is used directly in the TCE model to calculate the DCH load for all W plants.

C.3.3 IPE Descriptions of Debris Transport Through the Lower Compartments

After reviewing the IPEs from all 25 sites having Westinghouse plants, we characterized debris
transport through the lower compartments as belonging to one of the four following groups: (1)
Zion-like, (2) Surry-like, (3) two-loop plants, and (4) other. Our justification for assigning each
plant to one of these groups is given below. In addition, the IPEs submitted by the utilities often
contain brief descriptions of their assessments of debris transport through the lower
compartments. Their descriptions are included here for each of the plants.
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Beaver Valley 1 & 2

The lower compartment region of Beaver Valley 1 & 2 is essentially identical to Surry and,
therefore, the subcompartment transport fraction (fu) used for Surry in NUREG/CR-6109 (Pilch
et al., 1995) will also be used for Beaver Valley. We did not have a copy of the Beaver Valley
IPE.

Braidwood 1 & 2

The lower compartment region of Braidwood 1 & 2 is essentially identical to Zion and,
therefore, the subcompartment transport fraction (fus) used for Zion in NUREG/CR-6075,
Supplement 1 (Pilch et al.,, 1994b), will also be used for Braidwood. The IPE states that a
removable, leak-tight hatch cover is located at the exit of the instrument tunnel, however, the
instrument tunnel exit cover is not expected to significantly affect gas and core debris flow from
the cavity if the reactor vessel fails at high pressure. The seal table configuration is an important
feature of the Braidwood containment. The seal table configuration is expected to effectively
remove core debris entrained by gas flowing from the cavity following a high pressure vessel
blowdown. '

Byron1 &2

The lower compartment region of Byron 1 & 2 is essentially identical to Zion and, therefore,
the subcompartment transport fraction (fus) used for Zion in NUREG/CR-6075, Supplement 1,
will also be used for Byron. The Byron IPE states that the exit of the instrument tunnel is closed
by a removable cover. Although the instrument tunnel exit cover is not expected to significantly
affect gas and core debris flow from the cavity if the reactor vessel fails at high pressure, the seal
table configuration is an important feature of the Byron containment. The seal table configuration
is expected to effectively remove core debris entrained by gas flowing from the cavity following a
high pressure vessel blowdown.

Callaway

The Callaway NPP is similar to Surry with multiple floors and no direct line-of-sight debris
transport pathway to the containment dome. The subcompartment transport fraction (fu) used
for Surry will also be used for Callaway. The Callaway IPE states that the transport of core
debris through the reactor vessel annulus is hindered by the presence of a permanent, welded
neutron shield/reactor cavity seal ring. There is only a 2 inch annular gap between the reactor
vessel flange and the seal ring. Even if the seal ring were to be removed by the dynamic forces
following vessel failure, a larger flow area would be available through the instrument tunnel than
through the annulus around the vessel.

Comanche Peak 1 & 2
Comanche Peak 1 & 2 are Zion-like with multiple floor levels and no direct line-of-sight to the

containment dome. The subcompartment transport fraction (f.) used for Zion will also be used
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for Comanche Peak. The IPE states that there is an always open but tortuous path through the
containment lower compartment, which makes direct containment heating (DCH) difficult
because the obstacles would cause most' of the debris to be de-entrained from the blowdown
gases. ‘

Diablo Canyon 1 & 2

Diablo Canyon 1 & 2 are similar to Zion except for a vertical access hatch between the cavity
and the containment basement floor. The subcompartment transport fraction (fus) used for Zion
will also be used for Diablo Canyon. The IPE states that the clearance around the reactor vessel
is the only significant flow path between the reactor cavity and the main containment volume,
which is normally unobstructed. Less significant flow paths exist under and around the reactor
coolant drain tank (RCDT) room door, through the dampers and around the concrete covers. All
other potentially significant pathways would require the forceful removal of a barrier, such as a
damper, ventilation ducting, a door, or an access hatch cover.

Farley 1 & 2

The lower compartment design in Farley 1 & 2 is similar to the configuration in Surry. The
subcompartment transport fraction (fup) used for Surry will also be used for Farley. A large
opening (approximately 63 ft*) at the top of the instrument tunnel provides communication
between the instrument tunnel and the lower compartments. The IPE states that the seal table
configuration is an important feature of the Farley NPP containment because it provides an
effective structural barrier to debris entrainment from the cavity following a high-pressure vessel
blowdown. :

Ginna

Ginna is a two-loop plant that appears to have no line-of-sight debris transport pathways to the
containment dome, and thus, we have assumed that the subcompartment debris transport fraction
(faw) is zero. The Ginna IPE states that at the outer end of the instrument tunnel the instrument
tubes are directed vertically upward and exit through the ceiling of the cavity. The ceiling of the
cavity tunnel includes an opening above the cavity sump (covered by a removable metal plate) and
an opening for air ducting. The combined area of these two openings is 21.3 f2. This is a likely
pathway for debris (and water and gases) to be expelled from the cavity under high reactor vessel
pressure failure conditions. Two other possible pathways for debris to be dispersed from the
cavity involve transport through the annulus between the reactor vessel and biological shield to
enter the refueling pool or to the main coolant piping penetrations through the biological shield
wall.

H.B. Robinson

H.B. Robinson is classified as an “other” in Table C.5 because there are significant direct line-
of-sight debris transport pathways from the cavity to the containment dome. The IPE states that
for sequences in which debris is dispersed from the cavity tunnel and into the area of reactor
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coolant pump “B” bay, there is the possibility that debris can flow (or be expelled) through the 6
drain holes at the bottom of the crane wall, enter the annular compartment, and then directly
contact the liner. The drain holes are each 2 ft. square.

Indian Point 2 & 3

The lower compartment configuration in Indian Point 2 & 3 looks similar to Zion. There are
two floors, the seal table room floor and the operating deck, and there are no direct line-of-sight
~ debris transport pathways from the reactor cavity to the containment dome. Therefore, the
subcompartment debris transport fraction (f..») for Zion will also be used for Indian Point.

Kewaunee

Kewaunee is a two-loop design that has major direct line-of-sight debris transport pathways to
the containment dome. The instrument tunnel exit is a 5’6" diameter pipe leading to the seal table,
which is not enclosed in a room but is open to the entire containment. The IPE states that the
geometry of the cavity and structures at the exit of the seal table are important features of the
Kewaunee containment because they act to limit the extent of debris dispersed from the cavity
following a high-pressure melt ejection (HPME); however, based on their plant drawings, we
could only take marginal credit for the seal table and other structures because they would be
removed by high pressures or ablation by molten debris. The subcompartment debris transport
fraction (fus) for Kewaunee is assumed to be 0.95.

Millstone 3

The lower compartment configuration in Millstone 3 is similar to Surry. There are two floors
between the instrument tunnel exit and the containment dome region: the seal table room floor
and the operating deck. There are no direct line-of-sight debris transport pathways in Millstone 3.
Furthermore, there do not appear to be large access openings between the seal table room and the
operating deck. As a result, we conservatively chose the subcompartment debris transport
fraction (fw) to be the same as used for Surry.

North Anna 1 &2

The lower compartment configuration in North Anna 1 & 2 is very similar to Surry. We use
the same subcompartment debris transport fraction (f5) to the dome as was used for Surry, which
was based on 1/6™ and 1/10" scale experiments performed with Surry structures. The North
Anna IPE explains that the outer end of the instrument tunnel away from the reactor vessel is not
sloped as in some designs (e.g., Zion). This should result in a geometry somewhat less favorable
for debris dispersion out of the cavity following vessel failure. At the outer end of the instrument
tunnel the instrument tubes are directed vertically upward through a “cofferdam” raised above the
adjacent tunnel ceiling penetrating the seal table into the residual heat pump and heat exchanger
region. This is a likely pathway for debris (and water and gases) to be expelled from the cavity
under high reactor vessel pressure failure conditions. Other pathways for debris to be expelled
from the cavity include an approximate 9 ft* vertical ventilation duct on the roof of the instrument
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tunnel and an approximate 2 fi* horizontal ventilation duct at the 231 ft elevation through the

cylindrical portion of the reactor cavity wall. Two other possible pathways for debris to be

dispersed from the cavity involve transport through the annulus between the reactor vessel and

biological shield to either the refueling pool or to the main coolant pipe penetrations through the
- biological shield wall.

The North Anna IPE states that transport of material through the reactor vessel annulus is
hindered by the presence of the massive neutron shield tanks which occupy most of the volume
within the region between the reactor vessel and shield wall. In the remaining 6.5 in. gap between
the reactor vessel and neutron shield tank is 3.0 in. of insulation. There is approximately 20 ft* of
flow area around the reactor coolant piping penetrations in the shield wall. Stone and Webster
and Argonne National Laboratory have reviewed the Surry cavity design and judge that the
Benelux shield cans above the vessel nozzles would very likely be crushed and impacted against
the water seal ring at the top of the vessel-shield wall annulus (by the high pressure expulsion of
gases, from the reactor vessel accelerating debris/water up the annulus) closing off the flow
pathway for debris to the refueling pool region in the upper containment. Similar phenomena
would occur at North Anna since the configuration is similar at both plants.

Point Beach 1 & 2

Point Beach 1 & 2 are two-loop plants that are sufficiently different from Zion and Surry that
an independent assessment of the dome transport fraction had to be performed. Fortunately, there
were good drawings of the cavity and lower compartments in the Point Beach IPE. In addition,
we contacted representatives of the Point Beach NPP directly to obtain additional information.
There are two floors between the cavity and the containment dome region that will trap debris in
the lower compartments: the seal table room floor (with a 10’ x 10’ opening) and the operating
deck above the seal table room (with a 6'5%" x 6'5%" opening). These openings are both directly .
above the exit of the instrument tunnel and therefore represent a direct line-of-sight debris
transport pathway to the containment upper dome. For this reason, Point Beach cannot be
treated like Zion or Surry. We have performed an independent assessment of debris transport to
the dome region based on our understanding of the Point Beach geometry and the relevant
experimental data. For the Point Beach configuration, the subcompartment debris transport
fraction was determined using the methodology described in Section C.3.2 to be 0.41. The Point
Beach IPE states that the geometry of the cavity and structures at the exit of the seal table are
important features of the Point Beach NPP containment because they act to limit the extent of
debris dispersed from the cavity following a High Pressure Melt Ejection (HPME).

Prairie Island 1 & 2

Prairie Island 1 & 2 are two-loop plants that appear to be similar to Kewaunee. The
instrument tunnel exit is a 6’6" diameter pipe that leads to the seal table, which is not enclosed in a
room but is open to the containment atmosphere. The Prairie Island IPE states that the geometry
of the cavity and instrument tunnel, structures at the exit of the seal table, and openings in the
instrument tunnel are important features of the Prairie Island containment because they act to limit
the extent of debris dispersed from the cavity following a high pressure melt ejection (HPME).
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Since the seal table and other steel structures would be removed rapidly by high pressure or
ablation by molten debris, we only took marginal credit for these structures. The subcompartment
debris transport fraction for Prairie Island 1 & 2 is assumed to be 0.95.

Salem 1 & 2

The lower compartment configuration of Salem 1 & 2 is similar to Zion. We have chosen to
use the same subcompartment debris transport fraction (fi) for Salem 1 & 2 that was used for
Zion. The IPE provided the following two paragraphs on debris transport out of the cavity to the
containment dome region.

One possible flow path from the reactor cavity is up around the 4.6-inch radial gap between the
reactor vessel insulation and the cylindrical concrete shield wall surrounding the vessel. Flow
going in this direction would split, part going out the openings around the hot and cold leg
insulation (a 3.25-inch radial gap), which flows into the lower compartment, and the remaining
continuing upward around the vessel flange into the upper compartment.

The minimum flow area going up the instrument tunnel and out the instrument room is about
21 fi*. The flow area around the lower part of the reactor vessel is about 20 2. Since these flow
areas are nearly equal, if there were no other considerations, we would expect the core debris to
split almost equally between these two paths (with the flow around the vessel then splitting again
as mentioned above). However, we assume that all of the molten debris leaving the cavity in a
high pressure melt ejection would exit via the instrument tunnel path and out into the containment
annulus. If molten debris were to exit the bottom of the reactor vessel at a high velocity, to leave
the cavity via around the reactor vessel, the debris would have to make a complete 180° turn after
impacting the cavity floor. For the debris to exit the cavity up the instrument tunnel, the debris
must make a 90° turn after impacting the cavity floor, and then a 45° tum as it reaches the tunnel.
We believe that this geometric configuration of the cavity strongly favors the instrument tunnel
path. To further argue against the flow path around the reactor vessel, we believe that there is a
high likelihood that the vessel insulation could be stripped off the vessel, perhaps restricting this
flow path. ‘

Seabrook

The lower compartment configuration for the Seabrook NPP is similar to Zion. After
reviewing the IPE drawings, our assessment is that the subcompartment debris transport fractions
(fab) used for Zion in NUREG/CR-6075 (Pilch et al., 1994a), which were based on an extensive
database, also apply to the Seabrook plant. The Seabrook IPE has some discussion of DCH and
rules out DCH as a threat at Seabrook. It states that the impact of a DCH event at Seabrook is
mitigated by the cavity opening arrangement which does not easily permit the debris to be
dispersed above the lower compartment level. The PORYV study evaluated the pressure increase
resulting from a DCH event and found the peak pressure to be within the capacity of the
containment. This event is precluded if the RPV pressure at vessel failure is low, the operator
depressurizes using the PORV (DP=S), or the hot leg fails (HL=S).
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Shearon Harris

The Shearon Harris NPP has a lower compartment configuration similar to Surry. It has two
floors over the instrument tunnel exit: the seal table room floor and the operating deck floor.
There do not appear to be any direct line-of-sight debris transport pathways to the containment
dome. In addition, Shearon Harris appears to have a substantial missile shield that would
probably trap significant amounts of debris, dispersed through the annular gap, in the refueling
canal. Our assessment is that the subcompartment debris transport fraction (f,) for the Shearon
Harris NPP would be the same as for Surry. The IPE has a brief description about debris
transport in the lower compartments. It states that for sequences in which debris is dispersed
from the cavity tunnel and into the area surrounding the mouth of the cavity, there is the
possibility that debris can flow (or be expelled) through the drain holes at the bottom of the
secondary shield wall, enter the annular compartment, and then directly contact the containment
liner. The drain holes are each 2.25 ft square.

South Texas 1 & 2

The lower compartment structures in South Texas 1 & 2 do not look like those in Zion, Surry,
or any other plant that we have reviewed. A plan view of the reactor cavity and lower
compartments is shown in Figure C.3. The instrument guide tubes are sealed in 2 feet of concrete
in the instrument tunnel; this obstruction would block debris transport through the instrument
tunnel. There is an access labyrinth that has two openings to the lower compartments: a
ventilation duct and a personnel access hatch. In a HPME accident, debris could be ejected from
these two openings (A = 2.97m?) but it would be ejected horizontally and would not reach the
containment dome region. Debris dispersed from the cavity through this pathway would not be
actively involved in heating the containment atmosphere, and thus, we assumed f,;, = O for South
Texas 1 & 2. We also concluded that the only debris transport pathway from the cavity directly
to the containment dome was through the RPV annular gap (Ag, = 0.65 m®), and therefore, the
fraction of debris transported through the gap (fz.;) was calculated from equation C.5 to be 0.18.
Of the 92% of the molten debris that is assumed to be dispersed from the cavity, area ratios
indicate that most would be dispersed into the lower compartments and only 18% would be
transported to the dome where it would participate in the DCH event.

The IPE compares the South Texas Plant (STP) to Zion. It states that one notable difference
between the STP and Zion containments is the layout of the reactor cavity and containment floor.
Like Zion, STP has a cavity ventilation flowpath up around the reactor vessel and primary coolant
pipes to the steam generator compartment. However, the flowpaths to the lower part of the
cavity are different. Zion has a sunken cavity connected to the lower compartment by an
instrument tunnel, which provides a rather direct pathway to the lower and upper compartments.
On the other hand, in STP the bottom of the cavity is on the same level as the remainder of the
containment building floor. STP does not have an instrument “tunnel”; rather the instrument
tubes go through individual penetrations in a 2 ft thick concrete wall to the in-core instrument
room, which is adjacent to the cavity and on the same level. In place of a tunnel, STP does have
pathways between the cavity and lower compartment. There are connecting floor drains and there
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is an access labyrinth leading to an opening or keyway in the primary shield wall, containing both
a ventilation duct and a personnel door.

Summer

The lower compartment configuration of the Summer NPP is similar to Surry. There appear to
be three floors that will obstruct vertical debris transport to the containment dome region: a floor
at the instrument tunnel exit, the seal table room floor, and the operating deck floor.
Furthermore, there are no direct line-of-sight debris transport pathways through the lower
compartments. Our assessment is that debris transport from the cavity to the dome would be less
in Summer than in Surry, but we will conservatively use the Surry value for fi,; in the containment
loads evaluations performed with the TCE model.

Surry 1 &2

We have extensively reviewed drawings of the Surry lower compartments and have walked
through the plant. Surry has two floors over the exit of the instrument tunnel that trap debris in
the lower compartments: the seal table room floor and the operating deck floor. Debris trapping
in the lower compartments is a major mitigation feature in all W plants. The SNL IET
experiments performed in the Surry geometry (IET-9, 10, 11, and 12) showed that significant
amounts of debris was knocked down by the bottom of the seal table room floor into the residual
heat removal heat exchanger platform area and the containment basement. Much of the debris
that entered the seal table room was trapped there. A small amount of debris (5 percent) flowed
through the subcompartments and reached the containment dome region. Plants that appear to
have Surry-like lower compartment features will be assigned the same subcompartment transport
fraction (fis) as Surry for the TCE loads evaluations.

Turkey Point 3 & 4

The lower compartment configuration of Turkey Point 3 & 4 is similar to Surry. Turkey Point
has two floors over the instrument tunnel exit that would obstruct debris transport to the
containment dome region: the seal table room floor and the operating deck floor. There is a small
direct line-of-sight penetration in the operating deck floor directly above the seal table. There is a
24-inch polyethylene port for pulling the in-core instrument tubes. Our assessment is that Turkey
Point is sufficiently like Surry such that the same subcompartment debris transport fraction (fas)
through the lower compartments can be used in the TCE loads evaluations.

Vogtle 1 & 2

The lower compartment configuration of Vogtle 1 & 2 is similar to Zion. Vogtle has two
floors between the instrument tunnel exit and the containment dome region that obstruct debris
transport to the dome: the seal table room floor and the operating deck floor. There do not
appear to be any direct line-of-sight debris transport pathways to the dome. Our assessment is
that the lower compartments are sufficiently like Zion so that the same subcompartment debris
transport fraction (fus) can be used. The IPE has some description about debris transport through
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the lower compartments. It states that the instrument tunnel extends upward from the cavity floor
to the ceiling of the seal table enclosure. Near the top of the instrument tunnel, a concrete
platform extends nearly halfway across the seal table enclosure. The area above this platform is
open to the annular compartment. The seal table configuration is an important feature of the
Vogtle containment because it provides an effective structural barrier to debris entrainment from
the cavity following a high-pressure vessel biowdown.

Wolf Creek

Wolf Creek Generating Station (WCGS) has a similar lower compartment configuration to
Surry. It has at least two floors between the instrument tunnel exit and the containment dome
region. These floors, the seal table room floor and the operating deck floor, are a major
obstruction to debris transport to the dome. Furthermore, there are no direct line-of-sight debris
transport pathways to the dome and there are substantial other structures in the potential debris
flight path that will obstruct debris transport to the dome. Our assessment is that Wolf Creek is
enough like Surry that the subcompartment debris transport fraction (fus) can be used. The Wolf
Creek IPE states that the seal table configuration is an important feature of the WCGS
containment because it provides an effective structural barrier to debris entrainment from the
cavity following a high-pressure vessel blowdown.

Zionl &2

We have extensively reviewed drawings of the Zion lower compartments and have walked
through the plant. Zion has two floors over the exit of the instrument tunnel that trap debris in
the lower compartments: the seal table room floor and the operating deck floor. Debris trapping
in the lower compartments is a major mitigation feature in all W plants. The SNL IET
experiments performed in the Zion geometry (Allen et al., 1994a) showed that significant amounts
of debris was knocked down by the bottom of the seal table room floor into the containment
basement. Much of the debris that entered the seal table room was trapped there. A small
amount of debris (5 percent) flowed through the subcompartments and reached the containment
dome region. Plants that appear to have Zion-like lower compartment features will be assigned
the same subcompartment debris transport fraction (fi)as Zion for the TCE loads evaluations.
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CS Nomenclature

Acavexit = area of instrument tunnel exit

Acaviy = minimum flow area through the reactor cavity

Agp = minimum flow area through the annular gap around the RPV

Ay = area of hole in the RPV lower head

Ao deck = area of the opening in the operating deck that is directly above the seal table
A = surface area of the reactor cavity

Ay =  area of the seal table room opening

Cr: = constant in coherence ratio correlation

Can = discharge coefficient

foon = fraction of blowdown steam coherent with debris dispersal

fiiep = fraction of debris dispersed from cavity

fiome = fraction of dispersed debris that enters dome

fop = fraction of dispersed debris that enters the annular gap around the RPV

frozhid = fraction of dispersed debris that enters the RPV gap that flows back into the
subcompartments through nozzle cutouts in the biological shield wall or that
gets knocked down by the missile shield

fon = fraction of dispersed debris that enters the subcompartment and subsequently
passes through to the dome

M’y = initial melt mass

M’, = initial mass of RCS gas

M, . = gas remaining in the RCS at the end of debris dlspersal

MW_ges = molecular weight of RCS gas

P.rcs = RCS pressure at the end of debris dispersal

Pres = initial pressure in the RCS

Ry = universal gas constant

R. = coherence ratio

T = initial temperature of molten debris
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initial temperature of RCS gases
cavity volume
RCS volume

thermal diffusivity of frozen core material
thickness of frozen core debris on cavity walls
density of molten core debris
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growth rate constant for conduction limited freezing of a superheated liquid

on an infinite substrate
characteristic blowdown time

ratio of molar specific heats, C/C,
characteristic debris dispersal interval
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GOR
Beaver Valley 1,2 Stone & Webster D 0.91 0.92 Surry-Like 251 12.2 0.18
Braidwood 1,2 Sargent & Lundy A 0.93 0.93 Zion-Like 339 9.661 0.29
Byron 1,2 Sargent & Lundy A 0.93 0.93 Zion-Like 339 9.661 0.29
Callaway Bechtel M 0.90 0.90 Surry-Like 488 12.2 0.18
Comanche Peak 1,2 Gibbs & HIll M 0.91 0.91 Zion-Like 385 9.661 0.29
Diablo Canyon 1,2 Utility C(B) 0.91 0.91 Zion-Like 377 9.661 0.29
Farley 1,2 Southern Services/Bechtel H 0.89 0.91 Surry-Like 300 12.2 0.18
Ginna Gilbert D 0.77 0.87 Surry-Like 278 12.2 0.18
H.B. Robinson Ebasco D 0.91 0.92 Surry-Like 248 12.2 0.18
Indian Point 2,3 United Engin. and Const, B 0.94 0.94 Zion-Like 286 9.661 0.29
Kewaunee Pioneer H) 0.87 0.93 Surry-Like 136 12.2 0.18
Millstone 3 Stone & Webster D 0.94 0.94 Surry-Like 232 12.2 0.18
North Anna 1,2 Stone & Webster D 0.91 0.92 Surry-Like 252 12.2 0.18
Point Beach 1,2 Bechtel I (H) 0.85 0.92 Surry-Like 157 12.2 0.18
Prairie Island 1,2 Pioneer H . 0.86 0.92 Surry-Like 143 12.2 0.18
Salem 1,2 Utility (A) 0.94 0.94 Zion-Like 251 9.661 0.29
Seabrook United Engin. and Const, B 091 0.91 Zion-Like 491 9.661 0.29
Shearon Harris Ebasco D 0.91 0.92 Surry-Like 256 12.2 0.18
South Texas 1,2 Bechtel E 0.92 0.92 Other 304 14.6 0.33
Summer Gilbert H 0.90 0.92 Surry-Like 284 12.2 0.18
Surry 1,2 Stone & Webster D 0.88 0.90 Surry 360 12.2 0.18
Turkey Point 3,4 Bechtel H 0.89 0.91 Surry-Like 303 12.2 0.18
Vogtle 1,2 Southern Services/Bechtel C (M) 0.93 0.93 Zion-Like 275 9.661 0.29
Wolf Creck Bechtel/Sargent & Lundy M 0.93 0.93 Surry-Like 275 12.2 0.18
Zion 1,2 Sargent & Lundy A 0.95 0.95 Zion 230 9.661 0.29
Averages 0.90 0.92 290
Standard Deviations 0.037 0.016 86
Summary
41 Plants 8A 17 Zion-Like

5B 22 Surry-Like

10D 2 Other

2E

10H

6 M
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Table C.2 Validation of melt retention by freezing during cavity dispersal

Parameter SNL/IET-1 to 8B ANL/IET-1R to 8 SNL/IET-9 to 11
' Allen et al. 1994b Binder et al. 1994 Blanchat et al. 1994
Cavity Zion Zion Surry
Scale 1:10 1:40 1:5.75
Melt Simulant Fe/AlL,Os/Cr Fe/ALOs/Cr Fe/AlLOs/Cr
fasp Observed 0.62 - 0.89 0.69 - 0.80 0.73 - 0.89
f4ip Eq. C.1 0.91 0.85 0.88
Table C.3 Input for coherence ratio correlation
Cavity Type Coherence Constant Relative
Standard Deviation
‘Zion-like 9.661 0.29
Surry-like 12.2 0.18
Other 14.6 0.33
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Table C.4 Cavity water summary for Westinghouse plants

Beaver Valley 1,2 Stone & Webster Sub. Atm Dry Wet 1.5 Free Standing
Braidwood 1,2 Sargent & Lundy Large Dry Dry Wet Excavated
Byron 1,2 Sargent & Lundy Large Dry Wet Flooded Excavated
Callaway Bechtel Large Dry Dry Flooded 27 Excavated
Comanche Peak 1,2 Gibbs & HIll Large Dry Wet Flooded Excavated
Diablo Canyon 1,2 Utility Large Dry Dry Wet 22 Excavated
Farley 1,2 Southern Services/Bechtel Large Dry Dry Dry Excavated
Ginna Gilbert Large Dry Dry Flooded 28 Excavated
H.B. Robinson Ebasco Large Dry Wet Flooded 203 Excavated
Indian Point 2,3 United Engin. and Const. Large Dry Wet Flooded 28 Excavated
Kewaunee Pioneer Large Dry Dry Dry Free Standing
Millstone 3 Stone & Webster Sub. Atm. Free Standing
North Anna 1,2 Stone & Webster Sub. Atm. Dry Wet Free Standing
Point Beach 1,2 Bechtel Large Dry Wet Flooded Excavated
Prairie Island 1,2 Pioneer Large Dry Dry Flooded Free Standing
Salem 1,2 Utility Large Dry Flooded 253 Excavated
Seabrook United Engin. and Const. Large Dry Dry Flooded Excavated
Shearon Harris Ebasco Large Dry Dry Flooded 10.3 Excavated
South Texas 1,2 Bechtel Large Dry Dry Dry 9.5 Free Standing
Summer Gilbert Large Dry Excavated
Surry 1,2 Stone & Webster Sub. Atm. Dry Wet 5 Free Standing
Turkey Point 3,4 Bechtel Large Dry Wet Flooded Excavated
Vogtle 1,2 Southern Services/Bechtel Large Dry Dry Dry Excavated
Wolf Creek Bechtel/Sargent & Lundy Large Dry Dry Wet Excavated
Zion 1,2 Sargent & Lundy Large Dry Dry Flooded 23 Excavated
Averages 18.2

Standard Deviations 9.3

Summary 7 Sub Atm 0 Flooded 21 Flooded 29 Excavated

41 Plants 34 Large Dry 11 Wet 11 Wet 12 Free Standing
26 Dry 7 Dry
4 Unknown 2 Unknown
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Table C.5 Dome transport comparison table

Beaver Valley 1,2 Stone & Webster Surry-Like 1.00 3.51 0.222 0.05 0.1 0.238
Braidwood 1,2 Sargent & Lundy Zion-Like 1.50 8.38 0.152 0.05 0.1 0.179
Byron 1,2 Sargent & Lundy Zion-Like 1.50 8.38 0.152 0.05 0.1 0.179
Callaway Bechtel Surry-Like 2.20 12.9 0.146 0.05 0.1 0.174
Comanche Peak 1,2 Gibbs & Hill Zion-Like 2.75 11.2 0.197 0.05 0.1 0.218
Diablo Canyon 1,2 Utility Zion-Like 1.20 5.35 0.183 0.05 0.1 0.206
Farley 1,2 Southern Services/Bechtel | Surry-Like 1.21 5.67 0.176 0.05 0.1 0.199
Ginna Gilbert Two-Loop 1.03 3.97 0.206 0.00 0.1 0.185
H.B. Robinson Ebasco Other 0.61 3.33 0.155 0.57 0.1 0.621
Indian Point 2,3 United Engin. and Const. Zion-Like 1.20 6.95 0.147 0.05 0.1 0.175
Kewaunee Pioneer Two-Loop 1.08 1.89 0.364 0.95 0.1 0.932
Millstone 3 Stone & Webster Surry-Like 0.39 9.03 0.041 0.05 0.1 0.085
North Anna 1,2 Stone & Webster Surry-Like 1.00 7.01 0.125 0.05 0.1 0.156
Point Beach 1,2 Bechtel Two-Loop 1.60 2.18 0.423 0.36 0.1 0.589
Prairie Island 1,2 Pioneer Two-Loop - 1.08 1.89 0.364 0.95 0.1 0.932
Salem 1,2 Utility Zion-Like 1.88 7.02 0.211 0.05 0.1 0.230
Seabrook United Engin. and Const. Zion-Like 1.20 7.11 0.144 0.05 0.1 0.173
Shearon Harris Ebasco Surry-Like 0.68 16.7 0.039 0.05 0.1 0.083
South Texas 1,2 Bechtel Other 0.65 2.97 0.180 0.00 0.1 0.162
Summer Gilbert Surry-Like 0.44 7.30 0.057 0.05 0.1 0.098
Surry 1,2 Stone & Webster Surry 1.00 6.4 0.135 0.05 0.1 0.165
Turkey Point 3,4 Bechtel Surry-Like 0.59 3.24 0.154 0.05 0.1 0.181
Vogtle 1,2 Southern Services/Bechtel | Zion-Like 0.87 9.89 0.081 0.05 0.1 0.119
Wolf Creek Bechtel/Sargent & Lundy Surry-Like 1.20 7.39 0.140 0.05 0.1 0.169
Zion 1,2 Sargent & Lundy Zion 0.54 5.6 0.088 0.05 0.1 0.125
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Plant Geometry

Figure C.1. Schematic drawings of the IDCOR cavity groups.

NUREG/CR-6338 C-40



Plant Geometry

Figure C.1. Schematic drawings of the IDCOR cavity groups (continued).'
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Figure C.1. Schematic drawings of the IDCOR cavity groups (concluded).
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No Cavity Drawing Available
Beaver Valley 1 & 2

- Callaway Comanche Peak 1 & 2

Figure C.2. Schematic drawings of all Westinghouse cavities (excluding plants with
ice condenser containments).
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Diablo Canyon 1 & 2 Farley 1 &2
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H.B. Robinson 4 Indian Point 2 & 3

Figure C.2. Schematic drawings of all Westinghouse cavities (excluding plants with
ice condenser containments) (continued).
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Millstone 3

Point Beach 1 & 2 Prairie Island 1 & 2

Figure C.2. Schematic drawing of all Westinghouse cavities (excluding plants with
ice condenser containments) (continued).
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Shearon Harris

South Texas 1 & 2 Summer

Figure C.2. Schematic drawing of all Westinghouse cavities (excluding plants with
ice condenser containments) (continued).
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Surry 1 & 2 Turkey Point 3 & 4

Wolf Creek Zionl &2

Figure C.2. Schematic drawing of all Westinghouse cavities (excluding plants with
ice condenser containments) (concluded).
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Figure C.3. Reactor cavity and lower compartments of South Texas 1 and 2.
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. APPENDIX D
Catalog of the IPE Containment Fragility Curves for Operating
Pressurized Water Reactors (PWRs)

Ernc W. Klamerus ,
Sandia National Laboratories

D.1 Introduction

At the request of the U.S. NRC, the Individual Plant Examinations (IPEs) for all operating
Pressurized Water Reactors (PWRs) in the U.S. were assembled and containment fragility curves
obtained. Although this report focuses only on Westinghouse plants with large dry or subatmospheric
containments, we catalogue the fragility curves for all PWRs because this information will be used in
future DCH resolution efforts for the remaining plants. A list of the all PWRs in the U.S. is shown in
Table D.1 as taken from Lobner et al. (1990). The current status of these plants is shown in the last
column of this table. The containment fragility curves were taken from the IPEs of all the plants listed
as operating. The only exception is for Trojan, which submitted the IPE before it shut down and this is
included in this database.

The containment capacity results from each of the IPEs were examined and briefly reviewed and the
probability of containment failure was taken from them. In many cases this consisted of fragility curves
showing pressure versus cumulative failure probability. In other cases a mean or median failure
pressure was specified along with uncertainty bounds. In some cases, only curves or points for various
failure modes were given and a total probability of failure had to be constructed. '

For those IPEs presenting only a single curve, the curve was digitized, curve-fit with a spline
program and failure probabilities determined at intervals of 1 psig. For IPEs which reported medians
and uncertainties, a curve was developed and failure probabilities determined at intervals of 1 psig. The
few which reported only median, 5 percent and 95 percent values were fit to either a log-normal
distribution, normal distribution, or 3rd order spline function in order to get the best fit and failure
probabilities determined at 1 psig intervals. In most situations where this occurred, only the third order
spline provided an adequate fit to the three constraints.

Many of the IPE containment capacity analyses did not consider temperature or stated that
increased temperatures would have little effect on the capacity. Other IPEs performed the analysis at
either a single or multiple accident temperatures. For those which determined the capacity at different
temperatures, the analysis closest to 260°F (400 K) was selected as best representing the accident
temperatures expected in the DCH study.

It was observed that the licensee's level of effort and our estimate of the reliability of these
containment fragility curves varied significantly. In some cases a detailed analysis was performed for
every possible failure mode and an overall cumulative failure curve was determined by combining each
mode of failure. Other IPEs simply used containment fragility curves derived from other containments
or simply shifted other plant's fragility curves based on what they determined to be the difference in
ultimate capacity.
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This report briefly discusses (when given enough information) how the fragility curves were
determined from each IPE. In addition, the process of digitizing, fitting and tabulating the curves or
data given in the IPEs is discussed for every plant.

D.2 Steel Containments

D.2.1 Individual Containment Failure Curve Development
Catawba 1 & 2

The "Containment Capacity Assessment" for Catawba was performed as part of a PRA submitted
along with the Catawba IPE and is documented in Appendix G of the Catawba PRA. Catawba is an
ice condenser containment with a design pressure of 30 psig. The overall shell capacity analysis was
performed as part of the original FSAR. Leakage or failure of penetrations and other modes of failure
were analyzed. A mean failure pressure of 84.5 psig was computed and uncertainty assumed. A single
curve was developed and is shown in the PRA. This IPE curve was then digitized, fitted using a spline
program and failure probabilities determined at intervals of 1 psig. Temperature effects were not
considered in the analysis.

Davis Besse

The "Containment Failure Characterization" for Davis Besse is presented in Section 4 of the Davis
Besse IPE. Davis Besse is a large dry containment with a design pressure of 40 psig. The failure
determination was based on a capacity assessment performed for St. Lucie. The limiting vessel
strength was determined by hand calculations based on minimum required yield strengths at ambient
and elevated temperatures. Other failure modes were reviewed and screened. The resulting mean
failure pressure at 264°F was determined to be 85.2 psig with a COV of 0.16. Two plots were
developed for Davis Besse representing failure at ambient and 264°F temperatures. The IPE curve
representing T = 264°F was digitized, fitted using a spline program and failure probabilities determined
at intervals of 1 psig.

Kewaunee

The "Containment Failure Characterization" for Kewaunee is presented in Section 4.2 of the
Kewaunee IPE. Kewaunee is a large dry containment with a design pressure of 46 psig. A plant-
specific structural analysis of the containment was conducted and results presented. Four failure modes
were considered and a mean failure pressure of 166 psia (151 psig) was determined along with a 95
percent upper bound pressure and 5 percent lower bound pressure. The resulting plot as shown in the
IPE was digitized, fitted using a spline program and failure probabilities determined at intervals of 1
psig. Temperature effects were not considered in the analysis.
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Prairie Island 1 & 2

The "Containment Failure Characterization" for Prairie Island is presented in Section 4.4 of the
Prairie Island IPE. Prairie Island is a large dry containment with a design pressure of 41 psig. A plant-
specific structural analysis of the containment was conducted and resuits presented. Four failure modes
were considered and a mean failure pressure of 165 psia (150 psig) was given along with a 95 percent
upper bound pressure and 5 percent lower bound pressure. The resulting plot as shown in the IPE was
digitized, fitted using a spline program and failure probabilities determined at intervals of 1 psig.
Temperature effects were not considered in the analysis.

Sequoyah 1 & 2

The "Containment Structural Evaluation and Failure Characterization" for Sequoyah is presented in
Section 4.4 of the Sequoyah IPE for unit 1. Sequoyah is an ice condenser containment with a design
pressure of 10.8 psig. A plant-specific analysis was performed by EQE Engineering. A total of seven
failure modes were considered. For each failure mode a median failure pressure and log-normal
composite uncertainty (B.) were listed for various temperatures ranging from room temperature to
800°F. For this study, a log-normal curve was developed from the medians and f. for each failure
mode corresponding to a temperature of 200°F. These curves were then combined assuming total
independence and failure probabilities computed at intervals of 1 psig. This resulted in a median failure
pressure of about 68 psig.

St Tuciel &2

The "Containment Performance Analysis" for St. Lucie is presented in Section 4 and Appendix G of
the St Lucie IPE. St. Lucie is a large dry containment with a design pressure of 44 psig. The limiting
vessel strength was determined by hand calculations and minimum required yield strengths at ambient
temperatures. The resulting mean failure pressure was given as 95.4 psig. For uncertainty, a lower
bound 0 percent failure probability was assumed at 80 psig and an upper bound 100 percent was
assumed at 120 psig. A curved line was then fit through these three points as presented in the IPE.
The IPE curve was digitized, fitted using a spline program and failure probabilities determined at
intervals of 1 psig. Temperature effects were not considered in the analysis.

Waterford 3

The "Containment Failure Characterization" for Waterford is presented in Section 4.4 of the
Waterford IPE. Waterford is a large dry containment with a design pressure of 44 psig. A median
capacity of 135 psig was assumed based on comparisons with other containments. The uncertainty was
assumed to represent a log-normal distribution with a COV = 0.15. For this study, a log-normal curve
was developed from this information and failure probabilities computed at intervals of 1 psig.
Temperature effects were not considered in the analysis.

D-3 NUREG/CR-6338



IPE Fragility Curves

WattsBar 1 & 2

The "Containment Structural Evaluation and Failure Characterization" for Watts Bar is presented in
Section 4.4 of the Watts Bar IPE for Unit 1. Watts Bar is an ice condenser containment with a design
pressure of 15 psig. A plant-specific analysis was performed by EQE Engineering. A total of seven
failure modes were considered. For each failure mode a median failure pressure and log-normal
composite uncertainty () were listed for various temperatures ranging from room temperature to
800°F. For this study, a log-normal curve was developed from the medians and B, for each failure
mode corresponding to a temperature of 200°F. These curves were then combined assuming total
independence and failure probabilities computed at intervals of 1 psig. This resulted in a median failure
pressure of about 90 psig.

D22 Comparison of Steel Containments

All the data above were combined into a single spreadsheet for plotting and comparison purposes.
Figure D.1 compares all the large dry steel containment fragility curves. Similarly, Figure D.2
compares all ice condenser type steel containment fragility curves. Both graphs were plotted over the
same range of pressures (40-200 psig) for comparison purposes. The ice condenser containments were
plotted separately because of their lower design pressures (10.8-30 psig), which probably lead to a
lower fragility curve. However, the fragility curves for the dry containments, with higher design
pressures (40-46 psig), were not always much greater and have very different median capacities (85-

151 psig).

These variations in the fragilities might result from the different accident pressures used in the
original containment design. Therefore, each of the containment fragility curves was normalized to the
design accident pressure for that containment. These normalized fragility curves are shown for all the
steel containments in Figure D.3. Here, most of the curves are quite comparable with median failure
ratios in the range of 2-4 times the design pressure. The only exception to this is for two of the ice
condenser containments with the lowest design pressures, Sequoyah (10.8 psig) and Watts Bar (15
psig). These two containments had higher median failures of 6.3 (Sequoyah) and 6.0 (Watts Bar)
times the design pressure.

D.3 Reinforced Concrete Containments
D3.1 Individual Containment Failure Curve Development

Beaver Valley 1 & 2

The "Containment Failure Characterization" for Beaver Valley is presented in Section 4.4 of the
Beaver Valley IPE. Beaver Valley is a subatmospheric containment with a design pressure of 45 psig.
The failure capacity analysis was based on the Surry NUREG-1150 containment capacity results. This
was defended by comparing the two containments, which were very similar in design. The same mean
failure pressure for Surry of about 128 psig was used in the Beaver Valley IPE. Therefore the same
fragility curve developed for Surry was digitized, fitted using a spline program and failure probabilities
determined at intervals of 1 psig. Temperature effects were not considered in the analysis.
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Comanche Peak 1 & 2

The "Containment Failure Characterization" for Comanche Peak is presented in Section 4.4 of the
Comanche Peak IPE. Comanche Peak is a large dry containment with a design pressure of 50 psig.
The capacity of various failure modes were evaluated separately. Failure of the liner was predicted to
have a mean failure pressure of 114 psig and was given as the governing failure mode. The uncertainty
was assumed to represent a normal distribution with a COV = 0.07. For this study, a normally
distributed curve was developed from this information and failure probabilities computed at intervals of
1 psig. Temperature effects were not considered in the analysis.

D.C.Cookl1&2

The "Containment Failure Characterization" for D. C. Cook is presented in Section 4.3 of the D. C.
Cook IPE. D. C. Cook is an ice condenser containment with a design pressure of 12 psig. A plant-
specific structural analysis of the containment was conducted and results presented. The dominant
failure mode was identified as bending shear failure of the basemat. The median pressure capacity at
this location was given as 57.8 psig with a By = 0.14 and Br = 0.14 (Bc = 0.2). For this study, a log-
normal curve was developed from this information and failure probabilities computed at intervals of
1 psig. Temperature effects were not considered in the analysis.

Diablo Canyon 1 & 2

The "Containment Failure Characterization” for Diablo Canyon is presented in Section 4.4 of the
Diablo Canyon IPE. Diablo Canyon is a large dry containment with a design pressure of 47 psig. A
plant-specific analysis was performed, which examined ten separate failure modes. Temperature effects
were considered up to 350°F. For each failure mode a median failure pressure and log-normal
composite uncertainty () were listed. For this study, a log-normal curve was developed from the
medians and . for each failure mode. These curves were then combined assuming total independence
and failure probabilities computed at intervals of 1 psig. This resulted in a median failure pressure of
about 140 psig.

Haddam Neck

The "Containment Failure Characterization" for Haddam Neck is presented in Section 4.4 of the
Haddam Neck IPE. Haddam Neck is a large dry containment with a design pressure of 40 psig. Much
of the containment capacity analysis was based using the NUREG-1150 results for the Surry
containment. A median probability of failure was given as 90 psig. A 95 percent upper bound pressure
was given as 105 psig and S percent lower bound pressure was given as 66.7 psig. For this study, a
spline was fitted through these three points and failure probabilities determined at intervals of 1 psig.
Temperature effects were considered by applying correction factors to the pressure but remained about
1.0 up to temperatures of 340°F.
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Indian Point 2

The "Containment Building Failure Characterization" for Indian Point 2 is presented in Section 4.4
of the Indian Point 2 IPE. Indian Point 2 is a large dry containment with a design pressure of 47 psig.
Much of the containment capacity analysis was based using the NUREG-1150 results for the Surry
containment. Several possible failure modes were examined and a median probability of failure was
given as 126 psig. A 95 percent upper bound pressure was given as 150 psig and 5 percent lower
bound pressure was given as 95 psig. For this study, a spline was fitted through these three points and
failure probabilities determined at intervals of 1 psig. Temperature effects were not considered in the
analysis. '

Indian Point 3

The "Containment Failure Characterization" for Indian Point 3 is presented in Section 4.5 of the
Indian Point 3 IPE. Indian Point 3 is a large dry containment with a design pressure of 47 psig. Failure
of the containment was predicted to be liner tears near penetrations. The median failure pressure was
given as 134 psig along with a 95 percent upper bound pressure and 5 percent lower bound pressure,
at a temperature of 400°F. A curve was fit through these points and presented in the IPE. This IPE
curve was then digitized, fitted using a spline program and failure probabilities determined at intervals
of 1 psig.

Maine Yankee

The "Containment Ultimate Strength Evaluation" for Maine Yankee is presented in Section 4.4 of
the Maine Yankee IPE. Maine Yankee is a large dry containment with a design pressure of 55 psig. A
plant-specific structural analysis of the containment was conducted and results presented. Twelve
failure modes were considered at temperatures ranging from 300°F to 900°F. Medians and
uncertainties were quantitatively assessed for each failure mode. The composite containment failure
probability distribution was developed at several temperatures. The composite curve at a temperature
of 376°F as shown in the IPE was digitized, fitted using a spline program and failure probabilities
determined at intervals of 1 psig.

McGuire 1 & 2

The "Containment Capacity Assessment" for McGuire was performed as part of a PRA submitted
along with the McGuire IPE and is documented in Appendix G of the McGuire PRA. McGuire is an
ice condenser containment with a design pressure of 28 psig. Three modes of failure were considered
to dominate the containment capacity: overall shell, anchorage, and airlock. For each of these modes, a
mean failure pressure was given along with a standard deviation. These failures were combined (by the
analyst) to form a single curve representing the overall containment failure probability distribution, with
a mean failure pressure of 77 psig, as shown in the IPE. This IPE curve was then digitized, fitted using
a spline program and failure probabilities determined at intervals of 1 psig. Temperature effects were
not considered in the analysis.
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Millstone 3

The "Containment Failure Characterization" for Millstone 3 is presented in Section 4.4 of the
Millstone 3 IPE. Millstone 3 is a large dry containment with a design pressure of 45 psig. A full
structural analysis was performed to identify containment failure modes and failure pressures. The
various containment failure modes and corresponding failure pressure and variances were then
combined to give a containment failure distribution curve with a median failure pressure of 117.7 psig.
This curve was given in the IPE both graphically and in tabular form. The table of failure probabilities
at increments of 5 psig was fitted using a spline program and failure probabilities determined at
intervals of 1 psig. Temperature effects were not considered in the analysis.

North Anna 1 &2

The "Containment Building Failure Characterization" for North Anna is presented in Section 4.4 of
the North Anna IPE. North Anna is a subatmospheric containment with a design pressure of 45 psig.
The failure capacity analysis was based on the Surry NUREG-1150 containment capacity results. This
was defended by comparing the two containments, which were very similar in design. The same mean
failure pressure for Surry of about 128 psig was used in the North Anna IPE. Therefore the same
fragility curve developed for Surry was digitized, fitted using a spline program and failure probabilities
determined at intervals of 1 psig. Temperature effects were not considered in the analysis.

Salem1 &2

The "Containment Structural Evaluation and Failure Characterization" for Salem is presented in
Section 4.4 of the Salem IPE. Salem is a large dry containment with a design pressure of 47 psig. A
plant-specific analysis was performed by EQE Engineering. A total of ten failure modes were
considered. For each failure mode a median failure pressure and log-normal composite uncertainty ()
were listed for various temperatures ranging from 300°F to 800°F. These failure modes were
combined and plotted in the IPE. The IPE curve corresponding to a containment temperature of
300°F was then digitized, fitted using a spline program and failure probabilities determined at intervals
of 1 psig. The median failure pressure at 300°F was about 112 psig.

Seabrook 1

The "Containment Failure Characterization” for Seabrook is presented in Section 4.4 of the
Seabrook IPE. Seabrook is a large dry containment with an unusually high design pressure of 65 psig.
A full structural analysis was performed to identify containment failure modes and failure pressures.
Small leaks were determined to occur at a median pressure of 181 psia (166 psig). The lowest major
structural failure was expected in the cylindrical wall of the containment resulting in hoop failure at a
median pressure of 216 psig. The resulting containment fragility curve as shown in the IPE is based on
this major structural failure mode. This IPE curve (representing a major structural failure) was then
digitized, fitted using a spline program and failure probabilities determined at intervals of 1 psig.
Temperature effects were not considered in the analysis.
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Shearon Harris 1

The "Containment Failure Characterization" for Shearon Harris is presented in Section 4.4 of the
Shearon Harris IPE. Shearon Harris is a large dry containment with a design pressure of 45 psig. A
failure assessment of the containment was conducted and results presented. Four major failure modes
were considered for temperatures ranging from 300°F to 800°F. Median capacities and log-normal
uncertainties were listed for each failure mode. The lowest median capacity was due to failure of the
basemat in shear, for which a median failure pressure of 153 psig was given, and adopted as the
characteristic failure response of the containment. The basemat shear failure curve was developed at
300°F but also applies at higher temperatures. This IPE curve was then digitized, fitted using a spline
program and failure probabilities determined at intervals of 1 psig.

Surry 1 & 2

The "Containment Failure Characterization" for Surry is presented in the Surry IPE. Surry is a
subatmospheric containment with a design pressure of 45 psig. The failure capacity analysis was based
on the NUREG-1150 containment capacity results for the Surry containment. The identical
containment fragility curve was presented in the IPE. This best estimate curve, based on expert
elicitation, was then digitized, fitted using a spline program and failure probabilities determined at
intervals of 1 psig. Temperature effects were not considered in the analysis.

D32 Comparison of Reinforced Concrete Containments

All the data above was combined into a single spreadsheet for plotting and comparison purposes.
Figures D.4 through D.8 compare all the reinforced concrete containment fragility curves. All graphs
were plotted over the same range of pressures (40-200 psig) for comparison purposes, except
Figure D.5, the fragility curve for Seabrook (140-300 psig). The ice condenser containments were also
plotted separately because of their lower design pressures (12-28 psig), which probably lead to lower
fragility curves as shown in Figure D.8. The fragility curves for the other containments with higher
design pressures (40-65 psig) were usually higher but have very different median capacities (90-216
psig). This group of non-ice condenser type containments was also split up into three groups based on
their design pressure; those with higher design pressures (50-65 psig) in Figure D.4, those with a
medium design pressure (47 psig) in Figure D.6, and those with lower design pressures (40-45 psig) in
Figure D.7.

These variations in the fragilities might result from the different accident pressures used in the
original containment design. Therefore, each of the containment fragility curves was normalized to the
design accident pressure for that containment. These normalized fragility curves are shown for all the
reinforced concrete containments in Figures D.9 and D.10. Figure D.9 shows the larger containments
(diameter = 135-140 ft) and Figure D.10 shows the smaller containments (diameter = 115-130 ft). The
larger containments shown in Figure D.9 (all non-ice condenser types), show very comparable median
failure ratios in the range of 2-3.5 times the design pressure. The smaller containments in Figure D.10
are very comparable except for D.C. Cook, which is a low pressure (12 psig) ice condenser type
containment with a median failure of about 4.8 times the design pressure.
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D.4 Prestressed Concrete Containments
D41 Individual Containment Failure Curve Development
ANO-1

The "Containment Failure Characterization" for ANO-1 is presented in Section 4.4 of the ANO-1
IPE. ANO-1 is a large dry containment with a design pressure of 59 psig. Both global and local
reactor building failure analysis were performed. The most likely failure was judged to be liner tearing
and subsequent leakage due to reactor building overpressurization. The estimated mean failure
pressure was given as 154.3-psig. ANO-1 then utilized the NUREG-1150 fragility curves developed
for Surry and simply shifted them so the resulting mean would be 154.3 psig. For this study, the Surry
fragility curve already digitized was shifted to give a mean of 154.3 psig. Temperature effects were not
considered in the analysis.

ANO-2

The "Containment Failure Characterization" for ANO-2 is presented in Section 4.4 of the ANO-2
IPE. ANO-2 is a large dry containment with a design pressure of 54 psig. Both global and local
reactor building failure analysis were performed. The most likely failure was judged to be liner tearing
and subsequent leakage due to reactor building overpressurization. The estimated mean failure
- pressure was given as 141.3 psig. ANO-2 then utilized the NUREG-1150 fragility curves developed
for Surry and simply shifted them so the resulting mean would be 141.3 psig. For this study, the Surry
fragility curve already digitized was shifted to give a mean of 141.3 psig.

Braidwood 1 & 2

The "Containment Failure Characterization" for Braidwood is presented in Section 4.3 of the
Braidwood IPE. Braidwood is a large dry containment with a design pressure of 61 psig. The
containment capacity was taken directly from the analysis for Byron, which is apparently identical in
design. Various failure modes were considered and mean failure pressures and uncertainties were
listed for each mode. The most likely failure location in Unit 2 was determined to occur in the Bunker
Ramo electrical penetrations at 108 psig. Unit 1 did not contain these type of penetrations and
therefore resulted in a much higher median failure pressure of 125 psig. Unit 2, due to several Bunker
Ramo electrical penetrations, had a median failure pressure of about 98 psig. Therefore, two separate
fragilities were developed and plotted in the IPE. Both these IPE curves (Unit 1 & 2) were then
digitized, fitted using a spline program and failure probabilities determined at intervals of 1 psig.
Temperature effects were not considered in the analysis. .

Byronl &2

The "Containment Failure Characterization" for Byron is presented in Section 4.3 of the Byron IPE.
Byron is a large dry containment with a design pressure of 61 psig. A plant-specific structural analysis
of the containment was conducted and results presented. Various failure modes were considered and
mean failure pressures and uncertainties were listed for each mode. The most likely failure location in
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Unit 2 was determined to occur in the Bunker Ramo electrical penetrations at 108 psig. Unit 1 did not
contain these type of penetrations and therefore resulted in a much higher median failure pressure of
125 psig. Unit 2, due to several Bunker Ramo electrical penetrations, had a median failure pressure of
about 98 psig. Therefore, two separate fragilities were developed and plotted in the IPE. Both these
IPE curves (Unit 1 & 2) were then digitized, fitted using a spline program and failure probabilities
determined at intervals of 1 psig. Temperature effects were not considered in the analysis.

Callaway

The "Containment Failure Characterization" for Callaway is presented in Section 4.4 of the
Callaway IPE. Callaway is a large dry containment with a design pressure of 60 psig. A plant-specific
structural analysis of the containment was conducted and results presented. The containment strength
analysis identified the median ultimate pressure capacity to be 134.9 psig. The analysis was performed
for a containment temperature of 400°F. Composite containment failure curves were developed for
different confidence levels (5, 50, and 95 percent) and plotted in the IPE. For this study, a single mean
curve was developed. This was accomplished by first digitizing the three IPE confidence curves at ten
equally spaced probability intervals, then fitting a_curve through these three points resulting in a
confidence curve at each probability interval. These curves were then averaged at each pressure
increment in order to get a single cumulative mean failure probability curve at intervals of 1 psig.

Calvert Cliffs 1 & 2

The "Containment Ultimate Strength Evaluation” for Calvert Cliffs is presented in Section 4.4 of the
* Calvert Cliffs IPE. Calvert ClIiffs is a large dry containment with a design pressure of 50 psig. A plant-
specific analysis was performed by EQE Engineering. A total of seven failure modes were considered.
For each failure mode a median failure pressure and log-normal composite uncertainty () were listed
for various temperatures ranging from 400°F to 800°F. These failure modes were combined and
plotted in the IPE. The IPE curve corresponding to a containment temperature of 400°F was then
digitized, fitted using a spline program and failure probabilities determined at intervals of 1 psig. The
median failure pressure at 400°F was about 116 psig.

Crystal River 3

The "Containment Ultimate Strength Evaluation" for Crystal River is presented in Section 4.4 of the
Crystal River IPE. Crystal River is a large dry containment with a design pressure of 55 psig. A plant-
specific analysis was performed by ABB Impell Corporation. A total of seven failure modes were
considered. For each failure mode a median failure pressure and log-normal composite uncertainty (f3.)
were listed for various temperatures ranging from 300°F to 800°F. These failure modes were
combined and plotted in the IPE. The IPE curve corresponding to a containment temperature of
300°F was then digitized, fitted using a spline program and failure probabilities determined at intervals
of 1 psig. The median failure pressure at 300°F was about 122 psig.
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Farley 1 & 2

The "Containment Failure Characterization" for Farley is presented in Section 4.4 of the Farley IPE.
Farley is a large dry containment with a design pressure of 54 psig. A plant-specific analysis of the
containment was performed and results presented. Various failure modes were considered and mean
failure pressures and log-normal uncertainties given for each mode. The most likely failure location
was determined to occur in the cylinder wall due to excessive vertical stress. The total containment
failure probability curve was computed by combining the fragility curves for each failure mode using
Monte Carlo analysis. The combined containment fragility curve is shown in the IPE. This IPE curve
was then digitized, fitted using a spline program and failure probabilities determined at intervals of 1
psig. Temperature effects were not considered in the analysis.

Fort Calhoun 1

The "Containment Capacity Under Internal Overpressurization”" for Fort Calhoun is presented in
Section 4.4 of the Fort Calhoun IPE. Fort Calhoun is a large dry containment with a design pressure
of 60 psig. A total of eleven failure modes were considered. Mean capacities along with log-normal
random and systematic uncertainties were developed for only the seven most probable failure modes.
For this study, a log-normal curve was developed from the medians and combined uncertainties (B.) for
each failure mode. These curves were then combined assuming total independence and failure
probabilities computed at intervals of 1 psig. This resulted in a mean failure pressure of about 197 psig.
Temperature effects were not considered in the analysis.

Ginna

The "Containment Failure Characterization" for Ginna is presented in Section 4.4 of the Ginna IPE.
Ginna is a large dry containment with a design pressure of 60 psig. A plant-specific analysis was
performed by Ebasco Services. Global structural failure was found to be initiated in the hoop
reinforcement at a pressure of 155 psia. Liner tearing was estimated to occur at a pressure of 145 psia.
These two failure modes with uncertainties of 5 percent were combined to give a median failure
pressure of 144 psia (129 psig). This combined containment fragility curve was plotted in the IPE.
This IPE curve was then digitized, fitted using a spline program and failure probabilities determined at
intervals of 1 psig. Temperature effects were not considered in the analysis.

Milistone 2

The "Containment Failure Characterization" for Millstone 2 is presented in Section 4.4 of the
Milistone 2 IPE. Millstone 2 is a large dry containment with a design pressure of 54 psig. Three
modes of failure were subjected to a detailed plant-specific analysis. For each failure mode a median
failure pressure and log-normal uncertainties (B) were listed for various temperatures ranging from
400°F to 800°F. For this study, a log-normal curve was developed from the medians and Bs for each
failure mode corresponding to a temperature of 400°F. These curves were then combined assuming
total independence and failure probabilities computed at intervals of 1 psig. This resulted in a median
failure pressure of about 136 psig.
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Oconee 1. 2. &3

The "Containment Capacity Assessment" for Oconee was performed as part of a PRA submitted
along with the Oconee IPE and is documented in Appendix G of the Oconee PRA. Oconee is a large
dry containment with a design pressure of 59 psig. The overall shell capacity was determined using
finite element analysis and resulted in a mean ultimate capacity of 144 psig. A coefficient of variation
was assumed and a curve developed. This IPE curve was then digitized, fitted using a spline program
and failure probabilities determined at intervals of 1 psig. Temperature effects were not considered in
the analysis.

Palisades

The "Containment Structural Response and Failure Characterization" for Palisades is presented in
Section 3.4 of the Palisades IPE. Palisades is a large dry containment with a design pressure of 55
psig. A plant-specific structural analysis of the containment was conducted and results presented. The
compound containment fragility curve was presented in the form of two confidence curves, each curve
representing only the random uncertainty. The median failure pressure at 50 percent confidence was
about 141 psig. For this study, a single mean curve was developed. This was accomplished by first
digitizing the two IPE confidence curves at ten equally spaced probability intervals, then fitting a curve
through these two points with a log-normal uncertainty resulting in a confidence curve at each
probability interval. These curves were then averaged at each pressure increment in order to get a
single cumulative mean failure probability curve at intervals of 1 psig. Temperature effects were not
considered in the analysis.

Palo Verde 1, 2. & 3

The "Containment Failure Characterization" for Palo Verde is presented in Section 11.4 of the Palo
Verde IPE. Palo Verde is a large dry containment with a design pressure of 60 psig. A total of seven
failure modes were considered. For each failure mode a median failure pressure was given. After
combining these failure modes and applying uncertainties a mean containment failure pressure was
given as 169 psig. The probability of containment failure was presented in tabular form at increments
of 2 psig. Therefore, the IPE data was input, fitted using a spline program and failure probabilities
determined at intervals of 1 psig. Temperature effects were not considered in the analysis.

Point Beach 1 & 2

The "Containment Failure Characterization" for Point Beach is presented in Section 4.4 of the Point
Beach IPE. Point Beach is a large dry containment with a design pressure of 60 psig. A plant-specific
evaluation of the containment ultimate strength was performed. Two failure modes were determined
to dominate the containment capacity, hoop tendons and basemat/shell junction. Combining these two
modes of failure resulted in a mean failure pressure of 177 psia (162 psig). A plot was developed
showing the total failure probability curve and the contribution of each of the two failure modes and is
shown in the IPE. This IPE total failure probability curve was then digitized, fitted using a spline
program and failure probabilities determined at intervals of 1 psig. Temperature effects were not
considered in the analysis.
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Robinson 2

The "Containment Failure Characterization" for Robinson is presented in Section 4.4 of the
Robinson IPE. Robinson is a large dry containment with a design pressure of 42 psig. A containment
failure assessment was performed and identified five possible failure modes. The median capacity and a
plot of failure probability for all five failure modes are shown in the IPE at a temperature of 300°F.
However, when the plots were all shown on one graph they changed significantly and appear to be
incorrect.. Also, a bounding curve was shown to simply envelop the highest failure modes. This is
unrealistic since it assumes total dependence between each failure mode. For this study, two
containment fragility curves were re-computed for Robinson using the specified medians and
determining uncertainties. The first was developed using only the failure mode (wall-basemat shear
failure) which yields the highest early failure and has a median failure pressure of 130 psig. The other
curve, which is more realistic, was generated by re-combining all the failure modes assuming total
independence and resulted in a median failure pressure of 112 psig. Both curves were developed at
increments of 1 psig.

San Onofre 2 & 3

The "Containment Failure Characterization" for San Onofre 2&3 is presented in Section 4.4 of the
San Onofre 2&3 IPE. San Onofte is a large dry containment with a design pressure of 60 psig. A
plant-specific analysis was performed by EQE Engineering. A total of eight failure modes were
considered. For each failure mode a median failure pressure and log-normal composite uncertainty (B.)
were listed for an interior temperature of 420°F. For this study, a log-normal curve was developed
from the medians and [, for each failure mode corresponding to a temperature of 420°F. These curves
were then combined assuming total independence and failure probabilities computed at intervals of 1
psig. This resulted in a median failure pressure of about 135 psig.

South Texas 1 &2

The "Containment Structure Evaluation and Failure Characterization" for South Texas is presented
in Section 4.4 of the South Texas IPE. South Texas is a large dry containment with a design pressure
of 56 psig. Based on a review of the results of a number of plant-specific studies of containment
strength and the South Texas design report, median capacities at a temperature of 300°F were
assumed. Hoop failure in the cylinder wall was determined in the IPE to govern gross structural failure
at a median failure pressure of 136 psig. However, liner tearing is expected to occur much earlier, at a
median failure pressure of 112.8 psig. For this. study, liner tearing was assumed to govern the
containment failure and a fragility curve was developed with the specified log-normal uncertainty of
0.2, and failure probabilities computed at intervals of 1 psig.

Summer
The "Containment Failure Characterization" for Summer is presented in Section 4.3.2 of the

Summer IPE. Summer is a large dry containment with a design pressure of 55 psig. A plant-specific
evaluation of the containment ultimate strength was performed. Three failure modes were determined
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to dominate the containment capacity. Combining these three modes of failure resulted in a mean
failure pressure of 142 psig. A plot was developed showing the total failure probability curve and the
contribution of each of the three failure modes and is shown in the IPE. This IPE total failure
probability curve was then digitized, fitted using a spline program and failure probabilities determined
at intervals of 1 psig. Temperature effects were not considered in the analysis.

Three Mile Island 1

The "TMI-1 Containment Capacity" for Three Mile Island 1 (TMI-1) was performed as part of a
PRA submitted along with the TMI-1 IPE and is documented in Appendix I of the TMI-1 PRA. TMI-
1 is a large dry containment with a design pressure of 55 psig. Comparisons were made in the PRA
with the containment at Oconee and it was determined that the containment fragility curves for Oconee
could be used directly for TMI-1. The same mean failure pressure for Oconee of 144 psig was not
modified in the TMI-1 PRA. Therefore the same fragility curve developed for Oconee was digitized,
fitted using a spline program and failure probabilities determined at intervals of 1 psig. Temperature
effects were not considered in the analysis.

Trojan

The "Containment Failure Characterization" for Trojan is presented in Section 4.4 of the Trojan
IPE. Although the Trojan Nuclear Plant is now closed, the IPE was already submitted and easily
accessible, so the containment fragility curves were cataloged for this study. Trojan is a large dry
containment with a design pressure of 60 psig. Several failure modes were considered and their
individual ultimate pressure capacities given. Failure in the cylinder tendons due to excessive hoop
stresses was the limiting failure pressure with a capacity of 151 psig. This value was then taken as a
median and using the uncertainty developed for the NUREG-1150 Zion containment, a probability of
containment failure was developed and shown in the IPE. This IPE curve was then digitized, fitted
using a spline program and failure probabilities determined at intervals of 1 psig. Temperature effects
were not considered in the analysis.

Turkey Point3 & 4

The "Turkey Point Containment Failure Pressure Characterization" is presented in Section 4.4 of the
Turkey Point IPE. Turkey Point is a large dry containment with a design pressure of 59 psig. The
containment response to potential pressure loads was evaluated for two failure modes, structural failure
and liner tearing. The overall containment failure pressure was estimated to be 150 psig. To obtain
uncertainty, an adjustment of the pressure loads calculated for Surry in the NUREG-1150 study were
used to characterize the pressure distribution for Turkey Point. The resulting containment fragility
curve is shown in the IPE in Section 4.6. This IPE curve was then digitized, fitted using a spline
program and failure probabilities determined at intervals of 1 psig. Temperature effects were not
considered in the analysis.
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Vogtle1 & 2

The "Containment Failure Characterization”" for Vogtle is presented in Section 4.4 of the Vogtle
IPE. Vogtle is a large dry containment with a design pressure of 52 psig. A plant-specific evaluation
of the containment ultimate strength was performed. Three failure modes were determined to
dominate the containment capacity. Combining these three modes of failure resulted in a mean failure
pressure of about 139 psig. A plot was developed showing the total failure probability curve and the
contribution of each of the three failure modes and is shown in the IPE. This IPE total failure
probability curve was then digitized, fitted using a spline program and failure probabilities determined
at intervals of 1 psig. Temperature effects were not considered in the analysis.

- Wolf Creek

The "Containment Failure Characterization" for Wolf Creek is presented in Section 4.2.5 of the
Wolf Creek IPE. Wolf Creek is a large dry containment with a design pressure of 60 psig. A plant-
specific evaluation of the containment ultimate strength was performed. A median probability of failure
was given as 127.6 psig. A 95 percent upper bound pressure was given as 136 psig and 5 percent
lower bound pressure was given as 99 psig. For this study, a spline was fitted through these three
points and failure probabilities determined at intervals of 1 psig. Temperature effects were not
considered in the analysis.

Zionl &2

The "Containment Analysis" for Zion is presented in Section 4.3 of the Zion IPE. Zion is a large dry
containment with a design pressure of 47 psig. A plant-specific evaluation of the containment ultimate
strength was performed. Two failure modes were determined to dominate the containment capacity,
hoop tendons and basemat/cylinder junction. Combining these two modes of failure resulted in a mean
failure pressure of about 134 psig. A plot was developed showing the total failure probability curve
and the contribution of each of the two failure modes and is shown in the IPE. This IPE total failure
probability curve was then digitized, fitted using a spline program and failure probabilities determined
at intervals of 1 psig. Temperature effects were not considered in the analysis.

D42 Comparison of Prestressed Concrete Containments

All the data above was combined into a single spreadsheet for plotting and comparison purposes.
Figures D.11 through D.14 compare all the prestressed concrete containment fragility curves. All
graphs were plotted over the same range of pressures (40-200 psig) for comparison purposes. There
are no ice condenser type prestressed concrete containments. It is interesting to note that for
containments with the highest design pressures (59-61 psig), the larger containments (diameter = 135-
150 ft) typically failed at lower pressure than did the smaller containments (diameter = 105-124 ft), as
shown in Figures D.11 and D.12. The containments with a medium design pressure (55-56 psig) and
lower design pressures (42-54 psig) were both very similar, with median failure pressures all in the
range of 110-150 psig, as shown in Figures D.13 and D.14.
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These variations in the fragilities might result from the different accident pressures used in the
original containment design. Therefore, each of the containment fragility curves was normalized to the
design accident pressure for that containment. These normalized fragility curves are shown for all the
prestressed concrete containments in Figures D.15 through D.17. The larger containments (diameter =
135-150 ft) are shown in Figure D.15, the medium sized containments (diameter = 124-130 ft) in
Figure D.16, and the smaller containments (diameter = 105-116 ft) in Figure D.17. All these plots
show very good agreement among all prestressed concrete containments. The size of the containment
does not appear to greatly influence the capacity. Out of the 25 prestressed concrete containments
shown, only two have median failures outside 2-3 times the design pressure range.

D.S Spreadsheet of Containment Failure Probabilities

The failure probabilities developed above in Sections D.2 through D.4 for all the PWR steel,
reinforced and prestressed concrete containments were combined into a single spreadsheet. This
spreadsheet lists each of the PWR containment by name across the top and pressure along the first
column in increments of 1 psig, ranging form 20 psig up to 300 psig. The MPa-abs conversion is in the
second column and ranges from 0.239 to 2.170. Each of the containment failure probabilities were
then entered to match the appropriate internally applied pressure for all 51 containment fragility curves.
This spreadsheet was then used to compare failure probabilities and plot the containment fragility
curves shown in this report. This spreadsheet in shown in Table D.2 for every containment and
pressure ranging from 20 to 260 psig (0.239 to 1.894 MPa-abs).

A separate spreadsheet was also developed for all the containment fragility curves normalized to the
design pressure of each containment. This spreadsheet is in the same format as the spreadsheet
described above except that the first column is the ratio of applied pressure to design pressure ranging
from 0.20 to 8.00 in increments of 0.02. The primary use of this spreadsheet was to plot the
normalized containment fragility curves for comparison purposes, as shown in Sections D.2 through
DA

D.6 References
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Table D.1 Comparison of PWR Containments

Plant Name Construction Design | Internal Primary
Material Pressure | Diameter | Containment | Status
(psig) ®) Type
ANO-1 Prestressed Concr. 59 116 Dry Oper.
ANO-2 Prestressed Concr. 54 116 Dry Oper.
Beaver Valley 1 & 2 Reinforced Concr. 45 126 Subatmosp. Oper.
Bellefonte 1 & 2 Prestressed Concr. 50 135 Dry Cancel.
Braidwood 1 & 2 Prestressed Concr. 61 140 Dry ‘Oper.
Byron1 &2 Prestressed Concr. 61 140 Dry Oper.
Callaway Prestressed Concr. 60 140 Dry Oper.
Calvert Cliffs 1 & 2 Prestressed Concr. 50 130 Dry Oper.
Catawba 1 & 2 Steel 30 115 Ice Condens. | Oper.
Comanche Peak 1 & 2 Reinforced Concr. 50 135 Dry Oper.
Crystal River 3 Prestressed Concr. 55 130 Dry Oper.
D.C.Cook1&2 Reinforced Concr. 12 115 Ice Condens. Oper.
Davis Besse Steel 40 130 Dry Oper.
Diablo Canyon 1 & 2 Reinforced Concr. 47 140 Dry Oper.
Farley 1 & 2 Prestressed Concr. 54 130 Dry Oper.
Fort Calhoun 1 Prestressed Concr. 60 110 Dry Oper.
Ginna Prestressed Concr. 60 105 Dry Oper.
Haddam Neck Reinforced Concr. 40 136 Dry Oper.
Indian Point 2 Reinforced Concr. 47 135 Dry Oper.
Indian Point 3 Reinforced Concr. 47 135 Dry Oper.
Kewaunee Steel 46 108 Dry Oper.
Maine Yankee Reinforced Concr. 55 135 Dry Oper.
McGuire 1 & 2 Reinforced Concr. 28 115 Ice Condens. Oper.
Millstone 2 Prestressed Concr. 54 130 Dry Oper.
Milistone 3 Reinforced Concr. 45 140 Subatmosp. Oper.
North Anna 1 & 2 Reinforced Concr. 45 126 Subatmosp. Oper.
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Table D.1 Comparison of PWR Containments (continued)
Construction Design | Internal Primary
Plant Name Material Pressure { Diameter | Containment Status
(psig) (ft) Type
Oconee 1,2, & 3 Prestressed Concr. 59 116 Dry Oper.
Palisades Prestressed Concr. 55 116 Dry Oper.
Palo Verde 1,2, & 3 Prestressed Concr. 60 146 Dry Oper.
Point Beach 1 & 2 Prestressed Concr. 60 - 105 Dry Oper.
|| Prairie Island 1 & 2 Steel 41 105 Dry Oper.
Rancho Seco Prestressed Concr. 59 130 Dry Closed
Robinson 2 Prestressed Concr. 42 130 Dry Oper.
Salem 1 & 2 Reinforced Concr. 47 140 Dry Oper.
San Onofre 1 Steel 47 140 Dry Closed
San Onofre 2 & 3 Prestressed Concr. 60 150 Dry Oper.
Seabrook 1 Reinforced Concr. 65 140 Dry Oper.
Sequoyah 1 & 2 Steel 10.8 106 Ice Condens. Oper.
Shearon Harris 1 Reinforced Concr. 45 130 Dry Oper.
South Texas 1 & 2 Prestressed Concr. 56 150 Dry - Oper.
St. Lucie 1 & 2 Steel 44 140 Dry Oper.
Summer Prestressed Concr. 55 126 . Dry Oper.
Surry 1 & 2 Reinforced Concr. 45 126 Subatmosp. Oper.
Three Mile Island 1 Prestressed Concr. 55 130 Dry Oper.
Trojan Prestressed Concr. 60 124 Dry Closed
Turkey Point 3 & 4 Prestressed Concr. 59 116 Dry Oper.
Vogtle 1 & 2 Prestressed Concr. 52 140 Dry Oper.
Waterford 3 Steel 44 140 Dry Oper.
Watts Bar 1 & 2 Steel 15 115 Ice Condens. | Constr.
Wolf Creek Prestressed Concr. 60 135 Dry Oper.
Yankee Rowe Steel 34 125 Dry Closed
Zionl &2 Prestressed Concr. 47 141 Dry Oper.
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Table D.2 Cumulative containment failure probabilities
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Table D.2 Cumulative containment failure probabilities (continued)

Name ANO-1 ANO-2 BesverV. Praidwdt Braldwd2 Byont
Matorial PreConc PraConc ReConc. PreConc PreCanc  Pre Conc
Cont Type .
Design Pressure (psig) 66 64 45 [}] 61 81
NoTemp NoTemp NoTenmp NoTemp No Temp
Fit Type Suty edSury Sury Byron 1 Byon2  BestEst
PSIG MPa abs
101 0.788 0.0004 0.0216 0.099 0.0985 0.7748 0.0985
102 0.805 0.001 0.0239 0.1079 0.1087 0.836% 0.1087
103 0811 0.002 0.0269 0.1171 0.1196 0.8876 0.1196
104 08138 0.0034 0.0308 0.1268 01311 09276 0.1311
105 0.825 0.0051 0.0356 0.138 0.1432 0.9569 0.1432
106 0.832 0.007 0.0412 0.1438 0.158 0.9766 0.156
107 0.839 0.009 0.0473 0.15%6 0.1694 0.9885 0.1684
108 0.846 0.0111 0.0538 0.1678 0.1836 09952 0.1836
109 0.853 0.0131 0.0602 0.13818 0.1887 0.9987 0.1887
110 0.860 0015 0.0667 0.1888 02148 1 02148
" 0.8367 0.0188 0.0734 02194 02318 1 02318
112 0.874 0.0183 0.0804 02425 0.2497 1 02497
113 0.880 0.0199 0.0879 0.2664 0.2682 1 02682
114 0.887 0.0216 0.0961 0.2892 02871 1 02871
115 0.894 0.0239 0.1049 0.208 0.3064 1 0.2064
116 0.901 0.0269 0.1144 0.3242 0.3261 1 0.3261
117 0.908 0.0308 0.1236 0.3355 0.3462 1 0.3462
118 0915 0.0356 0.4332 0.3444 0.3665 ] 0.3665
119 0922 0.0412 0.4428 0.3526 0.287 1 0.387
120 0.929 0.0473 0.1528 0.3616 0.4076 1 0.4076
121 0.936 0.0538 0.1641 03728 0.4283 1 0.4283
12 0.642 0.0602 0.1774 0.3863 0.4496 1 0.4496
123 0.849 0.0667 0.1934 0.4018 0.4719 1 04719
124 0.956 0.0734 02128 0.4187 0.4958 1 0.4958
125 0.963 0.0804 0.2354 0.4365 052 1 052
126 0.970 0.0879 0.2592 0.4548 0.5438 1 0.5433
127 0977 0.0961 02826 04731 0.567 1 0.567
128 0.984 0.1049 0.3034 0.491 0.5899 1 0.5899
129 0.991 0.1141 0.3201 0.508 06126 1 0.6126
130 0.938 0.1236 0.3324 0.5242 0.6352 1 0.6352
131 1.005 0.1332 0.3418 0.5402 0.6579 1 0.6579
132 1.011 0.1428 0.3501 0.5562 0.6808 1 0.6808
133 1.018 0.1528 0.3587 0.5728 0.704 1 0.704
134 1.025 0.1641 0.3691 0.5503 0.7273 1 0.7273
135 1.032 0.1774 0.3821 0.6093 0.7501 1 0.7501
136 1.039 0.1934 0397 063 07719 1 0.7719
137 1.046 02128 0.4135 0.8524 0.7923 1 0.7923
138 1.053 02354 0.4311 0.6762 0.8112 1 0.8112
139 1.060 0.2592 0.4433 0.7012 0.8253 1 0.8293
140 1067 0.2826 0.4677 0.7272 0.8459 1 0.8469
141 1.073 0.3034 0.4857 0.7538 0.8645 1 0.8645
142 1.080 0.3201 0.503 0.7809 0.8813 1 0.8813
143 1.087 03324 05194 0.8082 0.8968 1 0.8968
1“4 1.094 0.3419 0.5354 0.8354 09103 1 0.9103
145 1.101 0.3501 0.5514 0.862 0.9218 1 0.9218
146 1.108 0.3587 0.5677 0.8873 0832 1 09322
147 1415 0.3681 0585 08107 09422 1 0.9422
148 1122 03821 0.6034 0.9317 0.9519 1 09519
149 1.129 0.397 0.6236 08485 0.9611 1 0.8611
150 1.136 04135 0.6455 0.9635 0.9651 1 0.9691
151, 1.142 0.4311 0.669 0.9724 0.9761 1 09761
152 1.149 0.4493 0.6936 09788 0.8819 1 0.8319
1523 1.156 04677 0.7183 0.9335 0.8867 1 0.8867
154 1.163 0.4857 0.7458 09855 0.9907 1 Q9907
155 1.170 0.503 07727 0.9866 0.9938 1 0.9938
156 1477 0.5194 08 09876 0.9962 1 0.9962
157 1.184 0.5354 0.8273 0.9888 0.9979 1 09979
158 1.181 0.5514 08541 0589 0.9991 1 0.9991
159 1.188 0.5677 0.8799 09913 0.9997 1 0.9997
160 1204 0.585 0.8039 0.9926 1 1 1
161 1211 0.6034 09257 0994 1 1 1
162 1218 0.6236 0.9445 09955 1 1 1
163 1225 0.6455 0.9597 0997 1 1 1
164 1232 0.669 09708 0.998% 1 1 1
165 1239 0.6936 09781 1 1 1 1
166 1246 0.7183 0.9826 1 1 1 1
167 12583 0.7458 0885 1 1 1 1
168 1260 0.7727 0.8863 1 1 1 1
169 1267 0.8 08373 1 1 1 1
170 1273 0.8273 0.9885 ] 1 1 1
171 1280 0.8541 09897 1 1 1 1
172 1287 0.8799 0991 1 1 1 1
m 1284 0.9039 0.9924 1 1 1 1
174 1.301 0.9257 09938 1 1 1 1
175 1.308 0.8445 0.9953 1 1 1 1
176 1313 0.9597 0.9969 1 1 1 1
m 1322 0.9708 0.9884 1 1 1 1
178 1329 09781 1 1 1 1 1
179 1338 0.8326 1 1 1 1 1
180 1342 0.985 1 1 1 1 1
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)

Neme Oavis-Bes Diablo

Waterish Steel ReConc. PreConc

Cont. Type Ory

Design Pressure (psig) 40 4 84

Aralysis Temp. F 350F No Temp

At Type BestEst LnMsB Best Est.

PSIG WMPa ads

20 0.239 ] [+]

21 0246 0 0

2 0253 0 0

2 0.260 [} [}

24 0.267 ] ]

25 0274 (1] [}

26 0.281 ] -]

b4 0287 ] ]

2 0.294 ] 0

2 0.301 0 ]

0 0.308 0 0

31 0.315 [ 0

32 0322 o [+]

33 0.323 4 o

M 0.336 ] /]

s 0343 0 ]

36 0.350 4] ]

37 0.356 0 0

38 0363 0 [

33 0.370 [} 0

40 0377 0 ]

L3 0384 0 0

42 0.391 [ 0

9 0.398 ] 0

4 0.405 0 ]

45 0412 1] +]

46 0418 [+] [+]

47 0.425 [} 0

48 0.432 [ 0

49 0.433 [ ]

50 0.446 o 0

51 0.453 0.0011 ]

52. 0.460 0.0022 4]

53 0.467 0.0031 ]

54 0474 0.004 [}

5 0481 0.0048 ]

56 0.487 0.0061 0

57 0.4954 0.008 0

58 0.501 0.0105 [}

59 0.508 0.0137 4]

60 0515 0.0175 4]

61 0.522 0.022 o

62 0.829 0.0275 [}

63 0.536 0.0342 0

64 0.543 0.0425 0

&5 0.549 0.0525 0

-] 0.556 0.0641 1]

&7 0.563 0.0772 1]

&8 0.570 0.0918 4]

1] o577 0.1079 4]

70 0.584 0.1256 [}

T4 0.591 0.1458 0

7 0.598 0.169 0

n 0.605 0.1831 ]

74 0612 0216 ]

s 0.618 0.2398 ]

7% 0.625 02676 0

" 0.632 0.2978 0

) 0.639 0.3266 0.0001

kil 0.646 0.355 0.0001

] 0.653 0.33%8 0.0001

8 0.660 0.4184 0.0001

&2 0.667 0.4502 0.0002

<] 0.674 0479 0.0002

] 0.680 05073 0.0003

8 - 0.687 0.5392 0.0004

3 0.694 0.5711 0.0005

87 0.701 0.5995 0.0007

] 0.708 0.6251 0.0009

[ ] 0.715 0.6516 0.0011

[ [ r] 0.6792 0.0014

91 0.729 0.7057 0.0017

« 0.736 07298 ©0.0021

<] 0.743 0.7518 0.0026 0.0001

) 0.749 0.7715 0.0032 0.0006

95 0.756 0.7807 0.0039 0.002

96 0763 0.8097 0.0048 0.0045

7 0.770 0.8279 0.0058 0008

[ ] 0.777 08446  0.0069 00119

9 0.784 0.8596 0.0082 0.0164

100 0.791 0.8734 0.0098 00231
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)

Name Devis-Bes Diablo Fartey FortCah Ginm Heddaem  Indan2 ndand Kowaurwe MaineY. McGuire  Milstone 2  Milsione 3
Material Siool ReConc. PreConc PreConc PreConc ReConc. ReConc. ReConc.  Gleel ReConc. ReConc. PreConc  ReConc.
Cant. Type Ory ory ory Ory Ory Ory Ory Ory Ory Ory s Ory s,
Design Presnure (psig) 40 « 64 &0 ] 40 4 4 46 £ 28 84 45
Anslysis Temp. 264 F 3S0F NoTemp NoTemp NoTemp 200F NoTemp 40OF Notemp J76F NoTemp 400F No Temp
Rt Type BastEsl LnMaB BestEst LnMAB  BestEst 3IPm m BostEst BestEst BestEst BestEst (nMAB  BestEst

101 0.788 0.8863 0.0116 0.0329 0.0001 (-} 0.8618 0.1019 0.0076 0 0.2398 0.9924 0.043 0.0805
102 0.805 0.8984 0.0136 0.0448 0.0001 0 0.8879 0.1124 0.0106 [ 02513 0.9931 0.0471 0.092
103 0811 0.9038 0.0159 0.057% 0.0002 0 09115 0.1234 0.0139 [ 02626 09948 0.0515 0.1049
104 0.818 0.9206 0.0186 0.0734 0.0002 [} 09323 0.1349 0.0176 ] 02738 09979 0.0562 0.1182
105 0525 0.9306 0.0218 0.095 0.0002 0 0.95 0.1469 0.0217 0 0.285 1 0.0612 0.135
106 0.832 0.939%5 0.0249 0.921 ©.0003 o 0.9644 0.1584 00264 0.0019 0.2965 1 0.0666 0.152%
107 0.839 0.9471 0.0287 0.1497 0.0003 0 09758 0.1723 00316 0.0035 0.3083 1 0.0723 0.1717
108 0.846 0.9534 0.0328 0.1834 0.0004 0 0.9844 0.1857 0.0375 0.0044 0.3207 1 0.0784 0.1926
109 0.853 0.9586 0.0378 02241 0.0005 0 0.9908 0.1996 0.0441 0.0049 03335 1 0.0849 02154
110 0.860 0.9631 0.0427 02703 0.0005 0 0.9951 0214 0.0516 0.0055 0.3465 1 0.0918 024
11 0.867 0.9674 0.0484 0.32 0.0006 0.0002 0.9979 02288 0.0599 0.0066 0.3595 1 0.0991 0.2666
112 0.874 0.9717 0.0547 0.3745 0.0007 0.0014 0.9994 0244 0.069 0.0086 0.3724 1 0.1069 0.2952
113 0.880 0.9759 0.0615 0.4297 0.0008 0.0031 1 0.2597 0.0791 0.0108 0.3852 1 0.1152 0.3261
114 0.887 05798 0.069 04833 0.001 0.0064 1 02758 0.0902 0.0132 0.3%8 1 0.124 0.3%93
15 0.854 08833 0.0774 0.5427 0.0019 0.011% 1 02923 0.1023 0.0153 0.4107 1 0.1335 0395
116 0.901 0.8863 0.0858 0.6078 0.0013 0.0153 1 0.3092 0.1153 0.0177 0.4235 1 0.1435 0.4331
17 0.908 0.9888 0.0953 0.6735 0.0015 0.0307 1 03266 0.1294 0.0207 0.4382 1 0.1342 04725
118 0915 0.9907 0.1054 0.7318 0.0017 0.0456 1 0.3443 0.1445 0.2 0.449 1 0.1655 05117
19 0922 0.9921 0.1183 0.7791 0.0019 0.0656 1 0.3625 0.1606 0.028%5 0.4819 1 0.1776 0.5502
120 0.929 0.9931 0.1278 0.821 0.0022 0.0867 1 0.381 0.1776 0.0332 0.4749 1 0.1904 0.589
124 0.936 0.9338 0.1402 0.861% 0.0025 0.1107 1 0.3999 0.1957 0.0383 0.4881 1 0.2041 0.6288
122 0.942 0.9945 0.1532 0.8977 0.0028 0.1416 1 04192 02149 0.0438 0.5014 1 02185 0.6692
23 0.949 0.9955 0.167 09265 0.0032 0.1834 1 0.4389 0.235 0.0496 05148 1 0.2339 0.7092
124 0956 0.9966 0.1815 0.9486 0.0036 onz 1 0.4589 0.2561 0.056 0.5282 1 025 0.7481
125 0.963 09976 0.1967 0.9651 0.0041 0.2813 1 04793 0.2781 0.0628 05415 1 0.2671 0.785
126 0.970 0.9985 02126 09767 0.0046 0.3343 1 05 0.3031 0.07G63 0.5545 1 0.285 0.8192
127 0977 0.9991 0.2292 0.8842 0.0051 0.3912 1 0.521 03248 0.0783 0.567 1 0.3039 0.8505
128 0.984 0.9996 0.2465 09888 0.0057 0.4542 1 0.5424 0.3494 0.087 0.5791 1 03236 0.8786
128 0.991 1 02644 09918 0.0064 05199 1 0.5639 03744 0.0965 0.5909 1 0.3441 0.9035
130 0.998 1 0.2829 0.9956 0.0072 0.5808 1 0.5856 0.4001 0.1063 0.6026 1 0.3654 0925
131 1.005 1 0.3018 1 0.008 0.637 1 0.6073 0.4261 0.118 0.6144 1 0.3875 0.943
132 1.011 1 03215 1 0.0089 0.6921 1 0.6291 0.4525 0.1302 0.6264 1 0.4103 0.9578
Rk <) 1.018 1 0.3415 1 0.0098 0.74387 1 0.6508 0.4791 0.143%5 0.6386 1 0.4336 0.9657
134 1.025 1 0.3619 1 0.0109 0.6016 1 0.6724 0.5059 0.158 0.6508 1 0.4576 0.979
135 1.032 1 0.3827 1 0.0121 0.8446 1 0.6939 0.5326 0.1736 0.6629 1 0.4819 0886
136 1.039 1 0.4037 1 0.0133 0.8793 1 0.715 0.5591 0.1902 0.6749 1 0.5066 0.9911
137 1.046 1 0.425 1 0.0147 091 1 0.73%9 0.58%1 02078 0.6865 1 05315 09946
138 1.053 1 0.4485 1 00161 09372 1 0.7564 0.6104 0.2261 0.6977 1 0.5565 0.9968
139 1.060 1 0.4682 1 0.0177 0.9586 1 0.7765 0.6345 0.2449 0.7085 1 05815 0.9982
140 1.067 1 0.4898 1 0.0185 0974 1 0.7961 0.6573 0.2642 0719 1 0.6063 0.999
141 1073 1 05115 1 0.0213 0.8852 1 0.8151 0.6786 0.2841 0.7291 1 0.6309 0.9995
142 1.080 1 0.5331 1 0.0233 0.9929 1 0.8335 0.6986 0.3052 0.7389 1 0.6552 0.9998
142 1.087 1 0.5546 1 0.0255 09974 1 0.8511 onn 0.3286 0.7486 1 0.6789 0.9999
144 1.094 1 0.5758 1 0.0278 0.9994 1 0.8681 0.73% 0.3538 0.7582 1 0.7021 1
145 1.101 1 0.5969 1 0.0302 1 1 0.88414 0752 03783 0.7676 1 0.7245 1
146 1.108 k] 0.6176 1 0.0328 1 1 0.8984 0.7682 0.4008 0.7769 1 0.7462 1
47 1115 1 0.638 1 0.0357 1 1 08136 0.7839 0.4224 0.786 1 0.7671 1
148 1122 1 0.6579 1 0.0387 1 1 0.9268 0.799 0.4445 0.7949 1 0.787 1
149 1128 1 0.6774 1 0.0419 1 R 0939 0.8137 0.4675 0.8035 1 0.8059 1
150 1.136 1 0.6964 1 0.0453 1 1 095 0.528 0.4914 0812 1 0.8238 1
151 1.442 1 0.7148 1 0.0489 1 1 0.9598 0.8417 0.5162 0.8201 1 0.8407 1
152 1.149 1 0.7327 1 0.0527 1 1 0.9684 0.8548 05415 0828 1 0.8565 1
153 1.156 1 0.7499 1 0.0568 1 1 0976 0.8672 0.5661 0.8357 1 08712 1
154 11683 1 0.7665 1 0.061 1 1 09824 0.8789 0.5897 0.8431 1 0.8849 1
155 1470 1 0.7825 1 0.0656 1 1 0.9877 0.8898 06133 0.8502 1 0.8974 1
156 1177 1 0.7978 1 0.0704 1 1 0.992 0.8998 0.6385 0.8571 1 0.909 1
157 1.184 1 08124 1 0.0754 i 1 0.9954 0.909 0.6648 0.8638 1 0.9196 1
158 1.191 1 0.83263 1 0.0807 1 1 09978 09173 0.63%2 0.8702 1 0.9282 1
159 1.198 1 0.8395 1 0.0862 1 1 09993 0.9249 0.7163 0.3764 1 0.9379 1
160 1204 1 08521 A} 0.0921 1 1 1 09318 0.7295 [1X. ¥ 1 0.9457 1
161 1211 1 0.8639 1 0.0982 1 1 1 0.9382 0.7486 0.888 1 0.9528 1
162 1218 1 0.8751 1 0.1046 1 1 1 0944 0.768 08935 1 0.959 1
i 225 1 0.885% 1 0.1113 1 1 1 09493 0.7872 0.8988 1 0.9646 1
164 232 ] 0.3954 1 0.1182 1 1 1 0.9543 0.5054 0.9038 1 0.9695 1
165 1239 1 0.9046 1 0.1255 1, 1 1 0.9588 0.8225 0.9086 1 09739 1
166 1246 1 09131 1 0.131 1 1 1 0.9631 0.8386 0.9131 1 09777 1
167 1253 1 0.9211 1 0.141 1 1 1 0967 0.83538 09175 1 0.881 1
168 1260 1 09285 1 0.1492 1 1 1 09706 0.3681 09217 1 09839 1
169 1267 1 0.9353 1 0.1576 1 1 1 09739 08815 0.9257 1 0.9864 1
170 1273 1 09416 1 0.1664 1 1 1 09769 0.8939 0.9295 1 0.9885 1
m 1280 1 0.8474 1 0.175% 1 1 1 09796 0.9053 09332 1 0.9904 1
172 1287 1 09527 1 0.1849 1 1 ] 0.9821 09157 0.9368 1 0.992 1
1”3 1284 1 09576 1 0.1946 1 1 1 0.9844 0.925 0.9402 1 0.9933 1
174 1.301 1 0.9621 1 0.2046 1 1 ] 0.9864 0.9334 0.9435 1 0.9344 1
175 1308 1 0.9661 1 0.2149 1 1 1 0.9883 0.9409 0.9466 1 0.9354 1
176 1215 1 0.9698 1 02258 1 1 1 0.99 0.9478 0.8496 1 0.9962 1
mn 132 1 09734 1 0.2364 1 1 1 09913 0.9541 0.9524 1 0.9969 1
178 1329 1 09762 1 0.2475 1 1 4 0.9929 0.9601 0.9551 1 0.9974 1
178 1338 1 09789 1 0.259 1 1 1 0.9942 0.9657 0.9577 1 0.9979 1
180 1342 1 08813 1 0.2707 1 1 1 09953 0.9708 0.9601 1 09983 1
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)

Neme Davis-Bes Diablo Farloy FortCah Ginve Heddem indan2  ndand Kewsunoe Maine Y. McGuire  Mistons 2 Miisione 3
Material Swel ReConc. PreConc PreConc PreConc ReConc. ReConc. ReConc. Steel ReConc. ReConc. PreConc ReConc.
Cort Type Dry Dry Ory Dry Dry Ory Ory Ory Ory Ory ce Ory 8.
Design Pressure (psig) 40 47 54 ] & 40 47 47 48 55 2 &4 45
Analysis Temp. 264 F 350F NoTemp NoTemp NoTemp 200F NoTemp 400F Notemp J76F NoTemp 400F No Temp
Rt Type BestEst LnMaB BestEst LnviB BestEst 3-Ptmt 3Pt BestEst BestEst BestEst BestEst (LnMRB BestEst

181 1.349 1 09835 1 02826 1 1 1 0.8962 0.9754 0.9624 1 09886 t
182 1356 1 09855 1 02948 1 1 1 0.9971 0.9796 0.9645 1 0.9989 1
183 1363 1 08873 1 0.3072 1 1 1 09978 0.8831 0.9666 1 0.8991 1
184 1370 1 09388 1 03199 1 1 1 0.9984 0.5862 0.9688 1 09993 1
185 1377 1 0.8902 1 03327 1 1 1 0.8989 0.9886 09705 1 09994 1
186 1384 1 09915 1 0.3458 1 1 1 0.9993 0.9905 0.9724 1 09995 1
187 1.391 1 0.9926 1 0.3591 1 1 1 0.9996 0.8921 0.9742 1 0.9996 1
188 1338 1 0.9335 1 03725 1 1 1 0.9938 0.9939 0.9759 1 09997 1
189 1.404 1 09944 1 0.3861 1 1 1 0.9999 0.99%9 09776 1 0.9998 1
190 1411 1 0.9951 1 0.3988 1 1 1 1 0.9979 0.9792 1 09998 1
1914 1418 1 0.9958 1 0.4136 1 1 1 1 0.99954 0.9807 1 0.9999 1
192 1.42% 1 0.9964 1 0.4276 1 1 1 1 1 0.8821 1 09999 1
13 1.432 1 0.9969 1 0.44168 1 1 1 1 1 0.9834 1 0.9999 1
194 1439 1 09973 1 0.4558 1 1 1 1 1 0.9847 1 0.9999 k]
195 1.446 1 0.9977 1 047 1 1 1 1 1 0.8358 1 0.9999 1
196 1.453 1 0.998 1 0.4842 1 1 1 1 1 0.9867 1 1 1
197 1.460 1 0.9983 1 0.4934 1 1 1 1 1 0.9876 1 1 1
198 1456 1 09385 1 08127 1 1 1 1 1 0.8383 1 1 1
199 1473 1 0.9388 1 0.5269 1 1 1 1 1 0.9889 1 1 1
200 1.480 1 0.9989 1 0.5411 1 1 1 1 1 0.8894 1 1 1
201 1.487 1 0.9991 1 0.5553 1 1 1 1 1 0.9399 1 1 1
202 1494 1 0.9992 1 0.5694 1 1 1 1 1 0.9904 1 1 1
203 1.501 1 0.9954 1 0.5834 1 1 1 1 1 0.9908 1 1 1
204 1.508 1 0.9995 1 0.5973 1 1 1 1 17 09913 1 1 1
205 1515 1 0.9995 1 0.6111 1 1 1 1 1 0.9918 1 1 1
206 1522 1 0.9996 1 0.6247 1 1 1 1 1 0.9925 1 1 1
207 1.529 1 0.99397 1 0.6382 1 1 1 1 1 0.99314 1 1 1
208 1.835 1 0.9997 1 0.6516 1 1 1 1 1 0.9937 1 1 1
209 1.542 1 0.9998 1 0.6647 1 1 1 1 1 0.9943 1 1 1
210 1.549 1 0.9998 1 0.6777 1 1 ] 1 1 0.9948 1 1 1
21 1.556 1 0.9938 1 0.6904 1 1 1 1 1 0.9953 1 1 1
212 1.563 1 0.9999 1 0.703 1 ) 1 1 1 0.9958 1 1 1
213 1570 1 0.9999 1 0.7152 1 1 1 1 1 0.9961 1 1 1
214 1.577 1 0.9999 1 0.n2m 1 1 1 1 1 0.9963 1 1 1
215 1.584 1 0.9999 1 0.7391 1 1 1 1 1 0.9965 1 1 1
216 1.591 1 0.9999 i 0.7506 1 1 1 1 1 0.9966 1 1 1
217 1597 1 0.9999 1 0.7618 1 1 1 1 1 0.9967 L N 1 1
218 1.604 1 1 1 o728 1 1 1 1 1 0.9969 1 1 1
218 1611 1 1 1 0.7835 1 1 1 1 1 0.997 1 1 1
20 1618 1 1 1 0.7939 1 1 1 1 1 0.9972 1 1 1
21 1.625 1 1 1 0.804 1 1 1 1 1 0.9974 1 1 1

1.632 1 1 1 0.8137 1 1 1 1 1 0.9977 1 1 1
p<] 1.639 1 1 1 0.8232 1 1 1 1 1 0.998 1 1 1
24 1.646 1 1 1 0.8324 1 1 1 1 1 0.9982 1 1 1
25 1.653 1 1 1 0.8412 1 1 1 1 1 0.9985 1 1 1
26 1.660 1 1 1 0.8498 1 1 1 1 1 0.9586 1 1 1
7 1.666 1 1 1 0.858 1 1 1 1 1 0.9387 1 1 1
228 1673 1 1 1 0.8659 1 1 1 1 1 0.9387 1 1 1
9 1.680 1 1 1 0.8735 1 1 1 1 1 0.6986 1 1 1
0 1.687 1 1 1 0.8808 1 1 1 1 1 0.9987 1 1 1
1 1.694 1 1 1 0.8878 1 1 1 1 1 0.9988 1 1 1
32 1.701 1 1 1 0.8945 1 1 1 1 1 0.9991 1 1 1
23 1.708 1 1 1 0.900% 1 1 1 1 1 0.9996 1 1 1
4 1715 1 1 1 0.907 1 1 1 1 1 1 1 1 1
25 1.72 1 1 1 08129 1 1 1 1 1 1 1 1 1
236 1.728 1 1 1 09184 1 1 1 1 1 1 1 1 1
237 1.735 1 1 1 0.9237 1 1 1 1 1 1 1 1 1
28 1.742 1 1 1 0.9287 1 1 1 1 1 1 1 1 1
239 1.749 1 1 1 0.9335 1 1 1 1 1 1 1 1 1
240 1.756 1 1 1 0938 1 1 1 1 1 1 1 1 1
241 1763 1 1 1 0.9422 1 1 1 1 1 1 1 1 1
242 1.770 1 1 1 09463 1 1 1 1 1 1 1 1 1
243 1777 1 1 1 0.9501 1 1 1 1 1 1 1 1 1
244 1784 1 1 1 0.9536 1 1 1 1 1 1 1 1 1
245 1.9 1 1 1 0.957 1 1 1 1 1 1 1 1 1
246 1.797 1 1 1 0.9602 1 1 1 1 1 1 1 1 1
247 1.804 1 1 1 09632 1 1 1 1 1 1 1 1 1
248 1811 1 1 1 0.966 1 1 1 1 1 1 1 1 1
249 1818 1 1 1 0.9636 1 1 1 1 1 1 1 1 1
250 1.825 1 1 1 0971 1 1 1 1 1 1 1 1 1
251 1.832 1 1 1 0.9733 1 1 1 1 1 1 1 1 1
252 1.839 1 1 1 0.9754 1 1 1 1 1 1 1 1 1
253 1.846 1 1 1 08774 1 1 1 1 1 1 t 1 1
254 1.853 1 1 1 0.9793 1 1 1 1 1 1 1 1 1
255 1.8%9 1 1 1 0.881 1 1 1 1 1 1 1 1 1
256 1.866 1 1 1 0.8826 1 1 1 1 1 1 1 1 1
57 1873 1 1 1 08841 1 1 1 1 1 1 R 1 1
258 1.880 1 1 1 0.9854 1 1 1 1 1 1 1 1 1
258 1.887 1 1 1 0.9867 1 1 1 1 1 1 1 1 1
260 1.894 1 1 1 0.9879 1 1 1 1 1 1 1 1 1
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Table D.2 Cumulative containment failure probabilities (continued)

Name Norh An.  Oconee  Palsades Pelo Verde PointBch  Prairie is
Material ReConc. PreCorc  Pre PreConc PreCorc  Steel
Cont Type Sw. Dry Ory Dry Ory
Design Pressure (psig) 45 [ -3 ] o0 41
Anelysis Temp. NoTemp NoTemp NoTemp NoTemp NoTemp Notenp
At Type Surry BestEst EstAt BestEst BestEst BestEst
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€2 47

300F 0 F
LnMeB Best Est
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)

Name North An.
Meterial Re Conc.
Cord Type S,
Design Pressire (psig) 45
Anmiysis Temp.
Ft Type
PG MPa abs
101 0.788 0.099
1m0 0.805 0.1079
103 0811 0.1171
104 0818 0.1266
108 0825 0.136
106 0.832 0.1456
107 0.838 0.156
108 0.846 0.1678
109 0.853 0.1818
110 0.860 0.15838
1”1 0.867 02194
112 0.874 02425
13 0.880 0.2664
114 0.887 0.2892
115 0.894 0.309
116 0.901 0.3242
"7 0.908 0.3355
118 0918 0.3444
119 0922 0.3526
120 0.929 0.3816
121 0.936 03728
122 0.942 0.3863
22 0.949 0.4018
124 0.956 0.4187
125 0.963 0.4365
126 0.970 0.4548
127 [13:7¢) 04731
128 0.884 0.491
129 0.991 0.508
130 0.998 0.5242
131 1.005 0.5402
132 1.011 0.5562
133 1.018 05728
k) 1.025 0.5903
135 1.032 0.6093
136 1.039 063
137 1.046 0.6524
138 1.053 0.6762
139 1.060 0.7012
140 1.067 0.7272
144 1.073 0.7538
142 1.080 0.7809
143 1.087 0.8082
144 1.094 0.8354
145 1.10t 0.862
146 1.108 0.8873
147 1418 09107
148 1.122 0.9317
149 1.129 0.9495
150 1.136 0.9635
151 1.142 0.9734
182 1.149 09798
153 1.156 0.8835
154 1.163 0.9855
155 1.170 0.9866
156 1477 0.9876
157 1184 0.5888
158 1.191 0.99
159 1.198 0.9913
160 1204 0.89526
164 1211 0.9954
1682 1218 0.9955
163 1225 0.997
164 1232 0.9985
165 1239 1
166 1246 1
167 1253 1
168 1.260 1
169 1267 1
1’ 121 1
171 1280 1
172 1287 1
173 1284 1
174 1.301 1
175 1.308 1
176 1315 1
m 1322 1
178 1329 1
17 1.335 1
180 1.342 1
NUREG/CR-6338

Pre Conc

No Temp
BestEst

#re Conc

No Temp
EstAt

Prairis is  Robinson

PfreConc FreConc  Sieel Pre Conc
Dry Dry Ory Ory
€ [ 41 42
NoTemp NoTemp Notenp J00F
BestEst BestEst BestEst LnMiB
WB Fall
[} -] 0 0.1658
0 [} 0 0.1754
0 -] [} 0.1853
[} [} [} 0.1954
0 [} 0.0015 0.2057
[} 0 0.0029 02162
0 [} 0.0043 0.227
0 0 0.0055 02379
0 [} 0.0065 0.249
0 [} 0.0074 0.2603
0 [} 0.008 02717
[ [} 0.0086 0.2832
[} 0 0.0094 02949
[} 0 00109 0.3067
0 [ 00132 03186
(4 0.0003 0.0167 0.3306
0 0.0008 0.0211 0.3427
[ 0.0014 0.0261 03548
[} 0.0024 _ 00311 0.3669
0 0.0026 0.0359 0.3791
0 0.0031 0.0402 0.3913
0 0.0037 0.0442 0.4035
[} 0.0048 0.0482 0.4157
[} 0.0062 0.0526 0.4279
[ 0.0076 00876 044
0 0.009 0.0635 04521
0.0006 0.0104 0.0704 0.4642
0.0014 0.0116 0.0783 04762
0.0024 0.0128 0.0872 0.4881
0.0037 0.0142 0.0974 05
0.0051 0.0161 0.108 05118
0.0066 0.0187 0.12 0.5234
0.0081¢ 0.0221 0133 0.535
0.0096 0.0262 0.147 0.5464
00113 0.0306 0.1621 05877
0.0136 0.0351 0.1782 0.5689
00167 0.0398 0.1954 0.5799
0.0202 0.0446 02138 0.5908
0.0237 0.0495 0.232% 0.6016
0.0275 0.0547 02524 0.6122
0.0318 0.0603 02731 0.6226
0.0368 0.0666 0.2946 06329
0.0424 0.0738 0.3169 0.643
0.0487 0.082 0.3388 0.653
0.0557 0.091 0.3634 0.6628
0.0633 0.101 0.3876 06724
0.0717 0.1121 04122 06818
00812 0.1248 0.4372 0.691
0.0921 0.1386 0.4624 0.7001
0.104 0.1529 0.4877 0.709
0.1168 0.1678 0.5129 0N
0.13 0.1858 0.538 0.7262
0.1445 0.2087 0.5628 07345
0.1602 0.2361 05873 0.7427
0.1769 02671 08113 0.7506
0.1947 0.3008 0.6348 0.7584
02136 0.3351 06577 0.766
0.2336 0.3687 0.68 0774
02546 0.4038 07017 0.7807
02765 0.4435 0.7226 0.7878
0.2995 0.4851 0.7427 0.7946
03233 05284 0.7621 0.8013
0.3479 0.57 0.7806 0.8079
03732 0.6121 0.7882 08142
0.3991 0.6544 03149 0.8204
04255 0.6959 0.8306 0.8265
0.4523 0.735 0.8454 0.8323
0.4794 0.7685 0.8533 0.838
0.5067 0.7985 08723 0.8436
0534 0.8303 0.8843 0.8489
0.5612 0.8607 0.8956 0.8542
0.5881 0.8833 0.906 0.8592
06147 0.9033 09156 0.8641
0.6409 09219 0.9244 0.8689
0.6664 0.9381 0.9325 0.8736
0.6912 0.9515 09399 0.878
07183 0.9621 0.9466 0.8824
0.738% 09705 0.9526 0.8856
0.7607 08771 0.958 0.8907
0.7818 0.9325 09629 0.8947

D-26

Ory Ory
42 47
300F 300 F
LniMsB BestEst.
AL Fail
0.2811% 02318
0.2991 0.2509
0.317% 02707
0.3363 0.2914
0.3554 0313
0.3749 0.3355
0.3946 0.3582
0.4145 0.3804
0.4345 0.402
0.4547 0.4263
0.4749 0.4563
0.4851 0.4895
0.5153 05188
0.5354 0.5426
0.5553 0.565
0.57% 0.5854
0.5945 0.6161
06137 0.6442
0.6326 0.6727
0.6512 07
0.6694 0.7247
0.6871 0.7469
0.7044 0.7667
0.7212 0.7843
07375 08
0.7533 0.8141
0.7685 0.8268
0.7832 0.8385
0.7974 0.8494
0.8109 086
0.8239 0.8704
0.8363 0.8807
0.8481 0.8908
08593  -0.9006
0.87 091
0.88 0919
0.8895 0.9276
0.8985 0.9356
0.9069 0.9431
09148 095
09221 0.9563
0929 0.9622
0.9354 0.968
0.9414 08738
0.9469 0.8
0952 0.986%
0.9567 0.9927
0.961 0.997%
0.9649 1
0.9685 1
0.9719 1
0.8749 1
08776 1
0.8801 1
0.9823 1
0.9843 1
09862 1
09878 1
0.9893 1
0.9506 1
0.9917 1
0.9928 1
0.9937 1
0.9945 1
0.9952 1
0.9958 1
0.9964 1
0.9969 1
09973 1
0.9977 1
0.998 1
0.9983 1
0.9985 1
0.9388 1
0.9989 1
0.9991 1
0.9992 1
0.9993 1
0.9994 1
0.9995 1

San Onofre Sesbrook

fre Corc  ReConc.
Ory Ory
60 -4
420F No Temp
LnMsB Best Est
0.064 0
0.0692 []
0.0748 [
0.0808 0
0.0871 0
0.0938 0
0.1009 0
0.1084 ]
0.1163 0
0.1247 0
0.1336 0
0.1429 ]
0.1527 0
0.1631 °
0.174 (1]
0.1854 ]
0.1974 [}
021 0
02231 0
0.2368 [
02511 (]
0.266 ]
02815 0
0.2975 ]
03141 -]
03313 0
0.349 0
0.3672 0
0.385%9 0
0.4051 [
0.4246 <]
0.4446 ]
0.4543 [
0.4854 (1]
0.5062 0
0.5271 0
0.5482 0
0.5693 [
0.5904 0
06113 4]
0.6321 0
0.6527 [}
0673 (4}
0.6929 0.0002
07124 0.0003
0.7315 0.0004
0.7499 0.000%
0.7678 0.0006
0.7851 0.0007
0.8016 0.0008
0.8175 0.0009
0.8326 0.0011
0.847 0.0013
0.8605 0.0015
08733 0.0018
0.8853 0.0022
0.8965 0.0026
0.9069 0.0032
0.9166 0.0039
09255 0.0047
0.9337 0.0056
09412 0.0067
0.948 0.008
0.9542 0.0095
0.9598 0.0111
0.9649 0.013
0.9634 0.015
09734 0.0174
0977 0.0199
0.9802 0.0228
0983 0.026
0.9854 0.0204
09876 0.0332
098954 0.0373
0.9911 0.0416
0.9925 0.0462
0.9937 0.051
0.9947 0.056
0.9956 0.0612
0.9963 0.0666
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)

Name NorhAn. Oconse  Puiisades PuaioVerde PointBch Prairels Robinson  Robingon  Salem San Onofre Seebrook Sequoysh Shearon
Matecial ReConc. PreConc PreConc PreConc PreConc Swel PreConc PreConc ReConc. PreConc ReConc. Sweel Re Corc.
Cont. Type S Dry Ory Ory Dry Ory Ory Ory Ory Ory Ory ice

Desigr Pressure {(psig) 45 . 65 [ [ ] 41 42 42 47 & (-3 108 43
Analysis Temp. NoTemp NoTemp NoTemp NoTemp NoTemp Noterp OF 30F  300F 420F NoTemp 200F 300 F
it Type Sury BestEst EstRL BestEst BestEst BeostEst LaMAB (¥, 1) BestEst LnMaB BestEst LnMAD  BestEst

WBFal  ARFal

1 0.9982 09999 0.8019 0.9388 0.9673 0.8985 0.9996 1 0.997 00722 1 0.8104
182 1356 1 0.9991 0.9999 0.8208 0.8901 09713 0.9022 0.9997 1 0.9975 0.078 1 0.8174
183 1363 1 0.9996 0.9999 0.8388 0.9928 09748 0.9058 0.9997 1 09979 0.0842 1 0.8241
134 1370 1 0.9999 0.9939 0.8552 09948 0878 0.9093 0.9998 1 0.9983 0.0908 1 0.3305
185 1317 1 1 0.9999 0.8707 0.9965 0.9809 0.9126 0.9958 1 0.9586 0.0978 1 0.8368
186 1.384 1 1 1 0.3851 0.998 09835 09159 0.9998 1 0.9989 0.1053 1 0.8429
187 1.391 1 1 1 0.8982 0.9991 09858 0.919 0.9999 1 0.9991 0.1133 1 0849
188 1.398 1 1 1 09102 09997 0.988 osn2 0.9999 1 0.9393 0.1218 1 0.855
189 1.404 1 1 1 09211 1 0.9899 0.925 0.9999 1 0.9994 0.1307 1 08611
190 1411 1 1 1 08311 1 09916 0.9278 0.9999 1 0.8995 0.1401 1 0.8671
194 1418 1 1 1 09401 1 09933 09305 0.9999 1 0.9996 0.1499 1 0.8729
192 1425 1 1 1 0.9481 1 0.9948 09332 0.9999 1 0.9997 0.1602 1 0.8784
183 1432 1 1 1 0.9552 1 0.9962 09357 1 1 0.9998 0.1709 1 0.8336
194 1439 1 1 1 09615 1 09975 0.9382 1 1 0.9998 0.1819 1 0.8885
195 1.446 1 1 1 0.8671 1 0.9938 0.9406 1 1 09998 0.1634 1 0.8931
196 1453 1 1 1 0872 1 1 0.9429 1 1 0.9999 02052 1 0.8973
197 1.460 1 1 1 09763 1 1 0.8451 1 1 0.9999 02173 1 0.9013
188 1.466 1 1 1 098 1 1 0.9472 1 1 0.9999 0.2298 1 0.905
199 1473 1 1 1 0.8832 1 1 0.9492 1 1 0.9998 02427 1 0.9085
200 1.480 1 1 1 0.986 1 1 09512 1 1 1 02558 1 09118
201 1487 1 1 1 09883 1 1 09521 1 1 1 02692 1 09151
202 1494 1 1 1 0.9903 1 1 0.955 1 1 1 02829 1 09182
203 1501 1 1 1 0992 1 1 0.9567 1 1 1 02669 1 0.921
204 1.508 1 1 1 0.9935 1 1 0.9585 1 1 1 03111 1 0.9235
205 1515 1 1 1 09947 1 1 0.9601 1 1 1 0.3256 J 0.9257
206 152 1 1 1 08957 1 1 0.9617 1 1 1 0.3403 1 0.9278
207 1529 1 1 1 0.9965 1 1 0.9632 1 1 1 0.35%2 1 0.9299
208 1535 1 1 1 09972 1 1 0.9647 1 1 1 0.3704 1 0.8322
209 1542 1 1 1 09977 1 1 0.9661 1 1 1 0.3857 1 09345
210 1549 1 1 1 0.9982 1 1 0.9674 1 1 1 0.4013 1 0.837
211 1556 1 1 1 0.9386 1 1 0.9688 1 1 1 04172 1 0.8396
212 15683 1 1 1 09989 1 1 097 1 1 1 0.4332 1 09422
213 1570 1 1 1 0.9991 1 1 09712 1 1 1 0.4496 1 0.5448
214 RE-2¢4 1 1 1 09993 1 1 09724 1 1 1 0.4661 1 09474
215 1.584 k] 1 1 0.9995 1 1 09735 1 1 1 0.4829 1 095
216 1.591 1 1 1 0.9996 1 1 0.9746 1 1 1 05 1 09525
217 1.597 1 1 1 09997 1 1 09756 1 1 1 05173 1 0.9549
218 1.604 1 1 1 09998 1 1 09766 1 1 1 0.5348 1 09572
219 1611 1 1 1 09999 1 1 09776 1 1 1 0.5523 1 0.9594 -
220 1618 1 1 1 0.9999 1 1 09785 1 1 1 0.5699 1 0.9616
21 1.62% 1 1 1 0.9999 1 1 09794 1 1 1 0.5874 1 0.9637
2 1632 1 1 1 1 1 1 09802 1 1 1 0.6048 1 0.9657
3 1.639 1 1 1 1 1 1 0.981 1 1 1 0.6218 1 0.9676
24 1.646 1 1 1 1 1 1 0gs1e 1 1 1 0.6387 1 0.9695
25 1.653 1 t 1 1 1 1 0.8826 1 1 1 06552 1 09712
26 1.660 1 1 1 1 1 1 09833 1 1 1 0.6714 1 0973
21 1.666 1 1 1 1 1 1. 0.984 1 1 1 0.6866 1 0.9745
228 1673 1 1 1 1 1 1 0.9846 1 1 1 0.7016 1 09762
23 1.680 1 1 1 1 1 1 0.9853 1 1 1 0.7161 1 09777
230 1.687 1 1 1 1 1 1 0.985% 1 1 1 0.7302 1 0.9791
31 1.694 1 1 1 1 1 1 09865 1 1 1 0.7438 1 0.9805
a2 1.701 1 1 1 1 1 1 0987 1 1 1 0.757 1 09819
33 1.708 1 1 1 1 1 1 0.9876 1 1 1 0.7698 1 09831
234 1.71% 1 1 1 1 1 1 09881 1 1 1 0.7823 1 0.8843
25 1.722 1. 1 1 1 1 1 09886 1 1 1 0.7643 1 0.5855
26 1.728 1 1 1 1 1 1 0.9891 1 1 1 0.806 1 0.9866
237 1.735 1 1 1 1 1 1 0.9895 1 1 1 0.8174 1 08876
28 1.742 1 1 1 1 1 1 0.99 1 1 1 0.8284 1 0.9886
239 1.749 1 1 1 1 1 1 0.9904 1 1 1 0.8291 1 0.9895
240 1.756 1 1 1 1 1 1 0.9908 1 1 1 0.849¢ 1 0.9904
241 1763 1 1 1 1 1 1 0.9912 1 1 1 0.8595 1 09912
242 1.770 1 1 1 1 1 1 09916 1 1 1 0.8634 1 0992
243 wm 1 1 1 1 1 1 0.8919 1 1 1 0.8789 1 0.9927
244 1784 1 1 1 1 1 1 09923 1 1 1 0.2882 1 0.9934
245 1.791 1 1 1 1 1 1 0.9926 1 1 1 08973 1 0.9941
246 1797 1 1 1 1 1 1 0.9929 1 1 1 0.8062 1 0.9947
247 1.804 1 1 1 1 1 1 0.9932 1 1 1 0.9148 1 0.9952
248 1811 1 1 1 1 1 1 0.9935 1 1 1 0.9232 1 0.9958
249 1818 1 1 1 1 1 1 0.9938 1 1 1 0913 1 0.9962
250 1.825 1 1 1 1 1 1 0.994 1 1 1 0.939 1 0.9967
251 1.832 1 1 1 1 1 1 0.9943 1 1 1 0.9465 1 09971
252 1.839 1 1 1 1 1 1 0.9945 1 1 1 09535 1 09975
23 1.846 1 1 1 1 1 1 0.9948 1 1 1 0.9602 1 09978
254 1853 1 1 1 1 1 1 0.995 1 1 1 0.9664 1 09981
25 1.859 1 1 1 1 1 1 0.9952 1 1 1 09722 1 0.9384
256 1866 1 1 1 1 1 1 0.9954 1 1 1 09776 1 0.9987
237 1.873 1 1 1 1 1 1 0.9956 1 1 1 09824 1 0.9989
258 1.380 1 1 1 1 1 1 0.9958 1 1 1 0.9367 1 0.9991
259 1.887 1 1 1 1 1 1 0.996 1 1 1 0.9905 1 0.9993
260 1.894 1 1 1 1 1 1 0.9962 1 1 1 09336 1 0.9934
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)
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Name

Materiai

Cont. Type Dry
Design Pressure (psig) 56
Analysis Temp.
Fit Type

PSIG MP3 abs
101 0.788
102 0.805
103 0.81¢
104 0.818
105 0.82%
106 0.832
107 0.839
108 0.846
109 0.853
110 0.860
11 0.867
112 0.874
113 0.880
14 0.887
115 0.894
116 0.901
"7 0.908
118 0.815
119 0.922
120 0.829
121 0.936
2 0.942
13 0.949
124 0.956
125 0.963
126 0.970
127 0877
128 0.984
129 0.991
130 0.998
131 1.005
132 1.011
133 1.018
13¢ 1.025
135 1.032
136 1.039
137 1.046
138 1.053
139 1.060
140 1.067
144 1.073
142 1.080
143 1.087
144 1.094
145 1.101
146 1.108
147 1118
148 1122
149 1.129
150 1.136
151 1.142
152 1.149
153 1.156
154 1.163
155 1.170
1% 11177
157 1.184
158 1.191
159 1.188
160 1.204
161 1.211
162 1.218
163 1.225
164 1.232
165 1.239
166 1.246
%7 1.253
168 1.260
169 1.267
170 1.273
m 1.280
2 1.287
m 1.294
174 1.301
175 1.208
176 1.315
177 1.322
178 1.329
179 1.33%
180 1.342

IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (continued)
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IPE Fragility Curves

Table D.2 Cumulative containment failure probabilities (concluded)

Name South Tex St Lucie Summer Sumry T™ME1 Trojan Turkey Vogtie Waterford Watts Bar Woll Gk Zion
Matertal Pre Conc  Steel PreConc ReConc. PreConc PreConc PreConc PreConc Steet Steet Pre Conc  Pre Conc
Cont. Type Ory Ory Ory 8ub. Dry Ory Dry Dry Ory o Dry Dry
Design Pressure (psig) 56 4“4 85 45 85 [} - 82 “ 15 60 47
Anatysis Temp. 00 F Notemp NoTemp NoTemp NoTemp NoTemp NoTemp NoTemp NoTemp 200F No Temp  No Temp
FR Type LnMaB BestEst BestEst 1150 Ononee BestEst BestEst BestEst LnM&B LnMeB Pt BastEst.
Shut Down
PSIG MPs abs
181 1.348 0.991 1 1 1 0.9982 0.9454 1 1 0.9747 t 1
182 1.356 0.9916 1 1 1 0.9991 0.9471 1 1 0.9768 1 1
183 1.363 0.9922 1 1 1 0.9996 0.9487 1 1 0.9787 1 1
184 1.370 0.9928 1 1 1 0.9999 0.9502 1 1 0.980% 1 1
185 131 0.9933 1 1 1 1 0.9517 1 1 0.9822 1 1
186 1.334 0.9938 ] 1 1 ) 0.9533 1 1 0.9837 1 1
187 1.391 0.9942 1 1 1 1 0.9548 1 1 0.9851 1 1
188 1.398 0.9547 1 1 1 1 0.9564 1 1 0.9864 1 1
189 1.404 0.9951 1 1 1 1 0.858 1 1 0.9875 1 1
190 1411 0.8954 1 1 1 1 0.9596 1 1 0.9886 1 1
191 1.418 0.9958 1 1 1 1 0.9612 1 1 0.9896 1 1
192 1.42% 0.9961 1 1 k] 1 0.9627 1 1 0.9906 1 1
193 1.432 0.9964 1 1 1 1 0.9643 1 1 0.9914 1 1
194 1.439 0.9966 1 1 1 1 0.9658 1 1 0.9922 1 1
195 1.446 0.9969 1 1 1 1 0.9674 1 1 0.9929 1 1
196 1.453 0.9971 1 1 1 1 0.9689 1 1 0.9935 1 1
197 1.450 0.9973 1 1 1 1 0.9703 1 1 0.9941 1 i
198 1.466 - 0.9975 1 1 1 1 0.9717 1 1 0.9547 1 1
199 1473 0.9977 1 1 1 1 0.9731 1 1 0.9951 1 1
200 1.480 0.9579 1 1 1 1 0.9744 1 1 0.9956 1 1
201 1.487 0.9581 1 1 1 1 0.9757 1 1 0.996 1 1
202 1.494 0.9982 1 1 1 1 0.9769 1 1 0.9964 1 1
203 1.501 0.8583 1 1 1 1 0.9781 1 1 0.9967 1 1
204 1.508 0.958% 1 1 1 1 0.9792 1 1 0.997 1 1
205 1.515 0.9986 1 1 1 1 0.9803 1 1 0.9973 1 1
206 1.522 0.9987 1 1 1 1 0.9814 1 1 0.9976 1 1
207 1529 0.9388 1 1 1 1 0.982¢ 1 1 0.9978 1 1
208 1.535 0.9589 1 1 1 1 0.8833 1 1 0.998 1 1
203 1.542 0.999 1 1 1 1 0.9843 1 1 0.9982 1 1
210 1.549 0.9981 1 1 1 1 0.93852 1 1 0.9984 1 1
211 1.856 0.9991 1 1 1 1 0.986 1 1 0.9985 1 1
212 1.563 0.9992 1 1 1 1 0.9868 1 1 0.9987 1 1
213. 1.870 0.9993 1 1 1 1 0.8376 1 1 0.9988 1 1
214 1.577 0.9993 1 1 1 1 0.9883 1 1 0.9989 1 1
215 1.584 0.9994 1 1 1 1 0.889 1 1 0.99% 1 1
216 1.591 0.9954 1 1 1 1 0.8897 1 1 09931 1 1
217 1.597 0.9995 1 1 1 1 0.9904 1 1 0.9992 1 1
218 1.604 0.9995 1 1 1 1 0.991 1 1 0.9993 1 1
219 1.611 0.9995 1 1 1 1 0.8915 1 1 0.9994 1 1
1.618 0.9996 1 1 1 1 0.9921 1 1 0.9994 1 1
21 1.625 0.9996 1 1 1 1 0.99526 1 1 0.9995 1 1
22 1.632 0.9996 1 1 1 1 0.9831 1 1 0.9995 1 1
23 1.639 0.9997 1 1 1 1 0.9936 1 1 0.9996 1 1
24 1.646 0.9997 1 1 1 1 0.9941 1 1 0.9996 1 1
25 1.653 0.9997 1 1 1 1 0.9545 1 1 0.9997 1 1
226 1.660 0.9957 1 1 1 1 0.9949 1 1 0.9997 1 1
b-44 1.666 0.9998 1 1 1 1 0.9953 1 1 0.9997 1 1
28 1.673 0.9938 1 1 1 1 0.9957 1 1 0.9998 1 1
29 1.680 0.9998 1 1 1 1 0.996 1 1 0.9938 1 1
20 1.687 0.9998 1 1 1 1 0.9964 1 1 0.9998 1 1
231 1.694 0.9938 1 1 1 1 0.9967 1 1 0.9998 1 1
222 1.701 0.9998 1 1 1 1 0.897 1 1 0.9998 1 1
233 1.708 0.9999 1 k] 1 1 0.9973 1 1 0.9999 1 1
234 1715 6.9999 1 1 1 1 0.8976 1 1 0.9999 1 1
x5 1.72 0.9999 1 1 1 1 0.9979 1 1 0.9999 1 1
236 1.728 0.9999 1 1 1 1 0.9931 1 1 0.9993 1 1
a7 1.735 0.9999 1 1 1 1 0.9984 1 1 0.9999 1 1
8 1.742 0.9999 1 1 1 1 0.9985 1 1 0.9999 1 1
29 1.748 0.9999 1 1 1 1 0.9389 1 1 0.9999 1 1
200 1.756 0.9999 1 1 1 1 0.9991 1 1 0.9999 1 1
241 1763 0.9999 1 1 1 1 0.9993 1 1 0.9999 1 1
242 1.770 0.9999 1 1 1 1 0.9996 1 1 0.9999 1 1
243 11777 0.9999 1 1 1 1 0.9938 1 1 1 1 1
244 1.784 0.9999 1 1 1 1 1 1 1 1 1 1
245 1.791 0.9999 1 1 1 1 1 1 1 1 1 1
246 1.797 1 1 1 1 1 1 1 1 1 1 1
247 1.804 1 1 1 1 1 1 1 1 1 1 1
248 1.811 1 1 1 1 1 1 1 1 1 1 1
249 1.818 1 1 1 1 1 1 1 1 1 1 1
1.825 1 1 1 1 1 1 1 1 1 1 1
251 1.832 1 1 1 1 1 1 1 1 1 1 1
252 1.839 1 1 1 1 1 1 1 1 1 1 1
253 1.846 1 1 1 1 1 1 1 1 1 1 1
54 1.853 1 1 1 1 1 1 1 1 1 1 1
255 1.859 1 1 1 1 ] 1 1 1 1 1 1
256 1.866 1 1 1 1 1 1 1 1 1 1 1
7 1873 1 1 1 1 1 1 1 1 1 1 1
258 1.880 1 1 1 1 1 1 | 1 1 1 1
25 1.887 1 1 1 1 1 1 1 1 1 1 1
260 1.894 1 1 1 1 1 1 1 1 1 ] 1
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Figure D.1 Comparison of steel containment fragility curves (non-Ice Condenser type).
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Figure D.2 Comparison of steel containment fragility curves (Ice Condenser type).
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Figure D.3 Comparison of normalized steel containment fragility curves.
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Figure D.4 Comparison of reinforced concrete containment fragility curves (higher pressure).
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Figure D.5 Seabrook containment fragility curve.
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Figure D.6 Comparison of reinforced concrete containment fragility curves (medium pressure).
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Figure D.7 Comparison of reinforced concrete containment fragility curves (lower pressure).
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Figure D.8 Comparison of reinforced concrete containment fragility curves (Ice Condenser type).
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Figure D.9 Comparison of normalized reinforced concrete containment fragility curves (larger).
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Figure D.10 Comparison of normalized reinforced concrete containment fragility curves (smaller),

saAIn)) Aidely 941



Ia

8EL9-YI/DTIANN

Prestressed Concrete Containments

1 8-

Design P: 60-61 psig
Diameter: 135-150 ft

Failure Probability

Pressure (psig)

& Byron-1, Braidwood-1 ¢ Callaway A San Onofre
g8 Byron-2, Braidwood-2 o Palo Verde A Wolf Creek

Figure D.11 Comparison of prestressed concrete containment fragility curves (higher pressure, larger).
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Figure D.12 Comparison of prestressed concrete containment fragility curves (higher pressure, smaller).

saAIn) Amiderd 941



&t

8£L9YO/OTINN

Failure Probability

0.9

0.8

0.7

06

0.5

04

Prestressed Concrete Containments

Design P: 55-56 psig
Diameter. 116-150 ft

[/

7

)?

m Crystal River ¢ Palisades

40 60 120 ‘ 140 160 180 200
Pressure (psig)
A South Texas B Summer o TMI-1

Figure D.13 Comparison of prestressed concrete containment fragility curves (medium pressure).
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Figure D.14 Comparison of prestressed concrete containment fragility curves (lower pressure).
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Figure D.15 Comparison of normalized prestressed concrete containment fragility curves (larger).
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Figure D.16 Comparison of normalized prestressed concrete containment fragility curves (medium).
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Figure D.17 Comparison of normalized prestressed concrete containment fragility curves (smaller).
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