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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 failuree The NRC has asked Sandia National
Laboratories (SNL) to develop the methodology to resolve the DCH issue 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 systera 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 ‘nto 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.

xiii NUREG/CR-6338
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EXECUTIVE SUMMARY

In 2 light-water reactor core melt accidunt, if the reactor pressure vessel (RPV) fails while the
reactor coolant system (RCS) is at high presaure, 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 or'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 cf 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/RELAPS calculations for short-term station blackout scenarios for Zion, Surry,
Calvert Cliffs, 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 initial 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 datebase 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
comparabie to or less than the loads caiculated 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, ie, 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 138 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 nlants with dry
containmerts, which include 34 plants with large dry containments awu 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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Executive Summary

vessel breach, etc. The melt mass and composition distributions developed for 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
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
transpoit 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 piant information to allow more accurate estimates of the
subcompartment debris transport fractions. The utilities provided the necessar, information and their
data were factored into the assessments for two-loop plants. Westingnouse plants with ice condenser
containments, all Combustion Engineering plants, and all Babcock and Wilcox plants will be addressed
in future resolution efforts.

xxi NUREG/CR-6338




L0 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
scenanios 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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Introduction

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 naticnal 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 | of NUREG/CR-6075 (Piich 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 analys's 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 pnmary 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 biockages 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 (Piich 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 concemns 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/RELAPS. 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, Suppiement
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 fou=-loop plant) in NUREG/CR-6075, Supplement 1, were used for all of the four-loop
plants. For u'l 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.

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 oiher.
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 HB. 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,, 1994ab) 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

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.

! Two-Cell Equilibrium (TCE) model 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 wa.
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 othe- 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, FSARSs,
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 < 001 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
he formally documented ir. 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 be. v,

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.

L3 ]

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 nevessary 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 likelihood 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.
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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 sysiem. 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 . ..stant
(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.

=)

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
covlant 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 mode! micertainty for the DCH processes, coherence ratio (R,), to obtain a
probability density function for the peak containmert 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 ?

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

F¢ = failure frequency

M. = mass of steel

Muyoz = massof UO,

Py = failure probability

R. = coherence ratio

W = 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 vanations (based on actual experience) in containment strength. These containment
strength variations are due to vanations 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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Figure 3.1. The probabilistic framework for containment failure under direct containment
heating scenarios. The (J) 2r.d (F) are the "joint" and "function" operations,
respectively, as described in the text.
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Figure 3.2. Hlustration of the probabilistic framework in terms of schematic depiction of its
components.
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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 calculaions (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 phvnomena and
respective ranges of behavior, and establish the few scenarios that envelop the DCH che llenge 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
fitions
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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, Ila, ITb, 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, VIL 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. (FAI) (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 unlikeiy 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 V1 is very similar to Scenario Il 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 los:-of-coolant accidents (SBLOCAs). Confirmatory calculations
(Section 4.3) using SCDAP/RELAPS indlicate 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 sexi 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
V1 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 Vla 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 cperators 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 Vla, 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/RELAP5 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 1o
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
examired 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 araount of upper plenum steel that was predicted to melt
was much less than | 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/R™ *PS indicates that very little zirconium is
predicted to relocate into the lower plenum for Zion and .....y. 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, ie.,
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 tc 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 «.:ained 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 rolten
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 cf 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. Our prescription for quantifying molten oxide masses conservatively envelop available
SCDAP/RELAPS predictions for Westinghouse and CE plants. Regardless of core power, plant
caiculations and sensitivity studies with SCDAP/RELAPS show that plants with lower power densities
will have lower melt masses at vessel 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 t vessel breach. It was predicted that the gases
would not accurnulate 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/RELAPS 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 Zioin would occur at the hot leg break in the case of no pump seal leak
or in the case of a 430 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
invariantrehtivetothenumbersassignedtothcjudgmenml degrees of belief, as long as the same
geometrical progression is presuved 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
beliet has no intrinsic meaning; it is only meaningful when measured against the physical assignment.

Our Judgmental degree of belief for any prooess can be characterized as hkcly (p~1), as unlikely

(p~10%), or as somethmg 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 42 provides a description of the TCE/LHS data input. Table 43 provides a concise
summary of the TCE/LHS quantifications for every plant. Multiple entries for crmm, pres, tres, fdisp,
and UO2m exist. The first entry corresponds to Scenarios V and Va and the second entry corresponds
to Scenarios VI and Vla, as definec 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 model 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.

Onxidation 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 slump.
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 Pilch et al, 1995), MELPROG/PWR-MODI1
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-I 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 43. 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-II.

We expect the melt mass to be a function of the core size for vach 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 moiten UO; 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-II. The quantifications recognize
that ~15 percent 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.

We conservatively assume bottom failure of the RPV so that all molten material is available for
ejection into the cavity. Side peaked at 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 par: 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,, = —2 ___~ S 4.1
e Muyo,(core) Mz 1o 91 .
This expression assumes that ZrO, is contained in the melt in the same fraction to which the core is
degraded Muox(degraded)/Mycx(core) and that ZrO; relocates to the lower plenum in the same manner
as the UO,, 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/RELAPS calculations
and TMI-II 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 scenario 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 ‘n 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
UO;. Thus, the amount of molten Zr can be computed from

Mz = 0.029 My, . (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
scenanos (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 material, 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 steei 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

Muvo: | Mzo: . 10 x 10° . Mz M ern

-

M, = M Puoz Pz02 Puoz/z:03 Pz Perue (4.3)

Vi

where the densities (kg/m’) are puos = 10,400, pz0z = 5,900, Puoazoz = 9,660, pz = 6,500, and pery =
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 meli, 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 UO,/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 i. expected. Thus, we believe that a
conservative bounding value of ~2800 K is appropniate 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 peicent

Surry is a subatmospheric plant so the containment pressure at vessel breach could be somewhat
lower than the ~0.25 MPa estin. 2 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/RELAPS 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, Xgny ~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
Ny (8 mole) = Y S 2 MY (core) (4.4
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or alternatively, a concentration can be specified

Xur = A/oH: . (‘.5)

AT™

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 We. Core Conditions

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 right size to depressurize sufficiently that natural circulation
degrades to the poirt 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 SBLOCAs; 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. Watar 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/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.

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 UO; 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. 4.2) 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 cortent of the melt from alternative perspectives. The
recommended formulation is equivalent to a hypostoichiometry of urania, which can be expressed as
UQO,, 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,about3.4mtonrwil!remainintheouterassembliesandtheremaining6.5nnwillbe
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 (Eqs. 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 Vla in this report to better envelop the range of containment conditions.

4.8 Nomenclature

fze
Mexwm

M’z
M,
My»

FeF

Nlamv
Niw

§F§§§ 2 #ren”

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
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,
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Table 4.1 Definitien 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

Units Description
m Thickness of RPV lower head. Used in hole ablation calculations.

m’ Volume of RPV lower plenum, which is defined as that portion of the
RPV volume located below the core. Determines how much thin
lower pienum steel is submerged by melt

m Initial diameter of lower head failure site before hole ablation occurs.
Used in hole ablation calculations.
K Outside surface temperature of lower head at vessel breach. Used in
hole ablation calculations
kg Mass of control rod material in the melt.

kg Total inventory of UO; in the core prior to core damage.

kg Total mass of zircaloy in the core prior to core damage.

kg Total mass of thin (meltable) steel in the lower plenum.

v Plant-specific constant in coherence ratio correlation.

Pa RCS pressure at vessel breach.

m’ RCS volume.

K Average RCS gas temperature at vessel breach.

Pa Pressure in the reactor containment building at operating conditions.

K Atmosphere temperature in the reactor containment building at
operating conditions

Pa Pressure in the reactor containment building at vessel breach.

K Atmosphere temperature in the reactor containment building at vessel
breach.

m’ Volume of the reactor containment building

m’ Volume of the reactor cavity

—ee Fraction of dispersed debris retained in the subcompartments (vs.
bypass plus carryover to the dome).

. Volume of the subcompartment region that predominantly traps
debris normalized by the containment volume. Set to an arbitrarily
small value in this study.

K Autoignition temperature for sudden volumetric combustion of
hydrogen in the dome.
K Temperature of molten debris as it is ejected from the RPV.

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.

Fraction of all hydrogen production by Zr/steam reactions in the RPV
that remains in the RCS at the time of vessel breach.

Fraction of melt in the lower head of the RPV that is ejected into the
reactor cavity.

Fraction of melt ejected from RPV into the cavity that is then
dispersed from the reactor cavity.
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Table 4.2 Description of TCE/LHS summary quantifications

Variable Units Description
zro2ml e Multiplier on calculation of ZrO,. This parameter is no longer used
and the default value of 1.0 should always be used.
stimul . Multiplier 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 e Distribution of the coherence ratio
subdis e 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 represerit 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.
teedist s Distribution for modeling uncertainty in TCE pressure rise
predictions. The distribution is norma! 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 e Pi ise linear, cumulative distribution for the containment fngm_
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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 12 Farley 1,2 Ginna HB Robinson 2
thead 0.13 014 0.14 0.14 0.15 .14 0.13 0.11 0.1
vip 245 281 28.1 281 258 28 1 208 126 24 5§
fano 04 04 04 04 04 04 04 04 0.44
frtwo 1000{ 1000] 1 1000] 1000{ 1000| 1000} 1 1000§
fcrmm 0/2000] 022120] 02120} 012120} 0721 0/2280] 0/1800] 0/1240{ 0/2000§
fuo2mo 80091 101245 101245 101245 101202 101202 80909 47955 79727
im0 16500] 23142 23142 23142 21360] 21360] 16364 11785 18909
fstimip 10000{ 10000} 10000 10000} 1 1 7800} 5 78004
fcohmul 122 9661 9.661 12.2 9.661 9 661 122 122 2.2
trwes 16e6/8¢e6 1606/8e6 16e6/Re6 16e6/8e6 16e6/8¢6 16e6/8¢6 16e6/8e6 16e6/Re6s 1 6e6/Retf
5 res 274 347 347 347 340} 318 282 192 271§
fires 700/1000) 700/1 700/1000) 700/1000{ 700/1000 700/1000) 700/1 700/1 700/10008
boc 6 90e+04 1.00e+0S 1.00e+05 1.00e+05 1.00e+05 1.00e+05 1.00e+05 1.00e+05 1.00e+05§
rchoc 316 316 316) 316 316 316) 316, 316 316§
k.:: 1.SES/6.9¢4] 2 5e5/1.0eS 2 5e5/1 OeS 2 SeS/1 0eS 2 5e5/1 0eS 2. 5¢5/1 0eS 2.5e5/1 OeS 2 5e5/1 Oe$ 2 Ses/1.0eS}
360/316 4001316 400/316 4007316 400/316 400316 400/316 400/316 400/316§
fvrch 4 99¢+04 8.2le+0d 8 21e+04 7 07e+04 8 43e+04 7 44e+04 5 49e+04 2 82e+04 5,9sm_>g
veav 251 339 339 488 385 377 278 24
ffasub 0.762 0.821 0821 0.826 0.782 0.794 0.801 0815 0.379
ftvsub 0.01 0.01 0.01 091 0.01 0.01 0.01 0.01 001}
ut 950} 950} 950] 9501 950] 950} 950] 950 950§
Edcb 2800 2800{ 2R00] 2800 2800 2800 2800} 2800] 28004
lfzivel ol 0 o] 0 of o of of of
fh2rcs of 0 0 0 0} 0 ol 0 of
tejec 1 1 1 1 1 1 1 ] 1
disp 0.91/0.92 0.93/0.93 093/0.93 0.90/0.90 0.91/0.91 0.91/0 91 0.91/0 91 0.77/0.87 0.91/0 92
7r02ml 1 i 1 1 1 1 i 1 1
fistimul 0] G 0 0 0 0 0 0
fuo2m | THi B3 B6, 3-L| Thl B3,B6,4-1] TbiBIB6,4-L] TbiB3,B6, 41| THIB3,B6,4-L] ThIB3B6,4-L] THIBIB6, 3-L] ThiB3B6,2-L] ThiB3,B6, 3
fistimi 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
ifzrox Figure 4.3 Figure4.3]  Figured3 Figure 4.3 Figure 4 3 Figure 4.3 Figure 4 3 Figure 4.3 FQB%
fcohdist 0.18 0.29] 029 0.18 0.29] 0.29 0.18] 0.18 0.1
isubdis 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 Oe-3§
2dist 0,1.0e-3 0,1 Oe-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}
ficedist 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{
i;l‘nil Table D.2 Table D 2 Table D.2 Table D.2 Table D.2 Table D2 Table D .2} Table D 2 Table D.2§
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Table 4.3 Summary of TCE/LHS input (continued)

Indian Pont 2,3 Kewaunee Millstone ? N_Anna 12 Point Beach 1,2 | Praine Island 1,2 Salem 12 Seabrook |
fihead 0.14 0.11 0.14 0.i3 0.11 0.1 0.14 0.1
vip 281 126 28.1 24 12.6 12.6 284 28 1f
fdho 04 04 04 0.4 04 04 04 0.4f
ftw0 1 1000} 1 1 1 1000} I 1000§
fermm 0/2280f 0/1320 072280} 0/1920 0/1480] 0/12 0/2120] 0721204
fuo2m0 1 54232 101245 54604 54936 97369] 101245}
£rmo 19088 1111 23142 16364 11027 11095 20320| 231424
fstimip 1 5800} 10000} 7800| 5800} 5800} i 1
ficohmul 9661 122 122 122 122 122 9.661 9 661
E‘: 1 6e6/Rets 1606/8¢6)1 16e6/8e6 16e6/8e6 1 6e6/Re6| 16¢6/8eb! 1 6e6/Reb ]
355 177 338§ 282 187, 194 376 347
fitres 700/1000 70071 70071000} 700/ 700/1000} 700/1 700/1000 700/10004
m 1.00e+05 1.00e+05 6.90e+04 6.90e+04 1.0Ge+0S 1.00e+05 1.00e+05 1 00e+05§
316 316) 316 316 316 316) 316 3164
Ev:b 2 Se5/1 OeS 2 5e5/1 0eS 1 5e5/6.9e4 1.5¢5/6.9¢5 2.5e5/1 OeS 2 5e5/1.0eS 2 5e5/1 0eS 2.5e5/1 Oe
b 400/316 4001316 360/316 360/316 400/316 400/316 400/316. 400/3 16§
vich 7.39%+04 3 83e+04 6.5te+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§
ffasub 0.825 0.06% 0915 0844 0411 0068 0.770} 0.827§
frvsub 0.01 0.0 001 001 0.01 0.01 001 0.01
utor 950} 950{ 950] 950] 950} 950] 950] 950§
deb 2800 2800} 2200 2800 2800] 2800] 2800 2800}
fizmrel of of of of of of 0 of
fm2res of 0 0 of o} off
ftejec 1 ] 1 1 1 1 i [
frdisp 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 94 091/091§
f7ro2mi 1 1 1 1 1 1 ] 1
Istimul 0 0 0 0
fvo2m Tbi B3,B6,4-L]  ThiB3,B6, 2-L]  Thl B3B6 4- Thi B3,B6, 3- Thbl B3,B6, 2 Tl B3,B6,2-L] TbiB3,B6,4-L]  Thi B3 B6, 4-1.
fstim 1 00e-06 1.00e-06 1 00e-06, 1.00e-06) 1 00e-06} 1.00e-06 1.00e-06 1 00e-06¢
ltzrox Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4 3| Figure 4.3 r'\‘m_a.a
fcohdist 0.29 0.18 0.18] 0.18 0.18 0.18] 02 6.2
fsubdis 0,1 0e-3 0,1 0e-3 0,1 0e-3 0,1 Oe-3 0,1 Oe-3 0,1 0e-3 0,1 0e-3 0,1 Oe-3)
dist 0,1 .0e-3 0,1.0e-3| 0,1 0e-3 0,1 0e-3| 0,1 0e-3} 0,1 Oe-3 0,1 Oe-3! 0,1 Oe-?
ftcedsist 0,1 0e-3| 0,1 Oe-3 0,1 0e-3 0,1.0e-3] 0,1 0e-3] 0,1 0e-3j 0,1 .0e-3 0,1 Oe-
fptail Table D.2| Table D.2 Table D 2 Table D 2 Table D2 Table D 2 Table D.2 Table D 2§
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Table 4.3 Summary of TCE/LHS input (concluded)

S. Hams | S Texas 12 Summer Surry 1,2 Turkey Pt 34 Vo'tkl,z Wolf Creek Zion 1,2
0.13 0.14 0.13 0.13 0.13 0.14 0.14 0.1
245 189 245 25 245 28.1 28 1 28 1}
flano 04 0.4 04 04 04 04 04 04§
frwo 1000| 1000 1000] 1000} 1000 1000} 1000} 10004
fcrmm 0/2080 012660 0/1920} 0/2000{ 0,2000] 0/2280] 0722 0/22808
fuo2mo 80636 118636 82366 80091 81364 101245 101245 98455}
{zrm0 17729] 24927 17277} 16500} 16181 23142 23142 20249
fistimlp 7800{ 10000 7800 7800] 7800} 1 10000 10000§
fcohmul 122 14.6 122 122 122 9661 122 9 661
E: 16e6/8e6 16e6/8¢6 16¢6/8e6, 16e6/8e6 16e6/8¢6 16e6/8e6 1 6e6/8e6! 1 6e6/8e6}
274 401 273 274 284 347} 347 3694
fres 700/1000 700/1000 700/1 700/1000] 706/1000] 700/1 700/1000{ 700/1000
boc 1. 00e+05 1 00e+05 1. 00e+05 6.90e+04 1.00e+05 1 00e+05 1. 00e+05 1 00e+0S
boc 316 316 316 316 316 316 316 316)
E:b 2 5e5/1 OeS 2.5e5/1 OeS 2.5e5/1 OeS 1.5e5/6 9ed 2.5¢5/1 0eS 2 5e5/1 0eS 2 Se5/1.0eS 2.5¢5/1 OeSf
b 400/316 400/316 4007316 360/316 400/316 400/316 400/316 400/316§
fvreb 7 07e+04 9 34e+04 5 34e+04 5 09¢+04 4.39e+04 7 64e+04 7.07e+04 8 09e+04f
veav 256 304 284 360} 303 275 275 2308
asub 0.917 0838 0.902 0.835 0819 0881 0.831 0.875)
firvsub 0.01 0.0i 0.01 0.01 0.01 0.01 0.01 0.01
[tautor 950, 950 9 950 950! 950! 950) B
fitdeb 2800} 2800 28001 2800} 2800] 2800] 2800| 28004
ftzirel ol 0 ol 0 o] ol o of
fim2rcs 0 of 0 of of 0] of
ltejec 1 1 ] 1 1 1 1 1f
disp 0.91/0.92 0.92/0.92 0.90/0.92 0.88/0 90 0.89/0 91 093/0.93 0.93/0.93 0.95/0 95§
zro2mi 1 1 1 ] 1 1 ] 1
istimui 0 0 0 ol 0| 0 of
fuo2m Thi B3,86, 3-L. Thl B3B6,4-L] ThiB3B6, 31| THiBIB6,3-L] ThiB3B6, 3-L| TbiB3RB6 4-L{ ThiBIB6, 4-L] Thl B3 B6, 4-1)
fstim 1. 00e-06 i 00e-06 1 00e-06 1 00e-06: 1. 00e-06 1.00e-06 1.00e-06 1.00e
Hifzrox Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 Figure 4.3 F@n_ia
ficohdast 0.18 0.33 0.18] 0.1 0.18 0.29 0.18] 0.2
fsubdis 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 0,1.0¢-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
fitcedist 0,1 0e-3 0,1.0e-3 0,1.0e-3| 0,1 0e-3 0,1 Oe-3 0,1.0e-3 0,1.0e-3 0,1 0e-3}
Fan Table D 2 Table D.2 Table D2 Table D2 Table D2 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 |
Early Penetration
Failure
0-60 s

Scenario |l
Early Rupture
1000-2500 s

Scenario i

Failure
0-3000 s

Delayed Penetration

Scenario IV
Late Rupture
3000-5000 s

Figure 4.1. Splinter DCH scenarios used in NUREG/CR-6075.
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CRUCIBLE GRADUAL

FORMATION/FAILURE RELOCATION
WET CORE DRY CORE
SCENARIO V SCENARIO VI SCENARIO VII SCENARIO VIII
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 Meit Relocate Metal Blockage
RPV Reflocded 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

Figure 4.2. Splinter DCH scenarios reflecting working group recommendations.
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Figure 4.4. Crucible formation in a flooded RPV - Scenarios V and Va.
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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 2ZAE,

— = p—=—F_ s.
AT -
where 7 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 vield 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 (Wiliiams 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 CPNTAIN 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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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 produciion 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: FAVDCH-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/ET tests were
conducted in a Zion-like compartmentalized geometry. We note that only SNL/IET-8B had a reactive
atmospnere. 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 expenment 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.

H W -

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).
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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

r T‘O /4 Mo A pvl,’} 12
L i M M‘,’ V res

where C, 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. OQur assessments are summarized in
Table C.1. Westinghouse cavities (4] total) are 27 percent Zion-like, 68 percent Surry-like, and §
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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Rapidq'ectionofhotmehtlu‘oughabreadnmtheRPVleadstoablauon, which increases the
initial hole size. Appendix J in NUREG/CR-6075 (Pilch et al, 1994a) develops a model for hole
ablation. The fina! hole size can be computed from

™
AD
D,,“ - A (53)
"1+ 06934 (1-“)
Tp
where
™ < ‘A;!Mz e }: M 172 (5.4)
j P.Ca ”(?D ( ( Phes - PD)J

is the characteristic time to eject all the melt from the RPV in the absence of ablation and where

Dh D,
t D = — =

D. ( ) zhdv (ﬂ'Tupv)
pw[Cp.w(Tu;.w'Tw) * h[w]

) (5.5)

is the characteristic time to double the initial hole size by ablation. Fic - 54 validates the model
against the existing database. This figure also illustrates that ablar  iicreases the hole size only
slightly for initial hole sizes characteristic of lower head rupture; con: uently, 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 detal 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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- Smﬁﬁcaﬁonofhotjetoombusﬁonpmductswiﬂoccminthedmifspnysmnot
opaaﬁandmhnpodingdwnﬁ)dngofcombunionproducswithdwwolapmwdm
atmosphere. m:,wepicmrehotnonﬂamnnblegasesmmulaﬁnginﬂ\eupperdmmd
the cooler, potentially flammable, preexisting atmosphere displaced downward in the lower
dome regions.

: ] Fhmepmpagaﬁmuisdiﬁwhtoac}ﬁminmﬁﬁedmainmaumnosphauwhhéo
pemmtswnm.mdmebunﬁngprocessistooslowandimﬁdautooonuibmetopukloads
except possibly at the upper end of H, distribution. Explicit treatment of deflagrations to
beucrdeﬁmmdquduncauinﬁesinhydmgmconbustion@ﬂchad., 1995; Pilch, 1995)
was included in the Zion supplement (Pilch et al , 1994b) and our current analyses. The
ﬁacﬁonofdwpreexininghydrogmMcanbumonDCHﬁnwscdesmdconmbmewpak
loads is given by

Som ™ rz,( . g—’”) (5.6)

H2

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
deﬂagnﬁonsanoonuibmempukDCHbadsdepmdingonummphatcompodﬁonmd
temperatures induced by the DCH event itself Deflagration-enhanced DCH loads are
prediaedforam-ﬁkemaﬁowithmﬁanymstwnmﬂ\emnosphue,hnﬂn
increased pressure is offset by the lower initial pressure in the containment.

4. Slow volumerric 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
inanraﬁﬁedamwspherebecauuhuﬁngofﬂncomawnmtamsphereisﬁnﬁtedbymixing.
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) conceming 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 [ET-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 burns. 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 encrainment 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

(1) A,p, 22 (a.R.1,)" &V p,
- l i & o l_ 13 (3 T (3 X 5.

is developed in Section C.2.1. This simple model is validated against the database in Table 5 4.

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

fdauu=fm(l—fm‘:hu)+fub(l—fgq’)' (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
distizoutions 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 (HB.
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

z — 59
T oo Aot il . (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 (fuem ~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,

¢) becaise 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) because 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 um) 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.

Finhanced 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 (HB. Robinson and South Texas 1 & 2) that are categorized 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 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,

A
JSos = min Ao 31 min{——;ﬁ—; 1} ~ 0.05, (5.10)

._l.A str

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
inmumemguidembesmdmcirmpponstmcmmthatMUbedispersed from the cavity with the
debris, and equipment in the seal table room. A factor of « is multiplied by the area of the cavity exit
(Acv ) because DCH experiments indicate that virtually all of the debris is ejected from the half of the
opening furthest from the RPV.

8.1 Nomenclature

Aaves = 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

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

Ae = area of the seal table room opening

Cq = discharge coefficient (0.6)

Caw = heat capacity of RPV steel

Cr- = constant in coherence correlation

D% = initial hole diameter

= characteristic ablation rate

characteristic heat transfer rate to structure

energy release rate from combustion of preexisting hydrogen

fraction dispersed

fraction of debris dispersed from cavity

fraction of dispersed debris that enters dome

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

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

frpeey § 2
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fraction of preexisting hydrogen burned on DCH timescales
fraction of dispersed debris that enters the subcompartment and subsequently

mounonn " " unr "N H

(N R

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 RCS gas mass

initial RCS pressure

coherence ratio

debris temperature

RCS gas temperature

melting temperature of RPV steel

temperature of RPV lower head at vesse! 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
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Table 5.1 Survey of DCH-rele:~ut experiments
L {

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
FAIVDCH E 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/AlLO: 0.06
SNL/TDS H,O 37-40 80 Fe/AlL,Oy/Cr 0.065
SNL/LFP H,O 25-36 50, 80 Fe/AlL,Oy/Cr 0.04-0.09
SNL/WC H,O 38-46 50 Fe/AlLOy/Cr 004-0.10
SNLJIET H,O 59-71 43 Fe/AlLOy/Cr 0.04
Zion
SNLAET H,0 12 158 Fe/AlLOy/Cr 0.072-0.098
Surry
ANL/CWTI N, 47-50 41 UOyZrOy/SS 0.13
ANL/IET H,O 57-67 0.72,0.82 Fe/ALOJ/Cr 0011
ANL/U H,0 30-60 1.13 UOYZr/ZrO,/SS 0.011
FAUVDCH Ny, H,O | 24-32 20 Fe/AlLO; 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 009-0.23 No Air, Ar Open containment
SNL/LFP 016 No Ar Compartmentalized by
slab
SNL/WC 0.16 No Ar Essentially open
SNL/IET 0.2 Na, No/Air, Zion subcompartment
Zion No NJ/AiIr/H,, structures
COYAiIr/H;
SNLAET 0.13-0.19 No Air/H;O/H, Surry
Surry partial subcompartment
insulation structures
ANL/CWTI 0.1 No Ar Compartmentalized by
baffle
ANL/IET 02 N, Ny/Air, Zion subcompartment
No Ny/Air/H,, structures
H,(O/Air/H;
ANL/U 02 No N,/Air/H, Zion
subcompartment
structures
FAUDCH 0.1 No N, Zion (Like)
subcompartment
structures
Table 5.2 Quantification of the coherence ratio
Cavi | Crs o
Zion 9661 0.29
Surry 12.2 018
Other 14 6 0.33
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Table 5.3 Applicabiiq of the database to reactors
CAVITY Cae T M % MM, AWV Vs
Complete database Zion, Surry 06-10 30-110 28-214 0001 -0014
SNL/ANL IET Zion Zion 06-09 42 39-60 0.0027
tests
P.RCS =6 MPa
SNL/IET Surry tests Surry 09 32 29 00033
P’res = 13 MPa
NPP Zion ~1 35 62 0002
RCS = 8 MPa
D, =04m
Toncs = 1000 K
MO‘ =50 mt
NPP Zion ~1 28 39 0.002
RCS & 16 MPa
D’ =04m
Togcs - 800 K
MO‘ =50mt

“Only experiments where dispersal is complete or nearly complete (fs > 0.5) considered.

BUSWOUAY HO 43 JO uoneagnueny)



Quantification of the DCH Phenomena

Parameter

SNL/IET-1 to 8B
Allen et al , 1994

ANL/IET-1R to 8
Binder et al , 1994

Table 5.4 Validation of melt retention by freezing during cavity dispersal

SNL/IET-9 to 11
Blanchat et al,, 1994

Cavity Zion Zion Surry

Scale 1:10 1:40 1:5.75

Melt simulant Fe/AlLO,/Cr Fe/AlLO,/Cr Fe/Al,O4/Cr
 f4ip Observed 062-089 069 -0.80 0.73 - 0.89
| faip 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
comparimentalized geometry.
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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
matenial 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
erived 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 r. lect the uncertainty involved.

The Individual Plant Examinations (IPEs) for all operating Pressurized Water Rezctors (PWRs) in
the U.S. were assembled and containment fragility curves obtained The containment vapacity results
from each of the IPEs were examined and briefly reviewed and the probability of contaiment failure
was taken from them. In many cases, this consisted of fragility curves showing pre.sure 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 varations. 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. Othe- 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
contaimnmtsonimplydﬁﬁedotherpluu's&agiﬁtywwesbasedonwhameydetetminedtobethe
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 potential impact
of these uncertainties.

Table 6.) 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 existt 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 fragilit

PLANT Design Press. Cont. Press (psig) @ Cont. Press/Design Press @
psig Prob.=0.0] | Prob.=0.1 | Prob.=0.5 |Prob=001[Prob=01] Prob.=0¢
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
omanche 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 2.17 2.45 2.85
Salem 1,2 47 75 92 112 1.60 1.96 2.38
Seabrook 65 164 186 216 252 2.86 3.32
Shearon Harris 45 104 121 153 231 269 3.40
Class 3. Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
[Braidwood 1 61 81 101 124 133 1.66 2.03
[Braidwood 2 61 81 90 98 133 1.48 161
{Byron 1 61 81 101 124 133 1.66 2.03
{Byron 2 65 81 90 98 125 1.38 1.51
{Callaway 60 104 123 134 173 2.05 2.23
{Farley 1.2 54 98 105 114 181 1.94 2.11
{Ginna 60 115 121 129 1.92 2.02 2.15
{H 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 88 113 127 1.57 2.02
Summer 55 105 127 141 191 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 1.47 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
[Milistone 3 45 88 103 118 1.96 229 2.62
orth 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 22 2.6
STD on Total 74 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 1421 2.1 2.4 2.8
STD on Class 2 59 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 56.9 945 110 4 127.7 1.7 2.0 2.3
STD on Class 3 59 16.7 17.2 16.7 0.3 03 0.4
STD/Mean Class 3 0.10 0.18 0.16 013 018 0.18 0.19
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7.0 RESULTS AND SENSITIVITIES

Each scenano 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 thruugh 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 (b=st 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 cf the load and fragility
distribution for some of the scenarios. Tables 7.2 to 7.5 can be used to id=ntify explanations for DCH
sensitivity in HB. Robinson. HB. Robinson has containment loads that are about one standard
deviation above the mean and has a significant line-of-sight flow path (ie., 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 HB. 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 * MPa (15 psig) for Callaway and by ~0.07 MPa (10 psig) for Palisades. For our
study, we have a so shifted the fragility curve of each plant 0.1 MPa to the left This is equivalent to
using high coni.sence 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 1ssue resolution. Only HB. Robinson shows CCFPs 2
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 HB. 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 pressuies relative to
most other plants.

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

e HS)-pL)
(o’ ®)+o’ ()"

(7.1)

The safety margin reflects the relative difference between the mean values for strength and fragility. A
small vaiue 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 H.wever, the
variation in fragility from plant to plant is large (20 ~35 percent). As an extreme example, the
containment at HB. 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 - 20 ~ 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 Vla)
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 Vla 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
scenanios (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

§ PLANT Number of Mean CCFPs Est. CCFPs Using Biased Fragility
! Loops ScnV | SnVa | SVl | SanVia SnV | SeVa | SeaVI | SenVia
| Class 1: Large Dry Containment, Steel Cylinder
[Kewaunee 2 0 0 0 0 0 0 0 0
ne Island 12 2 0 0 0 0 0 0 0
Ciass 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Liner
Shearon Hams 3 0 0 0 0 0 0 0 0
omanche 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
findian Pomt 2 4 0 0 0 0 0 0 0 0
findian Point 3 4 0 0 0 0 0 0 0 0
fSalem 1.2 Bl 0 0 0 0 0 0.001 0 0.001
fSeabrook 4 0 0 0 0 0 0 0 0
¥ Class 3. Large Dry Containment; Post-Tensioned Concrete Cylinder With Steel Liner
fGinna 2 0 0 0 0 ) 0 0 001 0
fPont Beach 1,2 2 0 0 0 0 0 0 0 0
{Farley 1.2 3 0 6 0 0 0 0 0 ¢
‘B Robinson 3 0 0.001 0.004 0.004 0.002 0.010 0.020 0028 |
wnmer 3 0 0 0 U 0 0 0 0
Turkey Point 3,4 3 0 0 0 0 0 0 0 0
radwood 1 4 0 0 0 0 0 0 0 0
{Brardwood 2 4 0 ) 0 0 0 0 0 0
{Byron | 4 0 0 0 0 0 0 0 0
{Byron 2 B 0 0 0 0 0 0 0 0
fCallaway 4 0 0 0 0 0 0 0 0
South Texas 1,2 4 0 0 0 0 0 0.001 0 0003
Vogtle !,2 4 0 0 0 0 0 0 0 0
Wolf Creek 4 0 0 0 0 0 0.001 0 0001
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 0001 0.001 0.001
[North Anna 1.2 3 0 0 0 0 0 0 0 0
fSurry 12 3 0 0 0 0 0 0 0 0
{Millstone 3 B 0 0 0 0 0 0.001 0 0
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Table 7.2 Load-to-strength results for Scenario V

PLANT Number of | Mean | Pred Press (MPa) Failure Press. (MPa) Load/Strength Dome Max UO,/Cont.
Vol
Loops CCFP @Prob=0.99 01 Trans, Fract.
Class 1: Large Dry Containment, Steel Cylinder
{Kewaunce 2 0 0433 0 880 0.49 0.58 0.26
{Praine Island 1,2 2 0 0437 0.880 0 50 0.58 025
Class 2: Large Dry Containment; Reinforced Concrete Cylinder With Steel Lines
Shearon Harris 3 0 0381 0818 047 0.08 042
fComanche Peak 1,2 4 0 0.446 0.756 0.59 0.22 0.59
iDiablo Caryon 1,2 4 0 0.463 0.791 0.59 0.21 0.67
{indian Point 2 4 0 0.450 0.701 064 0.18 068
{indian Point 3 4 0 0.450 0.805 0.56 0.18 0.68
Salem 1,2 4 0 0.465 0618 0.75 0.23 068
Seabrook 4 0 0.447 1.232 0.36 017 065
Class 3: Large Dry Containment, Fost-Tensioned Concrete Cyiinder With Steel Liner
iGinna 2 0 0.450 0.894 0.50 0.50 0.6
{Point Beach 1,2 2 0 0.490 0977 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 0424 0825 051 0.10 0.56
Turkey Point 3,4 3 0 0.490 0915 0.54 0.18 068
{Braidwood 1 4 0 0434 0660 066 018 061
{Braidwood 2 4 0 0.434 0.660 0.66 018 061
{Byron 1 4 0 0430 0.660 065 0.18 061
{Byron 2 4 0 0434 0.660 0.66 018 061
[Caliaway 4 0 0.475 0818 0.58 0.17 0.71
South Texas 1,2 4 0 0.445 0.591 0.75 0.16 0.54
Vogtie 1,2 4 0 0.445 0.791 0.56 012 065
Wolf Creck 4 0 0.475 0.708 067 0.17 0.71
Zion 1,2 4 0 6.424 0.770 0.55 0.13 062
Class 4: Subatmospheric Containment, Reinforced Concrete Cylinder With Steel Liner
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