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ABSTRACT

The evaluation of accident phenomena and the offsite consequences of severe reactor accidents
has been the subject of considerable research by the U.S. Nuclear Regulatory Commission
(NRC) over the last several decades. As a consequence of this research focus, analyses of severe
accidents at nuclear power reactors are more detailed, integrated, and realistic than at any time in
the past. A desire to leverage this capability to address conservative aspects of previous reactor
accident analysis efforts was a major motivating factor in the genesis of the State-of-the-Art
Reactor Consequence Analysis (SOARCA) project. By applying modern analysis tools and
techniques, the SOARCA project developed a body of knowledge regarding the realistic
outcomes of severe reactor accidents. To accomplish this objective, the SOARCA project used
integrated modeling of accident progression and offsite consequences using both state-of-the-art
computational analysis tools and best modeling practices drawn from the collective wisdom of
the severe accident analysis community. This study focused on providing a realistic evaluation
of accident progression, source term, and offsite consequences for the Peach Bottom Nuclear
Power Station. By using the most current emergency preparedness practices, plant capabilities,
and best available modeling, these analyses are more detailed, integrated, and realistic than past
analyses. These analyses also consider all mitigative measures, contributing to a more realistic
evaluation.

PAPERWORK REDUCTION ACT STATEMENT

The NUREG does not contain information collection requirements and, therefore, is not subject
to the requirements of the Paperwork Reduction Act of 1995 (44 USC 3501, et seq.).

PUBLIC PROTECTION NOTIFICATION
The NRC may not conduct or sponsor, and a person is not required to respond to, a request for
information or an information collection requirement unless the requesting document displays a
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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission (NRC), the nuclear power industry, and the
international nuclear energy research community have devoted considerable research over the
last several decades to examining severe reactor accident phenomena and offsite consequences.
Following the terrorist attacks of 2001, an NRC initiative reassessed severe accident progression
and offsite consequences in response to security-related events. These updated analyses
incorporated the wealth of accumulated research and used more detailed, integrated, and best-
estimate modeling than past analyses. An insight gained from these security assessments was
that the NRC needed updated analyses of severe reactor accidents to reflect realistic estimates of
the more likely outcomes, considering the current state of plant design and operation and the
advances in understanding of severe accident behavior.

The NRC initiated the State-of-the-Art Reactor Consequence Analyses (SOARCA) project to
develop best estimates of the offsite radiological health consequences for potential severe reactor
accidents for two pilot plants: the Peach Bottom Atomic Power Station in Pennsylvania and the
Surry Power Station in Virginia. Peach Bottom is generally representative of U.S. operating
reactors using the General Electric boiling-water reactor (BWR) design with a Mark 1
containment. Surry is generally representative of U.S. operating reactors using the
Westinghouse pressurized-water reactor (PWR) design with a large, dry (subatmospheric)
containment. SOARCA results, while specific to Peach Bottom and Surry, may be generally
applicable to plants with similar designs. Additional work would be needed to confirm this,
however, since differences exist in plant-specific designs, procedures, and emergency response
characteristics.

The SOARCA project evaluates plant improvements and changes not reflected in earlier NRC
publications such as NUREG/CR-2239, “Technical Guidance for Siting Criteria Development,”
NUREG-1150, “Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,”
and WASH-1400, “Reactor Safety Study: An Assessment of Accident Risks in U.S. Commercial
Nuclear Power Plants.” SOARCA includes system improvements, improvements in training and
emergency procedures, offsite emergency response, and security-related improvements, as well
as plant changes such as power uprates and higher core burnup. To provide perspective between
SOARCA results and more conservative offsite consequence estimates, SOARCA results are
compared to NUREG/CR-2239, “Technical Guidance for Siting Criteria Development,” issued
in 1982 and referred to in this report as the Siting Study. Specifically, SOARCA results are
compared to the Siting Study siting source term 1 (SST1). SST1 assumes severe core damage,
loss of all safety systems, and loss of containment after 1.5 hours. The SOARCA report helps
the NRC to communicate its current understanding of severe-accident-related aspects of nuclear
safety to stakeholders, including Federal, State, and local authorities, licensees, and the general
public.

The SOARCA project sought to focus its resources on the more important severe accident
scenarios for Peach Bottom and Surry. The project narrowed its approach by using an accident
sequence’s possibility of damaging reactor fuel, or core damage frequency (CDF), as a surrogate
for risk. The SOARCA scenarios were selected from the results of existing probabilistic risk
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assessments (PRAs). Core damage sequences from previous staff and licensee PRAs were
identified and binned into core damage groups. A core damage group consists of core damage
sequences that have similar timing for important severe accident phenomena and similar
containment or engineered safety feature operability. It is important to note that each core
damage sequence that belongs to a given core damage group is initiated by a specific cause (for
example, a seismic event, a fire, or a flood), and that the frequency of each core damage group
was estimated by aggregating the CDFs of the individual sequences that belong to the group.
This approach was taken to help ensure that the contributions from all core damage sequences
were accounted for during the sequence selection process. During the consequence analysis, the
core damage groups for station blackouts were analyzed as if they were initiated by a seismic
event. This approach was taken because seismically induced equipment failures occur
immediately following the seismic event, which produces the most severe challenge to the
plant. The groups were screened according to their approximate CDFs to identify the most risk
significant groups. SOARCA analyzed scenarios with a CDF equal to or greater than 10° (1 in a
million) per reactor-year. SOARCA also sought to analyze scenarios leading to an early failure
or bypass of the containment with a CDF equal to or greater than 107 (1 in 10 million) per
reactor-year, since these scenarios have a potential for higher consequences and risk. This
approach allowed a more detailed analysis of accident consequences for the more likely,
although still remote, accident scenarios.

The staff used updated and benchmarked standardized plant analysis risk (SPAR) models and
available plant-specific external events information in the scenario-selection process and
identified two major groups of accident scenarios for analysis. The first group common to both
Peach Bottom and Surry includes short-term station blackout (STSBO) and long-term station
blackout (LTSBO). Both types of SBOs involve a loss of all alternating current (ac) power. The
STSBO also involves the loss of turbine-driven systems through loss of direct current (dc)
control power or loss of the condensate storage tank and therefore proceeds to core damage more
rapidly (hence “short term™). The STSBO has a lower CDF, since it requires a more severe
initiating event and more extensive system failures. SBO scenarios can be initiated by external
events such as a fire, flood, or earthquake. SOARCA assumes that an SBO is initiated by a
seismic event since this is the most extreme case in terms of both the timing and amount of
equipment that fails. Notwithstanding the SOARCA scenario screening process, SBO scenarios
are commonly identified as important contributors in PRA because of the common cause of
failure for both reactor safety systems and containment safety systems.

SOARCA’s second severe accident scenario group, which was identified for Surry only, is the
containment bypass scenario. For Surry, two containment bypass scenarios were identified and
analyzed. The first bypass scenario is a variant of the STSBO scenario, involving a thermally-
induced steam generator tube rupture (TISGTR). The second bypass scenario involves an
interfacing systems loss-of-coolant accident (ISLOCA) caused by an unisolated rupture of low-
head safety injection piping outside containment. The CDF for the ISLOCA, 3x10™ (3 in 100
million) per reactor-year, falls below the SOARCA screening criterion for bypass events but it is
analyzed for completeness because NUREG-1150 identified ISLOCA, in addition to SBO and
SGTRs, as principal contributors to mean early and latent cancer fatality risks. This scenario-
selection process captured the more important internally and externally initiated core damage
scenarios.
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SOARCA’s analyses were performed with two computer codes, MELCOR for accident
progression and the MELCOR Accident Consequence Code System, Version 2 (MACCS?2) for
offsite consequences. The NRC staff’s preparations for the analyses included extensive
cooperation from the licensees of Peach Bottom and Surry to develop high-fidelity plant systems
models, define operator actions including the most recently developed mitigation actions, and
develop models for simulation of site-specific and scenario-specific emergency planning and
response. Moreover, in addition to input for model development, licensees provided information
on accident scenarios from their PRAs. Through tabletop exercises of the selected scenarios
with senior reactor operators, PRA analysts, and other licensee staff, licensees provided input on
the timing and nature of the operator actions to mitigate the selected scenarios. The licensee
input for each scenario was used to develop assumed timelines of operator actions and equipment
configurations for implementing available mitigation measures which include mitigation
measures beyond those routinely credited in current PRA models. A human reliability analysis,
commonly included in PRAs to represent the reliability of operator actions, was not performed
for SOARCA, but instead tabletop exercises, plant walkdowns, simulator runs and other inputs
from licensee staff were employed to ensure that operator actions and their timings were
correctly modeled.

SOARCA modeled mitigation measures, including those in emergency operating procedures
(EOPs), severe accident management guidelines (SAMGs), and Title 10 to the Code of Federal
Regulations (10 CFR) 50.54(hh). The 10 CFR 50.54(hh) mitigation measures refer to additional
equipment and strategies required by the NRC following the terrorist attacks of September 11,
2001, to further improve each plant’s capability to mitigate events involving a loss of large areas
of the plant caused by fire and explosions. To assess the benefits of 10 CFR 50.54(hh) mitigation
measures and to provide a basis for comparison to the past analyses of unmitigated severe
accident scenarios, the SOARCA project also analyzed each scenario without 10 CFR 50.54 (hh)
equipment and procedures. The analysis that credits successful implementation of the 10 CFR
50.54 (hh) equipment and procedures in addition to actions directed by the EOPs and SAMGs is
referred to as the mitigated case. The analysis without 10 CFR 50.54(hh) equipment and
procedures is referred to as the unmitigated case (SAMGs were considered but not implemented
in the unmitigated case). The unmitigated case of the Surry ISLOCA is an exception to this
general principle because it was necessary to assume that at least one of the EOP actions failed to
occur for the scenario to lead to core damage. Chapter 3 of NUREG/CR-7110, Volume 1,
“SOARCA Peach Bottom Integrated Analysis” and Volume 2, “SOARCA Surry Integrated
Analysis”, details the specific equipment and operator actions credited for each scenario.

For the LTSBO scenarios for both Peach Bottom and Surry (the most likely severe accident
scenario for each plant considered in SOARCA) analyzed assuming no mitigation, core damage
begins in 9 to 16 hours, and reactor vessel failure begins at about 20 hours. Offsite radiological
release due to containment failure begins at about 20 hours for Peach Bottom (BWR) and at 45
hours for Surry (PWR). The SOARCA analyses therefore show that time may be available for
operators to take corrective action and get additional assistance from plant technical support
centers even if initial efforts are assumed unsuccessful. For the most rapid events (i.e., the
unmitigated STSBO in which core damage may begin in 1 to 3 hours), reactor vessel failure
begins at roughly 8 hours, possibly allowing time to restore core cooling and prevent vessel
failure. In these cases, containment failure and radiological release begins at about 8 hours for
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Peach Bottom and at 25 hours for Surry. For the unmitigated Surry ISLOCA, the offsite
radiological release begins at about 13 hours and in the other bypass event analyzed, the
TISGTR, the radiological release begins at about 3.5 hours but is shown by analyses to be
substantially smaller than the 1982 Siting Study SST1 release.

In addition to delayed radiological releases relative to the 1982 Siting Study SST1 case, the
SOARCA study demonstrates that the amount of radioactive material released is much smaller as
shown in Figures 1 (Iodine-131) and 2 (Cesium-137) below. The Surry ISLOCA iodine release
is calculated to be 16 percent of the core inventory, but the results are more generally in the
range of 0.5 to 2 percent for iodine and cesium for the other scenarios analyzed. By contrast, the
1982 Siting Study SST1 case calculated an iodine release of 45 percent and a cesium release of
67 percent of the core inventory.
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Figure ES-1 Iodine release to the environment for SOARCA unmitigated scenarios and
the 1982 Siting Study SST1 case
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Figure ES-2 Cesium release to the environment for SOARCA unmitigated scenarios and
the 1982 Siting Study SST1 case

Past PRAs and consequence studies showed that sequences involving large early releases were
important risk contributors. For example, the PWR SBO with a TISGTR was historically
believed to result in a large, relatively early release potentially leading to higher offsite
consequences. However, MELCOR analysis of Surry performed for SOARCA shows that the
release is small, because other reactor coolant system piping inside containment (i.e., hot leg
nozzle) fails soon after the tube rupture and thereby retains the fission products within the
containment. Additional work would be needed to determine if this result generally applies for
all types of PWRs.

While this report does not determine the respective likelihoods of the mitigated and unmitigated
cases of each scenario, the SOARCA results demonstrate the potential benefits of employing 10
CFR 50.54(hh) mitigation enhancements for the scenarios analyzed. MELCOR analyses were
used both to confirm the time available to implement mitigation measures and to confirm that
those measures, once taken, are effective in preventing core damage or significantly reducing
radiological releases. When successful mitigation is assumed, the MELCOR results indicate no
core damage for all scenarios except the Surry STSBO and its TISGTR variant. The security-
related mitigation measures that provide alternative ac power and portable diesel-driven pumps
are especially helpful in counteracting SBO scenarios. For the Surry STSBO and its TISGTR
variant, the mitigation is sufficient to flood the containment through the containment spray
system to cover core debris resulting from vessel failure. For the ISLOCA scenario, installed
equipment unrelated to 10 CFR 50.54(hh) is effective in preventing core damage owing to the
time available for corrective action.

For scenarios that release radioactive material to the environment, MACCS?2 uses site-specific
weather data to predict the downwind concentration of material in the plume and the resulting
population exposures and health effects. The analysis of offsite consequences in SOARCA
incorporates the improved modeling capability reflected in the MELCOR and MACCS2 codes as
well as detailed site-specific public evacuation models. These models were developed for each
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scenario based on site-specific emergency preparedness programs and State emergency response
plans to reflect timing of onsite and offsite protective action decisions and the evacuation time
estimates and road networks at Peach Bottom and Surry. Scenarios that are assumed to be
initiated by a seismic event consider the earthquake’s impact on implementing emergency plans
from loss of infrastructure (i.e., long-span bridges, traffic signals, sirens).

The unmitigated versions of the scenarios analyzed in SOARCA have lower risk of early
fatalities than calculated in the 1982 Siting Study SST1 case. SOARCA’s analyses show
essentially zero risk of early fatalities. Early fatality risk was calculated to be ~ 10™* for the
unmitigated Surry ISLOCA (for the area within 1 mile of Surry’s exclusion area boundary) and
zero for all other SOARCA scenarios. In comparison, 92 early fatalities for Peach Bottom and
45 early fatalities for Surry were calculated for the SST1 case in the 1982 Siting Study.

SOARCA results indicate that bypass events (e.g., Surry ISLOCA) do not pose a higher
scenario-specific latent cancer fatality risk than non-bypass events (e.g., Surry SBO). While
consequences are greater when the bypass scenario happens, this is offset by the scenario being
less likely to happen. SOARCA reinforces the importance of external events relative to internal
events and the need to continue ongoing work related to external events risk assessment.

Offsite radiological consequences were calculated for each scenario expressed as the average
individual likelihood of an early fatality and latent cancer fatality. Tables ES-1 (Peach Bottom)
and ES-2 (Surry) show, for both mitigated and unmitigated cases, conditional (on the occurrence
of the core damage scenario) scenario-specific probabilities of a latent cancer fatality for an
individual located within 10 miles of the plant. Tables 1 and 2 show the results using the linear
no-threshold (LNT) dose-response model, which assumes that the health risk is directly
proportional to the exposure and even the smallest radiation exposure carries some risk. The
tables also provide the scenario-specific latent cancer fatality risk for an individual located
within 10 miles of the plant, taking into account the scenario’s core damage frequency.
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Table ES-1  Offsite Consequence Results for Peach Bottom Scenarios Assuming Linear
No- Threshold (LNT) Dose-Response Model
Mitigated Unmitigated
Conditional Scenario-specific Scenario-specific
Core scenario- risk Conditional risk
damage specific (CDF x scenario-specific (CDF x
Scenario frequency | probability of Conditional) probability of Conditional)
|CDF] latent cancer of latent cancer latent cancer of latent cancer
(per rea:tor fatality for an fatality for an fatality for an fatality for an
year) individual individual located | individual located | individual located
located within within 10 miles within 10 miles within 10 miles
10 miles (per reactor year) (per reactor year)
Long-term SBO 3x10° No Core Damage 9x107 ~3x]0710 wkk
Short-term SBO
with RCIC No Core Damage 7x107 ~2x] 071 Rk
Blackstart™®*
3x107
Short-term SBO
without RCIC Not Applicable*** 2x10™ ~ 6x 107! Rk
Blackstart
* The CDF assumes that 10 CFR 50.54(hh) equipment and procedures were not used.
ok Blackstart of the reactor core isolation cooling (RCIC) system refers to starting RCIC without any ac or dc
control power. Blackrun of RCIC refers to the long-term operation of RCIC without electricity, once it has
been started. This typically involves using a portable generator to supply power to indications such as
reactor pressure vessel (RPV) level to allow the operator to manually adjust RCIC flow to prevent RPV
overfill and flooding of the RCIC turbine. STSBO RCIC blackstart and limited blackrun is credited as an
unmitigated case for SOARCA purposes because the licensee has included its use in procedures. Past NRC
severe accident analyses of STSBO scenarios did not credit blackstart of RCIC. A sensitivity calculation
without blackstart was therefore performed to provide a basis for comparison to past analyses.
oAk A scenario with 10 CFR 50.54(hh) mitigation, but without RCIC blackstart was not analyzed.
sfeskoskosk

Estimated risks below 1 x 107 per reactor year should be viewed with caution because of the potential

impact of events not studied in the analyses and the inherent uncertainty in very small calculated numbers.
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Table ES-2

Dose-Response Model.

Offsite Consequence Results for Surry Scenarios Assuming LNT

Mitigated Unmitigated
Core d Conditional Scenario-specific Conditional Scenario-specific
(f)re amage scenario- risk scenario- risk
reglll)el;lcy specific [CDF x specific [CDF x
Scenario [ I probability of Conditional] probability of Conditional]
(pil‘ latent cancer of latent cancer latent cancer of latent cancer
reac 0:' fatality for an fatality for an fatality for an fatality for an
sy individual individual located individual individual located
located within within 10 miles located within within 10 miles
10 miles (per reactor-year) 10 miles (per reactor-year)
Long-term SBO 2x107 No Core Damage 5%x10° ~ TX10710 ks
Short-term SBO 2x10° No Containment Failure ** 9%10” ~ IX 1710 Hk
Short-term SBO -7 RET T 10 s -4 10 s
with TISGTR 4x10 3x10 1x10 3x10 1x10
Interfacing 8 4 12 sk
systems LOCA 3x10 No Core Damage 3x10 9x10
* The CDF assumes that 10 CFR 50.54(hh) equipment and procedures was not used.
*x Accident progression calculations showed that source terms in the mitigated case are smaller than in the

unmitigated case. Offsite consequence calculations were not run, since the containment fails at about 66
hours. A review of available resources and emergency plans shows that adequate mitigation measures
could be brought on site within 24 hours and connected and functioning within 48 hours. Therefore 66

hours would allow ample time for mitigation via measures brought to the site from offsite.

oAk Containment failure is delayed by about 46 hours in the mitigated case relative to the unmitigated case.
Rounding to one significant figure shows conditional LCF probabilities of 3x10™ for both mitigated and
unmitigated cases, however the original values were 2.8x10™ for the mitigated case and 3.2x10™* for the
unmitigated case.

ek

Estimated risks below 1 x 107 per reactor year should be viewed with caution because of the potential

impact of events not studied in the analyses and the inherent uncertainty in very small calculated numbers.

LCEF risks using alternate dose-response models, as well as LCF risks for circular areas out to a
radius of 50 miles, are also presented. Using a dose-response model that truncates annual doses
below normal background levels (including medical exposures) results in a further reduction to
the latent cancer fatality risks (by a factor of 100 for smaller releases and a factor of 3 for larger
releases). Latent cancer fatality risk calculations are generally dominated by long-term exposure
to small annual doses (~500 mrem per year corresponding to state return criteria) by evacuees
returning to their homes after the accident and being exposed to residual radiation over a long
period of time. SOARCA’s calculated LCF risk results are smaller than extrapolations of 1982
Siting Study SST1 LCF risk results. However, the difference diminishes when considering
larger areas, out to a distance of 50 miles from the plant.
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Figure 3 compares SOARCA’s scenario-specific latent cancer fatality risks for an individual
within 10 miles of the plant to the NRC Safety Goal and to an extrapolation of the 1982 Siting
Study SST1' results.
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Figure ES-3 Comparison of individual LCF risk results for SOARCA mitigated and
unmitigated scenarios to the NRC Safety Goal and to extrapolations of the
1982 Siting Study SST1 (plotted on logarithmic scale).

The NRC Safety Goal for latent cancer fatality risk from nuclear power plant operation (i.e.,
2x107 or two in one million) is set 1,000 times lower than the sum of cancer fatality risks
resulting from all other causes (i.e., 2x10™ or two in one thousand). The calculated cancer
fatality risks from the selected, important scenarios analyzed in SOARCA are thousands of times
lower than the NRC Safety Goal and millions of times lower than the general U.S. cancer fatality
risk.

! The Siting Study did not calculate LCF risks. Therefore, to compare the Siting Study SST1 case to LCF

results for SOARCA, the SST1 source term was put into the MACCS?2 offsite consequence code files for
the Peach Bottom and Surry unmitigated STSBO calculations.
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Comparisons of SOARCA’s calculated LCF risks to the NRC Safety Goal and the average
annual US cancer fatality risk from all causes are provided to give context that may help the
reader to understand the contribution to cancer risks from these nuclear power plant accident
scenarios. However, such comparisons have limitations for which the reader should be aware.
Relative to the safety goal comparison, the safety goal is intended to encompass all accident
scenarios. SOARCA does not examine all scenarios typically considered in a PRA, even though
it includes the important scenarios. SOARCA represents a mix of limited PRA models with a
deterministic treatment of various long-term mitigating features. In fact, any analytical
technique, including PRAs, will have inherent limitations of scope and method. As a result,
comparison of SOARCA’s scenario-specific calculated LCF risks to the NRC Safety Goal is
necessarily incomplete. However, it is intended to show that adding multiple scenarios’ low risk
results in the ~ 107"° range to approximate a summary risk from all scenarios, would yield a
summary result that is also below the NRC Safety Goal of 2x10 or two in one million.

Relative to the U.S. average individual risk of a cancer fatality comparison, the sources of an
individual’s cancer risk include a complex combination of age, genetics, lifestyle choices, and
other environmental factors whereas the consequences from a severe accident at a nuclear plant
are involuntary and unlikely to be experienced by most individuals.

The SOARCA analyses show that emergency response programs, implemented as planned and
practiced, reduce the scenario-specific risk of health consequences among the public during a
severe reactor accident. Sensitivity analyses of seismic impacts on site-specific emergency
response (e.g., loss of bridges, traffic signals, and delayed notification) at Peach Bottom and
Surry do not significantly affect LCF risk.

In summary, the staff believes SOARCA has achieved its objective to develop a body of
knowledge regarding detailed, integrated, state-of-the-art modeling of the most important severe
accident scenarios for Peach Bottom and Surry. SOARCA analyses indicate that successful
implementation of existing mitigation measures can prevent reactor core damage or delay or
reduce offsite releases of radioactive material. All SOARCA scenarios, even when unmitigated,
progress more slowly and release much less radioactive material than the 1982 Siting Study
SST1 case. As aresult, the calculated risks of public health consequences from severe accidents
modeled in SOARCA are very small.

The SOARCA study was nearing completion when the Fukushima Daiichi accident occurred on
March 11, 2011. The Fukushima accident has many similarities and differences with some of
the Peach Bottom severe accident scenarios analyzed in SOARCA. While there are significant
gaps in information and uncertainties regarding what occurred in the Fukushima reactors, an
appendix to this report compares and contrasts the SOARCA study and the Fukushima accident
based on currently available information for the following topics: (1) operation of the RCIC
system, (2) hydrogen release and combustion, (3) 48-hour truncation of releases in SOARCA, (4)
multiunit risk, and (5) spent fuel pool risk.

XXX



The contributions from the following individuals in preparing this document are gratefully

acknowledged.

Jon Ake

Terry Brock
Richard Chang
Ata Istar

Robert Prato
Jocelyn Mitchell
Mark Orr

Jason Schaperow
Abdul Sheikh
Richard Sherry
Randolph Sullivan
Charles G. Tinkler

Nathan E. Bixler
Shawn P. Burns
Randall O. Gauntt
Joseph A. Jones
Raymond J. Jun
Douglas M. Osborn
Jesse Phillips

Mark T. Leonard
Kenneth C. Wagner

ACKNOWLEDGEMENTS

U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.

Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission
Nuclear Regulatory Commission

Sandia National Laboratories
Sandia National Laboratories
Sandia National Laboratories
Sandia National Laboratories
Sandia National Laboratories
Sandia National Laboratories
Sandia National Laboratories
dycoda, LLC

dycoda, LLC

Xxx1






ACRONYMS

AC Alternating Current
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GE General Emergency

GNF Global Nuclear Fuel

HCTL Heat Capacity Temperature Limit
HPCI High Pressure Coolant Injection

HPS Health Physics Society

IPE Individual Plant Examination

IPEEE Individual Plant Examination of External Event
LNT Linear, No-Threshold

LOCA Loss of Coolant Accident

LPCI Low Pressure Coolant Injection

LPI Low Pressure Injection

LTSBO Long-Term Station Blackout
MACCS2  MELCOR Accident Consequence Code System, Version 2

MCCI Molten Corium-Concrete Interactions

MSIV Main Steam Isolation Valve

NG Noble Gases

NRC Nuclear Regulatory Commission

NRCS Natural Resources Conservation Service

NRF National Response Framework

ORO Offsite Response Organization

PEMA Pennsylvania Emergency Management Agency
PRA Probabilistic Risk Assessment

QHO Quantitative Health Objective

Xxxiii



RAMCAP
RCIC
RHR

RPF

RPV

SAE
SAMG
SECPOP
SOARCA
SPAR
SRV
STCP
STSBO
TAF

TSC

UE

Risk Analysis and Management for Critical Asset Protection
Reactor Core Isolation Cooling

Residual Heat Removal

Relative Power Fraction

Reactor Pressure Vessel

Site Area Emergency

Severe Accident Management Guidelines
SECtor POPulation and Economic Estimator
State-of-the-Art Reactor Consequence Analysis
Standardized Plant Analysis Risk

Safety Relief Valve

Source Term Code Package

Short-Term Station Blackout

Top of Active Fuel

Technical Support Center

Unusual Event

XXX1V



1.0 INTRODUCTION

This document describes the detailed severe accident analyses (i.e., MELCOR and the MELCOR
Accident Consequence Code System, Version 2 (MACCS2) code calculations) performed for the
Peach Bottom Atomic Power Station as part of the NRC’s State-of-the-Art Reactor Consequence
Analyses (SOARCA) project. A separate volume of this report describes severe accident
analyses for the Surry Power Station. A summary report describing the formal Peer Review
Committee activities, comments, and resolutions was published as a separate document entitled
“Summary Report: Peer Review of the State-of-the Art Reactor Consequence Analyses
(SOARCA) Project,” [1].

1.1 Background

The evaluation of accident phenomena and offsite consequences of severe reactor accidents has
been the subject of considerable research by NRC, the nuclear power industry, and the
international nuclear energy research community. Most recently, with Commission guidance
and as part of plant security assessments, updated analyses of severe accident progression and
offsite consequences were completed using the wealth of accumulated research. These analyses
are more detailed in terms of the fidelity of the representation and resolution of facilities and
emergency response, realistic in terms of the use of currently accepted phenomenological models
and procedures, and integrated in terms of the intimate coupling between accident progression
and offsite consequence models.

An insight gained from these security assessments was that updated analyses of severe reactor
accidents were needed to reflect realistic estimates of the more likely outcomes considering the
current state of plant design and operation and the advances in our understanding of severe
accident behavior. The SOARCA project evaluates plant improvements and changes (either of
which can alter safety margins) not reflected in earlier assessments. These include system
improvements, improvements in training and emergency procedures, offsite emergency response,
and security-related improvements, as well as plant changes such as power uprates and higher
core burnup. SOARCA’s more realistic modeling updates the more conservative quantifications
of offsite consequences found in earlier NRC publications such as NUREG/CR-2239, “Technical
Guidance for Siting Criteria Development” referred to in this report as the Siting Study.

In addition to the improvements in understanding and calculational capabilities that have resulted
from these studies, numerous influential changes have occurred in the training of operating

personnel and the increased use of plant-specific capabilities. These changes include:

e The transition from event-based to symptom-based Emergency Operating Procedures
(EOPs) for the boiling-water and pressurized-water reactor designs.

e The performance and maintenance of plant-specific probabilistic risk assessments (PRAS)
that cover the spectrum of accident scenarios.

e The implementation of plant-specific, full-scope control room simulators to train
operators.
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¢ An industrywide technical basis, owners-group-specific guidance and plant-specific
implementation of the Severe Accident Management Guidelines (SAMGs).

e Use of additional safety enhancements, described in Title 10, Section 50.54(hh) of the
Code of Federal Regulations (10CFR50.54(hh)). These enhancements are intended to be
used to maintain or restore core cooling, containment, and spent fuel pool cooling
capabilities under the circumstances associated with loss of large areas of the plant due to
explosions or fire, to include strategies in the following areas:(i) Fire fighting;(i1)
Operations to mitigate fuel damage; and (iii) Actions to minimize radiological release.
For the SOARCA scenarios, successful implementation of this equipment and procedures
would prevent core damage and/or delay or prevent the release.

e Improved phenomenological understanding of influential processes such as:

in-vessel steam explosions,

Mark I containment drywell shell attack,
dominant chemical forms for fission products,
direct containment heating,

hot leg creep rupture,

reactor pressure vessel failure, and

molten core concrete interactions.

O O O O O O O

1.2 Objective

The overall objective of the State-of-the-Art Reactor Consequence Analysis (SOARCA) project
is to develop a body of knowledge regarding the realistic outcomes of severe reactor accidents.
Corresponding and supporting objectives are as follows:

e Incorporate the significant plant improvements and updates not reflected in earlier
assessments including system improvements, training and emergency procedures, offsite
emergency response, and recent security-related enhancements described in Title 10,
Section 50.54(hh) of the Code of Federal Regulations (10CFR50.54(hh)) as well as plant
updates in the form of power uprates and higher core burnup.

e Incorporate state-of-the-art integrated modeling of severe accident behavior that includes
the insights of some 25 years of research into severe accident phenomenology and
radiation health effects.

e Evaluate the potential benefits of recent security-related mitigation improvements in
preventing core damage and reducing or delaying an offsite release should one occur.

e Enable NRC to communicate severe-accident-related aspects of nuclear safety to
stakeholders including Federal, State, and local authorities; licensees; and the general

public.

e Update quantification of offsite consequences found in earlier NRC publications such as
NUREG/CR-2239, “Technical Guidance for Siting Criteria Development.”
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1.3 Outline

Section 2 briefly summarizes the method used to select the specific accident scenarios subjected
to detailed computational analysis. Additional details of this method can be found in summary
report (NUREG-1935) in this series. Section 3 describes the results of the mitigation measures
assessment process when it was applied to Peach Bottom. Section 4 describes the key features of
the MELCOR model of the Peach Bottom Atomic Power Station. Section 5 describes for each
case the results of MELCOR calculations of the thermal hydraulics and, when core damage was
predicted, the accident progression and radionuclide release to the environment. Section 6
describes the way in which plant-specific emergency response actions were represented in the
MACCS?2 code calculations of offsite consequences, and Section 7 describes the MACCS2
calculations of offsite consequences for each accident scenario. Section 7 also describes
analyses of offsite consequences that compare SOARCA results to consequence results from
earlier studies. References cited in this report are listed in Section 8.
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2.0 ACCIDENT SCENARIO DEVELOPMENT

The SOARCA project considered accident sequences that have an estimated frequency greater
than 1x10° per reactor-year (pry) of reactor operation as candidate sequences for further
deterministic evaluations. It also considered sequences with frequency as low as 1x107 pry if
they were judged to proceed rapidly enough to have the potential for generating significant early
releases of radionuclides to the environment or involve a radiological transport pathway from the
reactor to the environment that bypasses the containment pressure boundary (i.e., so-called
‘bypass sequences’). Section 2.1 and Section 2.2 summarize the methods used to identify these
sequences and the screening process for retaining candidate sequences.

Once candidate accident sequences were identified, the analysts evaluated realistic opportunities
for plant personnel to respond to the observed failures of control and safety systems. The
manner in which mitigation measures were evaluated for each accident sequence is described in
Section 2.3.

The end result of this process was a list of accident scenarios (i.e., event sequence plus options
for mitigation) that were subjected to detailed analysis of plant response including, as
appropriate, radionuclide release to the environment (described in Sections 4 and 5) and offsite
radiological consequence (Sections 6 and 7).

2.1 Sequences Initiated by Internal Events

The following scenario selection process was used to determine the scenarios for further
analysis:

1. Identified candidate accident sequences in analyses using plant-specific Standardized
Plant Analysis Risk (SPAR) models (Version 3.31).

a. Initial Screening: Core damage sequences with low frequencies (less than
1x107® pry) were eliminated from consideration. This step affected only 4 percent
of the overall core damage frequency (CDF) for Peach Bottom.

b. Sequence Evaluation: Dominant cutsets for the remaining sequences were
reviewed to characterize system and equipment availabilities and accident
sequence timing.

c. Sequence Grouping: Sequence cutsets with similar equipment availabilities and
estimated time for the onset of core damage were aggregated into a single
‘sequence group’ or ‘scenario.’

2. The availability of containment systems was evaluated for each sequence, using system
dependency tables. These tables delineate the support systems required for containment
systems to function. The status of containment systems was then appended to the
accident sequence description.

3. Core damage sequences from the licensee’s probabilistic risk assessment (PRA) model
were compared with the scenarios determined by using the SPAR models. Differences
were resolved during meetings with licensee staff.

4. The screening criteria described above were applied to eliminate extremely low
frequency sequences from further analyses.
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The initial pass through this process identified only one sequence at Peach Bottom that satisfied
the 1.x10° pry frequency threshold criteria. The sequence is initiated by the failure of vital
alternating current (AC) bus E-12, which disables several (but not all) trains of safety equipment.
The estimated frequency of this sequence was initially found to be above the 1x10° pry
threshold. As a result, the sequence was forwarded for an assessment of mitigative measures
(see Section 2.3) and a deterministic analysis of accident progression and radiological release.
However, the SPAR model was later found to incorrectly represent certain features of this
sequence, and the sequence’s frequency was reduced to below the screening criterion. Further,
the MELCOR analysis performed for this sequence determined that it would not, in fact, result in
core damage. Despite both of these late conclusions about the characteristics of this sequence,
the analysis results provide unique insights into the effectiveness of small capacity non-safety
related equipment in the plant to mitigate certain accident sequences. As a result, the calculation
of event progression for this sequence was retained in this report (refer to Section 5.6).

This process provided the basic characteristics of each scenario. However, it is necessary when
calculating a consistent integrated response to have more detailed information about a scenario
than is provided in a PRA model. To capture the additional sequence details, the project
conducted further analysis of system descriptions and a review of the normal and emergency
operating procedures.

2.2 Sequences Initiated by External Events

External events include internal flooding and fire; seismic events; extreme wind-, tornado-, and
hurricane-related events; and other similar events that may be applicable to a specific site. The
external event scenarios developed for SOARCA analysis were derived from a review of past
studies, such as the NUREG-1150 study, individual plant examination for external event
submittals, and other relevant generic information.

Seismic-initiated sequences were found to be the most restrictive in terms of the timing of
equipment failure and the ability to successfully implement onsite mitigative measures and
offsite protective actions. In addition, the seismic-initiated sequences (as a group) are important
contributors to the external event core damage and release frequencies. As a result, plant and
offsite response to external event sequences was assumed to be represented by an earthquake of
sufficiently large magnitude to result in widespread damage to important plant support systems,
such as electric power sources. The seismic events considered in SOARCA result in loss of
offsite and onsite AC power (i.e., long-term station blackout (LTSBO)) and, for the more severe
seismic events, loss of DC power (i.e., short-term station blackout (STSBO)). The sequence
selection process identified the LTSBO, which has an estimated frequency of 1x10 to 5x107°
pry. Even though the STSBO, which has an estimated frequency of 1x107 to 5x10” pry, did not
meet the screening criterion, we elected to also analyze it to address the impact of the timing of
the offsite release on early and latent cancer fatality risks.

The magnitude of the seismic initiating event reflected by these frequencies corresponds to 0.3 to
0.5 peak ground acceleration (pga) for the LTSBO, and 0.5 to 1.0 pga for the STSBO. As noted
earlier, the initiating event for all external event sequences was assumed to be represented by a
seismic event because it was judged to limit equipment available to prevent, minimize or delay
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radiological releases to the environment, and affect offsite response. Seismic PRAs for several
BWRs were reviewed to assess the availability of installed systems.

2.3 Mitigation Measures

Actions that would be taken by plant personnel in response to system failures caused by the
postulated seismic initiating events were reviewed and incorporated into the development of the
accident scenarios evaluated with deterministic calculations. These actions are guided by
plant-specific EOPs, severe accident management guidelines (SAMGs) and mitigation measures
developed specifically in response to security concerns that arose from the events of September
11, 2001, as codified in I0CFR50.54(hh). Examples of the latter type of measures include
portable equipment, such as generators or other power supplies to open or close valves or
energize key instrumentation, diesel driven pumps, and air bottles to open air operated valves.
Applicable procedures have been written to align and operate these mitigative measures under
severe accident conditions.

The SOARCA analysis team developed a timeline for implementing the mitigation measures
directed in plant-specific procedures and mobilizing support organizations after discussing each
scenario with licensee personnel that have experience in operations, engineering and facility
management. Results of preliminary accident progression calculations were used to characterize
anticipated changes in plant conditions and describe the signatures of measurable parameters.
Estimates were then made for the time needed to assemble necessary personnel, tools and
equipment, align and start components, and establish a desired operating condition. The
resulting sequence of events and estimated timelines for each scenario are described in the next
section.

The seismic events considered in SOARCA result in loss of offsite and onsite AC power

(i.e., LTSBO) and, for the more severe seismic events, loss of DC power (i.e., STSBO). Under
these conditions, the use of the turbine driven reactor core isolation cooling (RCIC) system is an
important mitigation measure. Diverse procedures have been developed for boiling water
reactors (BWRs), including a procedure to start and operate the RCIC system without DC control
power, which facilitates a managed response to station blackout conditions. These procedures
were discussed during site visits. This is known as RCIC blackstart. Under

10CFR50.54(hh), mitigation measures also include long-term operation of the RCIC system
without electricity (RCIC blackrun), using a portable generator to supply power for indications
such as reactor pressure vessel (RPV) level to allow the operator to manually adjust RCIC flow
to prevent RPV overfill and flooding of the RCIC turbine. For a LTSBO, RCIC can be used to
cool the core until battery exhaustion. After battery exhaustion, RCIC black run can be used to
continue to cool the core.

The seismic initiating event for the station blackout accident scenarios might rupture the
condensate storage tank (CST), which is the primary water reservoir for RCIC. However, the
CST is surrounded by a reinforced concrete wall or moat, which could retain water drained from
the CST. Therefore, suction from the CST would not necessarily be interrupted by a loss of CST
integrity. Plant specific procedures provide plant personnel with instructions for refilling the
CST from a variety of possible resources using equipment that is not dependent on availability of
AC or DC power (e.g., portable generators, pumps, etc.). Therefore, sustained availability of the
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CST is assumed in the current analysis. This assumption is not critical to the calculation of the
LTSBO scenario. Operators could also manually re-align RCIC suction to the torus, if
necessary. MELCOR calculations for the LTSBO showed that several hours would be available
before torus temperature and pressure conditions would reach RCIC isolation setpoints.



3.0 ACCIDENT SCENARIO DEFINITIONS

As discussed in Section 2.0, three scenarios were chosen for analysis. Table 3-1 summarizes the
estimated frequency for each of these scenarios. Sections 3.1 and 3.2 provide detailed
descriptions of the LTSBO and STSBO, respectively. Section 3.3 describes the loss of vital AC
bus E-12 scenario, which was determined to not result in core damage.

Table 3-1 Accident scenarios and frequencies
Frequency
Scenario Description (per reactor year)
LTSBO 1x10° to 5x10°
STSBO 1x10” to 5x10”
Loss of vital AC bus E-12 5x10”

3.1 Long-Term Station Blackout

Section 3.1.1 describes the status of the plant immediately following the seismic event.

Section 3.1.2 then discusses the response of plant systems available to the initiating event.
Actions that can be taken by plant personnel to mitigate the effects of failed plant safety
functions are described in Section 3.1.3. Section 3.1.4 describes two scenarios that differ in the
assumed success (or failure) of the mitigative actions. Mitigated scenarios are defined as those
in which the mitigative actions are successful. Unmitigated scenarios are defined as those in
which certain key mitigation measures are not successfully implemented.

3.1.1 Initiating Event

The LTSBO scenario is a composite of several similar sequences that differ only by their
initiating event. Initiators can be a seismic event, or an internal fire, or flood. The seismic event
is the largest contributor to the composite frequency of this scenario, and is used as the basis for
defining consequential events and conditions at the plant. Damage caused by the earthquake is
assumed to result in a total loss of offsite power. In addition, onsite AC power is unavailable,
due to failures of diesel generators to start or run as needed. The diesel generators at Peach
Bottom have a shared configuration between the two units, which causes the loss of offsite and
onsite AC power failure to affect both units. However, the deterministic analysis of subsequent
accident progression described in Section 5.0 considers only the response of one unit.

3.1.2 System Availabilities

Reactor scram, reactor isolation and containment isolation immediately follow the initiating
event. Neither active AC nor DC power is necessary for these safety functions to occur. The
station blackout electric power line from the hydroelectric station downstream of the plant site is
also assumed to be unavailable because of structural damage to the dam and electric station
components. The station batteries are assumed to provide DC power for 4 hours following loss
of AC power, allowing DC controlled components and systems to operate as required for this
period. Instrumentation would also be available using station batteries. This duration of

DC power assumes that the batteries are at their end of life and that operators successfully follow
procedural actions to shed nonessential loads from the emergency DC bus. As a result, the
steam-driven High-Pressure Coolant Injection (HPCI) system and RCIC would be available with
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automatic activation for at least the first 4 hours of the scenario. Only RCIC operation is
considered in the current analysis because the larger and functionally redundant HPCI system is
not needed to respond if RCIC successfully operates. Additionally, remote manual control of the
safety relief valves (SRVs) would be available.

3.1.3 Operator Actions and Mitigation Measures

An unmitigated MELCOR calculation was performed for the LTSBO scenario assuming that
manual actions to mitigate the loss of vital safety systems are limited to those currently
implemented in EOPs®. The effects of additional mitigative actions and equipment at the plant
(i.e., I0OCFR50.54(hh) measures) were then examined in a separate ‘mitigated’ calculation.
Results of the unmitigated calculation are described in Section 5.1, and results of the mitigated
accident scenario are described in Section 5.2.

Two operator actions were credited in the unmitigated long-term station blackout calculation’.
First, operators are assumed to open one SRV to begin a controlled depressurization of the
reactor vessel approximately 1 hour after the initiating event. This action is prescribed in station
emergency procedures to prevent excessive cycles on the SRV. The target reactor vessel
pressure is at or above 125 pounds per square inch (psi), which would permit continued
operation of RCIC or HPCI, if necessary. Five SRVs associated with the automatic
depressurization system would be available for this operation. These SRVs are provided with
accumulators that provide a back-up pneumatic supply for operation of the valves upon loss of
the Instrument Nitrogen System. Second, operators are assumed to take manual control of RCIC
approximately 2 hours after the initiating event. This involves remote (i.e., from the control
room) manipulation of the position of the steam throttle valve at the inlet to the RCIC turbine to
reduce and control turbine speed. This action reduces and stabilizes coolant flow from the RCIC
pump to maintain the reactor vessel level within a prescribed range.

The mitigated LTSBO calculation credits four additional manual actions. First, two portable
AC power supplies (e.g., 10CFR50.54(hh) equipment) are assumed to be connected to restore
power to the DC buses delivering power to at least one SRV and (separately) to essential
instrumentation (e.g., level indication). The precise time this action is completed is not

Current procedures for using B.5.b equipment (portable nitrogen bottles, in particular) to open containment
vent path isolation valves only address the drywell ventilation system pathway. This path is not desirable
under accident conditions in which the vented gas would be comprised of steam and/or hydrogen and/or
high levels of radioactivity. The potential for adverse effects to the reactor building have been
demonstrated in past NRC research programs concerning containment venting at Peach Bottom
(NUREG/CR-4696, for example) and plant-specific emergency procedures caution against using this vent
path if an alternative is available, such as the 16-in hardened vent or the 6-in integrated leak rate test
(ILRT) line. B5.b equipment could be used to open the isolation valves for either of these paths, but plant-
specific procedures have not yet been developed.

The action times used in this analysis were based on ‘table-top’ exercises among NRC staff and licensee
personnel, in which the anticipated accident sequence timeline was reviewed to characterize a reasonable
time at which action would be taken. If the two actions credited here are completed sooner than the times
assumed in these calculations (which is possible), the net effect on the overall hydraulic response of the
reactor and containment would be inconsequential.
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important, provided it occurs before station battery power is exhausted (i.e., at least 4 hours after
the initiating event). This ensures continuous control of RPV pressure and water level, by
holding open a single SRV and facilitating operation of the RCIC system after the loss of the
onsite emergency DC power supply™.

The second action involves staging and operation of portable pumping equipment to refill the
CST, which is located outside the reactor building. Various equipment and water resources
could be used for this purpose. The installed fire protection system is assumed to be disabled as a
consequence of the initiating event (i.e., seismic damage). However, the diesel-driven portable
pump (i.e., I0CFR50.54(hh) equipment) could be used and/or other mobile equipment.
Calculations described in Section 5.2 indicate a pumping capacity of less than 200 gpm would
ensure the CST inventory is never depleted for the LTSBO sequence considered here. It is
assumed that pumps would take suction from the cooling tower basin or the Susquehanna River.

The third manual action involves opening a containment vent pathway to relieve pressure and
prevent structural damage to the containment pressure boundary. Instructions for this action are
available in the form of detailed plant-specific procedures, which are outlined in Section 3.1.4.2.
These procedures include guidance for selecting an appropriate containment vent path and the
actuation criteria for venting.

Procedures also address manual actions to prevent automatic isolation of RCIC by manually
defeating trip signals that might be received as plant conditions change in time. For example, the
lack of active containment heat removal in the LTSBO scenario, combined with steam discharge
from the RPV to the suppression pool, leads to an increase in suppression pool temperature. This
in turn, would eventually generate signals for low steam inlet pressure for the RCIC turbine and
(possibly) high RCIC room temperature. Among the observations made from the events that
occurred at the Fukushima Daiichi Nuclear Power Station in Japan in March 2011 is that during
a station blackout accident sequence, RCIC can operate for a considerable period of time (i.e.,
>24 hrs) beyond the point at which these isolation signals would occur. As a result, the fourth
manual action assumed in the MELCOR analysis of the mitigated LTSBO is that operators
defeat RCIC trip signals. If these actions are not successful, and the RCIC pump were to trip off
coolant makeup is assumed to be provided through low-pressure injection lines by means of re-
aligning the portable diesel-driven pump for direct RPV injection.

3.1.4 Scenario Boundary Conditions

Section 3.1.4.1 lists the sequence of events prescribed in the unmitigated LTSBO calculation.
Section 3.1.4.2 summarizes the sequence of events in the mitigated LTSBO calculation.

3.1.4.1 Unmitigated Event Sequence

The unmitigated case credits automatic system responses and manual actions that would be
directed by plant EOPs, such as operator reactor vessel depressurization and intervention to

Attention also needs to be paid to managing pneumatic supply to the SRV accumulators. The limited gas
supply in the accumulators can be replenished from multiple sources including alignment to the CAD tank
via the instrument nitrogen header or placing the ADS nitrogen bottles in service. An external tanker truck
connection can also be made to maintain a long-term pneumatic supply.
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control RCIC injection flow (after its automatic actuation) to stabilize and maintain the level
within a target range. The unmitigated case did not credit operator actions that are beyond the
scope of EOPs — primarily, the mitigation measures installed in response to I0CFR50.54(hh).
The effects of such actions were examined in the mitigated scenario, which is described in
Section 3.1.4.2.

The following is the timeline of events and operator actions that were credited in the unmitigated

casc.

Unmitigated Event Timeline

Event Initiation and Initial Plant Response

Seismic event results in a loss of offsite power.

All diesel generators assumed to fail to start.

DC power (station batteries) and associated emergency buses are available.
Reactor trips (successful scram).

Reactor pressure vessel isolates (i.e., main steam line isolation valves (MSIVs) close) and
containment isolation valves close.

The control rod drive hydraulic system (CRDHS), low pressure coolant injection (LPCI)
mode of the residual heat removal (RHR) system, standby liquid control, condensate,
containment cooling and containment spray systems are not available.

Control room receives indication that plant is in a station blackout condition requiring the
operator to enter Special Event Procedure SE-11, “Station Blackout Procedure.” RCIC
automatically starts when level drops to low-level setpoint with suction aligned to the
CST.

10-15 minutes

Plant operations personnel complete an initial assessment of plant status.
RCIC auto-starts to make up for coolant losses and maintain RPV level.

HPCI might auto-start in response to initial transient, but is secured by operations
personnel.

In accordance with SE-11, plant operations personnel initiate the following mitigation
measures:
o Attempt to line up the Conowingo hydroelectric dam (i.e., station blackout line)
as an alternative offsite power source, but the line is not available.
o Attempt manual start of emergency diesel generators, but none is available.
o Begin to shed non-essential loads from the emergency DC bus.
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50 minutes

e Emergency Operation Facility (EOF) is manned. The EOF is located in the Philadelphia
area, far away from the plant. Therefore, the timing should not be affected by the seismic
event.

1 hour

e Actions to shed non-essential loads from DC bus is complete, battery life extended to an
estimated 4 hours.

e Initiate RPV depressurization by opening one SRV. The target reactor coolant system
(RCS) pressure is 125 psi.

2 hours

e Operator assumes remote manual control of RCIC flow.
2.25 hours

e Technical Support Center (TSC) is assumed operational.
4 hours

e DC power from station batteries is exhausted. The consequences of a loss of DC power
are:
o Open SRV closes.
o Remote control of RCIC flow terminates. The system is assumed to continue
operate at the conditions it experienced immediately prior to battery exhaustion.
This effectively assumes the RCIC pump continues to operate at a constant rate,
ultimately flooding the main steam line causing delayed termination of RCIC.

3.1.4.2 Mitigated Event Sequence

The mitigated case credits the same actions assumed in the unmitigated event sequence, but also
credits implementation of the mitigation measures installed in response to the requirements
outlined in 10CFR50.54(hh). As noted in Section 3.1.3, this includes the staging and alignment
of a variety of portable equipment, such as electric power supplies, low-pressure coolant
injection pump and gas bottles for air-operated valve control.

It also credits manual opening of a containment vent path when containment pressure reaches
unacceptably high levels. In the current analysis, a 16-in. (hard-pipe) vent path is assumed to be
opened when containment pressure exceeds 45 psig. This vent path and opening pressure were
selected based on a review of plant-specific containment vent procedures. Selection of the vent
pathway took two factors into account. One factor is the availability of electric power or other
equipment needed to open vent path isolation valves. The loss of all AC power supplies in the



LTSBO sequence demands use of portable I0CFR50.54(hh) equipment for this purpose.” A
second factor is caution to avoid creating a hazardous environment in the reactor building by
using vent pathways involving containment ventilation system ductwork. These factors led to
the assumption that the preferred vent path would either be the 2-in hard pipe vent to the standby
gas treatment system (SGTS), or the 16-in hard pipe vent pathway would be used. The larger
vent path was used in this analysis because it was judged necessary to prevent further increases
in containment pressure.

The procedure for containment pressure control recommends opening a vent path if pressure
exceeds the ‘peak containment pressure limit’ (PCPL) of 60 psig. However, a high turbine
exhaust pressure isolation signal for RCIC would be received at a pressure of 50 psig. Since
RCIC is the only operating coolant injection system available in this scenario,’ this analysis
assumed operators would open the containment vent path at a slightly lower pressure (45 psig),
thereby averting termination of RCIC flow.

The following is a timeline for these and other actions after the initiating event.
Mitigated Event Timeline

Event Initiation and Initial Plant Response
e Seismic event results in a loss of offsite power.

e All diesel generators fail to start.
e DC power (station batteries) and associated emergency buses are available.
e Reactor trips (successful scram).

e Reactor pressure vessel isolates (i.e., MSIVs close) and containment isolation valves
close.

e The CRDHS, LPCI mode of the RHR system, standby liquid control, condensate,
containment cooling and containment spray systems are not available.

Current procedures for using B.5.b equipment (portable nitrogen bottles, in particular) to open containment
vent path isolation valves only address the drywell ventilation system pathway. This path is not desirable
under accident conditions in which the vented gas would be comprised of steam and/or hydrogen and/or
high levels of radioactivity. The potential for adverse effects to the reactor building have been
demonstrated in past NRC research programs concerning containment venting at Peach Bottom
(NUREG/CR-4696, for example) and plant-specific emergency procedures caution against using this vent
path if an alternative is available, such as the 16-in hardened vent or the 6-in integrated leak rate test
(ILRT) line. B5.b equipment could be used to open the isolation valves for either of these paths, but plant-
specific procedures have not yet been developed.

The portable coolant injection pump is considered a viable backup to RCIC, but continued RCIC operation
would be the preferred method for coolant injection.
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Control room receives indication that plant is in a station blackout condition requiring the
operator to enter Special Event Procedure SE-11, “Station Blackout Procedure.”

RCIC automatically starts when level drops to low-level setpoint with suction aligned to
the CST.

Cooling tower basin is assumed to be undamaged, containing about 3.55 million gallons
of water and is a source for refilling the CST.

10-15 minutes

Plant operations personnel complete an initial assessment of plant status.
RCIC auto-starts to make up for coolant losses and maintain RPV level.

HPCI might auto-start in response to initial transient, but is secured by operations
personnel.

In accordance with SE-11, plant operations personnel initiate the following mitigation
measures:
o Attempt to line up the Conowingo hydroelectric dam (i.e., station blackout line)
as an alternative offsite power source, but the line is not available.
o Attempt manual start of emergency diesel generators, but none is available.
o Begin to shed non-essential loads from the emergency DC bus.

50 minutes

1 hour

EOF is manned. The EOF is located in the Philadelphia area, far away from the plant.
Therefore, the timing should not be affected by the seismic event.

Actions to shed non-essential loads from DC bus is complete, battery life extended to an
estimated 4 hours.

RPV depressurization is initiated using one SRV. The target RCS pressure is 125 psi.

1.5 hours

The EOF is operational. The EOF reviews actions taken by Operations and determines
the availability of the remotely located trailer-mounted portable diesel-driven pump
stored outside of the protected area. Actions recommended by the EOF include the
following:

o Use portable power supply for operating SRVs and for RPV level indication.

o Perform RCIC blackstart.

o Use portable diesel driven pump (250 psi, 500 gpm) to provide makeup to RCS,

Hotwell, CST, and other locations.
o Use portable air supply to manually operate containment vent valves.
o Use pumper truck in place of portable diesel-driven pump.
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1.75 hours

e Operators assess and concur with EOF recommendations. Operators prioritize
recommendations based on plant conditions and begin implementation.

2 hours
e Operator assumes remote manual control of RCIC flow.

e TSC is manned. Because of the magnitude of the event, loss of causeway, other potential
infrastructure failures, and multiple emergency responders located on both sides of the
river, a 1-hour delay in minimum manning of the TSC was assumed.

2.25 hours
e TSC is assumed operational.

3.5 hours
e Portable DC power supply (i.e., AC generator operating through an converter) is
connected to continue operating the SRV to depressurize the RPV.

e RCIC system is manually controlled to limit the use of site batteries and to continue
providing makeup to the RCS.

Before 10 hours

e Portable air supply to manually operate containment vent valves is in place and ready for
operation.

e Portable diesel driven pump is staged and available for service.

3.2 Short Term Station Blackout

Section 3.2.1 describes the initial status of the plant following the seismic event. Section 3.2.2
then discusses the availability of plant systems to respond to the initiating event. Actions that
can be taken by plant personnel to mitigate the effects of failed plant safety functions are
described in 3.2.3. Section 3.2.4 describes two scenarios that differ in the assumed success (or
failure) of the mitigative actions. Mitigated scenarios are defined as those in which

the mitigative actions are successful. Unmitigated scenarios are defined as those in which
certain key mitigation measures are not successfully implemented.

3.2.1 Initiating Event

The STSBO is initiated by the same spectrum of events that lead to the LTSBO, but is more
extensive in the amount of consequential damage to plant systems. The most frequent initiators
are large seismic events or internal fires or floods. The seismic event is a major contributor to
the composite frequency of this sequence and is conservatively used as the basis for defining
consequential events and conditions at the plant. Damage caused by the earthquake is assumed
to result in a total loss of offsite power. In addition, all diesel generators fail to start or run as
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needed, rendering all onsite AC power unavailable. The diesel generators have a shared
configuration between the two units, which causes power failure to affect both units. However,
this analysis considers only the response to failures at one of the units. Additionally, the
earthquake results in failure of all onsite DC power.

3.2.2 System Availabilities

Similar to the LTSBO scenario, reactor scram, reactor isolation and containment isolation
immediately follow the initiating event. Neither active AC nor DC power is necessary for these
safety functions to occur. The station blackout electric power line from the hydroelectric station
downstream of the plant site is also assumed to be unavailable because of structural damage to
the dam and electric station components.

The principal difference between this scenario and the LTSBO is that DC power from station
batteries is also not available. Thus, a total loss of all onsite and offsite electrical power occurs
immediately following the initiating event rather than several hours later, thereby disabling all
plant equipment dependent on control or motive power for start-up and operation.

Loss of all DC power disables electronic start-up and control of steam-driven emergency coolant
makeup systems (RCIC and HPCI), as well as control and motive power to reactor pressure relief
valves, which were available for a few hours in the LTSBO. As described in Section 2.3,
however, plant operations personnel would attempt to blackstart RCIC in this situation. The
specific actions necessary to accomplish local, manual start-up and operation of RCIC are
delineated in plant procedures, and the actions are reviewed as part of routine operator training.
Therefore, successful RCIC blackstart is assumed to occur in the baseline calculation for the
STSBO. However, a sensitivity calculation was also performed to investigate the ways in which
failure of RCIC blackstart (i.e., loss of all coolant injection) alters the chronology of severe
accident progression and the resulting source term. Results of this sensitivity case are also useful
for comparison to past STSBO analyses.

3.2.3 Mitigative Actions

Manual operation of RCIC under blackstart and blackrun conditions would delay (blackstart) or
prevent (blackrun) core damage during an STSBO. A calculation assuming RCIC blackstart (but
not blackrun) is described in Section 5.3. This calculation shows RCIC blackstart delays the
onset of core damage by more than 5 hours, which is sufficient time to mobilize and align
equipment added under 10CFR50.54(hh), i.e., the independent diesel-driven pump. The
independent diesel-driven pump would then be used as a means of direct injection into the RPV
if RCIC operation could not be sustained via blackrun. Alternatively, long term operation of
RCIC could be maintained under blackrun conditions if the portable electric generator energized
the instrumentation that measures and indicates RPV water level. Based on the calculation
described in Section 5.3, this action would need to be completed within 3.4 hours of the initiating
event to prevent failure of RCIC due to RPV overfill. The independent diesel-driven pump could
then be aligned to replenish the CST, thereby maintaining RCIC suction from a source that is not
adversely affected by the absence of suppression pool cooling and resulting increases
suppression pool water temperature. Full mitigation (i.e., prevent core damage and long term
containment heat removal) would result if portable equipment necessary to manually open and
close a containment vent path is available. This equipment was described in Section 3.1.3 for the



LTSBO accident sequence. The resulting plant response would be very similar to the mitigated
LTSBO described in Section 5.2.

Procedures and equipment added under 10CFR50.54(hh) (i.e., the independent diesel driven
pump and a portable electric generator) were not explicitly modeled for the unmitigated STSBO
(i.e., no blackstart or blackrun) because it was judged that insufficient time is available to
mobilize and align the portable equipment prior to the onset of core damage.

3.2.4 Scenario Boundary Conditions

Two variations of the STSBO scenario were considered. The only difference in the two cases is
success or failure of actions to manually actuate (blackstart) the steam-driven RCIC system. The
base case assumes successful blackstart; a sensitivity case examines the effects of failure to
blackstart RCIC.

3.2.4.1 STSBO with RCIC Blackstart

Blackstart of RCIC during a STSBO requires several manual actions by plant operations
personnel. These actions include local, manual opening of normally closed valves to admit
steam from the main steam lines into the RCIC turbine and pump discharge valves to direct
water into the reactor vessel.

The baseline STSBO calculation assumes operators successfully complete these actions within
one hour after the initiating event, at which time coolant flow to the reactor vessel begins.
Manual actions to regulate steam flow into the RCIC turbine (thereby controlling pump
discharge rate) after blackstart is accomplished are not credited in this scenario because electric
power to instrumentation needed to monitor reactor coolant level would not be available. As a
result, the system effectively operates at a constant flow rate equivalent to the rated capacity of
the system (i.e., 600 gpm). Because this flow rate is greater than the rate required to make up for
evaporative losses, the reactor water level rises above nominal and eventually overfills the
reactor vessel. In this context, ‘overfill’ means that the reactor water level increases to the
elevation of the main steam line nozzles, allowing water to spill into the steam lines and causing
them to flood with water. The steam supply line for the RCIC turbine connects to the main
steam line at a low elevation (adjacent to the inboard MSIVs). Therefore, water spilling over
into the main steam lines blocks or flows toward the RCIC turbine, causing the system to cease
functioning. RCIC blackstart without effective RPV level control is therefore a temporary
measure for managing reactor coolant inventory, and core damage occurs approximately 6 hrs
later than would be observed in a case without RCIC blackstart.

Results of the STSBO with RCIC blackstart are described in Section 5.3.

The following is the timeline of events and operator actions that were credited in the STSBO
scenario with successful RCIC blackstart.

Event Timeline for STSBO with Successful RCIC Blackstart

Event Initiation and Initial Plant Response
e Large seismic event results in a loss of offsite power.
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e All diesel generators fail to start.
e DC power (station batteries) and/or associated emergency buses are not available.
e Reactor trips (successful scram).

e Reactor pressure vessel isolates (i.e., MSIVs close) and containment isolation valves
close.

e The CRDHS, LPCI mode of the RHR system, standby liquid control, condensate,
containment cooling and containment spray systems are not available.

e Control room receives indication that plant is in a station blackout condition requiring the
operator to enter Special Event Procedure SE-11, “Station Blackout Procedure.”

15 minutes
e Plant operations personnel complete an initial assessment of plant status.

e Plant operations personnel begin to implement actions to blackstart RCIC.

e In accordance with SE-11, plant operations personnel initiate the following mitigation
measures:
o Attempt to line up the Conowingo hydroelectric dam (i.e., station blackout line)
as an alternative offsite power source, but the line is not available.
o Attempt manual start of emergency diesel generators, but none is available.

1 hour

e RCIC is successfully started and begins to inject water from the CST at rated capacity
(600 gpm).

3.2.4.2 STSBO without RCIC Blackstart

Past NRC severe accident analyses of STSBO scenarios did not credit blackstart of RCIC. A
sensitivity calculation without blackstart was therefore performed to provide a basis for
comparison to past analyses. Section 5.4 describes results of the sensitivity calculation.

3.3 Loss of Vital Alternating Current Bus E-12

The scenario is initiated by the loss of vital AC bus E-12. It was initially estimated to have a
frequency above the SOARCA screening criterion of 1x10° pry. However, after further review
of the SPAR model and comparison with the licensee’s PRA, the scenario was determined to
have a CDF below the screening criteria. Because the MELCOR analysis provided unique
insights into the response of the plant to an internal event sequence, the MELCOR analysis was
retained.



Section 3.3.1 describes the initial status of the plant following the initiating event. The key
system availabilities during the course of the accident are summarized in Section 3.3.2. The
pertinent mitigative measures available to address the accident progression are described in
Section 3.3.3. Section 3.3.4 describes various scenarios based on the success of the mitigative
actions. Mitigated scenarios are defined as those in which the mitigative actions are successful.
Unmitigated scenarios are defined as those in which certain key mitigate measures are not
successfully implemented.

3.3.1 [Initiating Event

The initiating event for this scenario is a loss of Division I vital AC bus E-12. Loss of power
through this bus eliminates power that sustains power to the Division I DC bus (through the
battery charger). The Division I DC bus would continue to remain energized for the lifetime of
the batteries, which is expected to be a minimum of 2 hours.

3.3.2 System Availabilities

Loss of one vital AC bus disables motive or control power to some plant equipment, but not all.
For example, power to the instrument and control air system would be lost, and the converters
that charge the station batteries would not function. However, other AC buses would direct
motive power to the RHR and core spray pumps, permitting use of low-pressure coolant
injection. One of the two CRDHS pumps would also remain available.

Steam-driven injection systems (HPCI and RCIC)’ operate as long as station batteries

deliver DC power to control system components. Station batteries also facilitate manual control
of SRVs. When battery power is depleted, HPCI, RCIC, and SRV controls are assumed to be
lost.

The shut-down cooling mode of RHR would not be available because of loss of AC power
disables valves needed to align the system for that configuration. However, the system can be
aligned to operate suppression pool cooling and drywell sprays.

The duration of DC power is treated as an uncertain parameter in this scenario. The licensee
PRA uses a value of 2 hours, which is the minimum value and represents the worst possible
condition. The licensee’s engineering judgment is that batteries can last 4 hours with effective
DC load shedding. As described in Section 5.6.3, a precise value is not particularly important,
provided battery duration is greater than 3 hours.

3.3.3 Mitigative Actions

This event was shown to be satisfactorily mitigated without crediting any of the security
related mitigative actions mentioned in Section 3.1.3. Therefore, although scenario boundary
conditions were determined for a mitigated case (see Section 3.3.4.2), a thermal-hydraulic
accident progression analysis was not performed for the mitigated scenario. Further, the base

! Although RCIC is available in all the standard plant analysis risk cut sets for this sequence, HPCI is

disabled due to independent failures in some of the sequences. Availability of HPCI is not important in this
sequence and is neglected.
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case among the unmitigated cases, as well as many of the sensitivity calculations described
below, did not result in core damage as described later in Section 5.6.

It should also be noted that the licensee ran the Loss of E12 Bus scenario on their plant simulator
in November 2011. The licensee offered the following description of the observed response:

The Training Instructor that ran the simulation determined that the immediate impact of
the bus loss did not result in a plant scram, only a one-half logic primary containment
isolation (%2 PCIS isolation); however, loss of the bus does cause all condenser hotwell
indication to fail and condenser hotwell makeup valves to go full open. This eventually
results in a loss of vacuum due to the high hotwell level covering the condenser tubes.
Attempts to control level manually are not an option because you do not have indication
of hotwell level. Additionally, vacuum will eventually be lost due to the ‘A” Steam Jet
Air Ejector (SJAE) pressure controller failing to 0 (maybe a simulator issue but could be
a plant issue also) requiring a manual scram before receipt of the automatic scram (per
procedure). During the simulation, attempts were made to swap to the "B" SJAE
controller but the "B" SJAE train could not be placed in service apparently due to the loss
of power was not allowing the valve interlock logic to work.

3.3.4 Scenario Boundary Conditions

Section 3.3.4.1 lists the sequence of events to be prescribed in the unmitigated accident scenario
for loss of AC bus E-12 accident scenario. Section 3.3.4.2 summarizes the sequence of events in
the mitigated case.

3.3.4.1 Unmitigated Cases

Several unmitigated cases were considered, which differ only in terms of the assumed duration
of station batteries. Unmitigated cases, as noted above, generally did not result in core damage.
Variations in station battery duration affected the length of time RCIC was available for
controlled coolant makeup and an SRV could be held in the open position to maintain lower
RPV pressure. As noted later, all cases in which station batteries continued to provide control
power to RCIC for at least 3 hours were found to avoid core damage. The unmitigated cases did
not credit mitigation measures developed under the requirements of 10CFR50.54(hh), such as the
staging and alignment of a back-up power supply and portable coolant injection pump.

The timeline following the initiating event is summarized below.
Unmitigated Event Timeline

Event Initiation and Initial Plant Response
e Loss of Division I AC bus E-12.

e Loss of all AC powered coolant injection except one CRDHS pump.

e Successful reactor trip, reactor and containment isolation.
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e DC power (station batteries) functional.

e RCIC auto-initiates when reactor level drops to low-level setpoint. Suction is initially

aligned to the CST.
e  When level rises to operating range, operator takes manual control of RCIC to maintain
RPV level.
15 minutes

¢ Initial Operations assessment of plant status is complete.
e RCIC is operating, maintaining RCS level.

e In accordance with SE-11, actions to shed non-essential loads from the emergency DC
bus are initiated.

1 hour
e DC load shedding is complete, extending battery life from 2 to 4 hours.

e Also available is access to the CRD throttle valve to increase flow from 110 gpm to
140 gpm without reactor depressurization.

1.25 hours
e TSC is fully operational.
e EOF is fully operational.

1.5 hours
e Operators initiate RPV depressurization by opening one SRV. Target RCS pressure is
approximately 125 psi.

4 hours
e DC power from station batteries is exhausted.
e Open SRV re-closes.
e RCIC stops operating due to turbine overspeed trip.

Parameters Varied in Sensitivity Calculations
Section 5.6 describes results of several calculations of plant response to the unmitigated scenario.

Several calculations were performed to quantitatively assess the effects of uncertainties in some
of the boundary conditions for this scenario. Among the boundary conditions are:

e RPV depressurization: The rate of coolant flow delivered by the single, operating
CRDHS pump is affected by RPV pressure. The nominal case assumes operators follow
EOP guidance to depressurize the RPV. This assumption increases the delivered CRDHS
flow. Sensitivity calculations were performed assuming actions to depressurize the RPV
were not successful, resulting in lower CRDHS flow.
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Managing CRDHS flow: plant-specific procedures instruct operators to maximize
CRDHS flow if the system serves as an alternate means of RPV injection. In this case,
CRDHS is the only system available for coolant injection after station battery exhaustion.
Sensitivity calculations were therefore performed to examine the effects of not increasing
CRDHS flow from nominal values to maximum flow conditions.

Duration of DC power: Battery lifetimes of 2, 3, 4, and 6 hours are analyzed to
determine the extent to which sustained operation of RCIC is necessary to prevent core
damage.

3.3.4.2 Mitigated Case

Implementation of the mitigation measures developed in response to I0CFR50.54(hh) provides
diverse and redundant means of maintaining coolant injection beyond the systems that continue
to operate in the unmitigated cases. The following is a timeline for implementing these and
other actions after the initiating event.

Mitigated Event Timeline

Event Initiation

Loss of Division I AC bus E-12.

Loss of all AC powered coolant injection except one CRDHS pump.
Successful reactor trip, reactor and containment isolation.

DC power (station batteries) functional.

RCIC auto-initiates when reactor level drops to low-level setpoint. Suction is initially
aligned to the CST.

When level rises to operating range, operator takes manual control of RCIC to maintain
RPV level.

Standby liquid control system is available but neglected because its cooling injection
flow of 50 gpm is not necessary.

Drywell spray is available, but neglected because it is not necessary.

15 minutes

Initial Operations assessment of plant status is complete.

RCIC is operating, maintaining RCS level.
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e In accordance with SE-11, actions to shed non-essential loads from the emergency DC
bus are initiated.

50 minutes
e TSC staffing is underway. Their primary function would be to review initiating event,
plant status, and operator action to provide guidance on alternative mitigative measures.

e EOF staffing is underway. Their primary function would be to review initiating event,
plant status, and operator action to provide guidance on alternative mitigative measures.
The primary users of SAMGs and Extreme Damage Mitigation Guidelines (EDMGs) are
the Tech Manager, Operations Manager, and Emergency Director who are trained on
SAMGs and EDMGs.

1 hour
e DC load shedding is complete, extending battery life from 2 to 4 hours.

e Also available is access to the CRD throttle valve to increase flow from 110 gpm to
140 gpm without reactor depressurization.

1.25 hours
e TSC is fully operational.
e EOF is fully operational.

1.5 hours
e Operators initiate RPV depressurization by opening one SRV. Target RCS pressure is
approximately 125 psi.

e TSC and/or EOF review actions taken by Operations and determines the availability of
the remotely located equipment. Recommend the following actions:

o Portable power supply connected through an converter to the emergency DC bus
to ensure power necessary to hold SRV open .

o Portable diesel driven pump (500 gpm at 250 psi) is available for makeup to the
RCS, Hotwell, or CST.

o Portable air supply is available to manually operate containment vent isolation
valves, as required.

o Portable diesel driven pump is available to inject water into the drywell via RHR
or the RCS.

1.75 hours
e Operations staff assesses and concurs with TSC’s and/or EOF’s recommendations.

e Operations staff prioritizes recommendations based on plant conditions and begins
implementation.

4 hours
e Manual operation of the RCIC to sustain RCS level after battery depletion.
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4.0 MELCOR MODEL OF THE PEACH BOTTOM PLANT

This section summarizes the MELCOR model of the Peach Bottom Atomic Power Station. A
comprehensive description of the model is available in separate documentation.

The MELCOR Peach Bottom model was originally generated for code assessment applications
with MELCOR 1.8.0 at Brookhaven National Laboratories. The model was subsequently
adopted by J. Carbajo at Oak Ridge National Laboratories to study differences between fission
product source terms predicted by MELCOR 1.8.1 and those generated for use in NUREG-1150,
“Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,” issued December
1990, using the Source Term Code Package [1]. In 2001, Sandia National Laboratories refined
the BWR/4 core nodalization to support the developmental assessment and release of
MELCOR 1.8.5. These refinements concentrated on the spatial nodalization of the reactor core
(in terms of fuel and structural material and hydrodynamic volumes) used to calculate in-vessel
melt progression. However, the overall scope of the model also expanded to permit a wider
spectrum of accident scenarios to be examined, some of which involved operation or delayed
failures of plant safety systems.

These developments culminated in a model that was applied in the reassessment of radiological
source terms for high burnup and MOX core designs, and a comparison of their release
characteristics [5] to the regulatory prescription outlined in NUREG-1465, “Accident Source
Term for Light-Water Nuclear Power Plants,” issued February 1995 [6]. These calculations
addressed a wide spectrum of postulated accident sequences, which required the following new
models to represent diverse plant design features:

e Modifications of modeling features needed to achieve steady-state reactor conditions
(e.g., recirculation loops, jet pumps, steam separators, steam dryers, feedwater flow,
CRDHS, main steam lines, turbine/hotwell, core power profile),

e New models and control logic to represent coolant injection systems ( e.g., RCIC, HPCI,
RHR, LPCS) and supporting water resources (e.g., CST with switchover), and

e New models to simulate reactor vessel pressure management (e.g., SRV, safety valves,
ADS, and logic for manual actions to affect a controlled depressurization if torus water
temperatures exceed the heat capacity temperature limit).

Subsequent work in support of other NRC research programs motivated further refinement and
expansion of the model in two broad areas. The first area focused on the spatial representation of
primary and secondary containment. The drywell portion of primary containment has been
subdivided to distinguish thermodynamic conditions internal to the pedestal from those within
the drywell itself. Refinements have also been made to the spatial representation and flow paths
within the reactor building (i.e., secondary containment). The second area has focused on
bringing the model up to current best practice standards for MELCOR 1.8.6. Table 4-1 provides
a brief summary of plant design parameters that are helpful in comparing the configuration of
Peach Bottom to other reactors of interest.
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4.1

Table 4-1

Important Design Parameters for Peach Bottom

Parameter Value Value
(S1 units) (British units)

Rated Core Power [MWy] 3514
Number of Fuel Assemblies in Core 764
Assumed Average Specific Power  MWD/MTU] 25.5
Fuel (UO,) Mass [kg / Ib] 155,500 342,800
Zircaloy Mass in Fuel Cladding [kg / 1b] 40,580 89,500
Zircaloy mass in Fuel Channels [kg / Ib] 19,600 43,200
RPV Inner Diameter [m / ft] 6.4 21.0
RPV Height [m / ft] 22.2 72.9
RPV Wall Thickness (core mid-plane) [cm / in] 16.4 6.4
Containment Design Pressure [MPa / psig] 0.49 56
Drywell Free Volume [m’/ ft’] 4,980 176,000%
Nom. Wetwell Free Volume (airspace) [m’/ ft'] 3,570 126,000
Nom. Suppression Pool Water Volume [m’/ ft’] 3,570 126,000
Reactor Building Free Volume [m’/ ft'] 75,200 2,655,600
Condensate Storage Tank Water Volume [L / gal] 757,082 200,000
RCIC Rated Flow [tonne per hr / gpm] ** 136 600
CRDHS Flow [tonne per hr / gpm]**

Nominal (during full-power reactor operation) 14 63

Post-scram 25 110

Maximum capacity per pump 32 140

* Including the volume of wetwell-drywell vent pipes

** Values with reactor at nominal pressure.

Reactor Vessel and Coolant System

Excluding the core region, the RPV is represented by seven hydrodynamic control volumes, nine
flow paths, and 24 heat structures. Nodalization for the core region between the core top guide
and the bottom of active fuel are described in detail in Section 4.2. Figure 4-1 illustrates the
reactor vessel nodalization by comparing the actual vessel design (on the left) to the MELCOR
control volume representation (on the right). In Figure 4-1, control volumes are indicated by
‘CV’ followed by the three-digit control volume number, and flow paths are indicated by ‘FL’
followed by the three-digit flow path number.

Appended to the MELCOR control volumes representation of the RPV shown in Figure 4-1 are
several additional control volumes and flow paths representing a variety of reactor support
systems, such as:

e reactor recirculation piping,
e main feedwater and steam lines, and
e connections to emergency coolant injection and heat removal systems.

The MELCOR representation of the entire reactor coolant system is illustrated in Figure 4-2.
Collectively, these ancillary systems permit the model to properly calculate steady state, as well
as a wide variety of transient conditions. To optimize numerical performance of this model,
some parallel lines or trains of certain systems have been consolidated. For example, the four



main steam lines have been represented by two parallel ‘lines,” one of which represents the
single steam line containing the lead (i.e., lowest set point) SRV, and the second, the composite
geometry of the remaining three lines. Isolating the steam line with the lead SRV permits the
proper geometry (e.g., internal volume, structural surface area) to be represented for fission
product transport from the reactor to the suppression pool during accident sequences in which
fuel damage begins while the reactor vessel is at high pressure and pressure relief is
accomplished by SRV operation.
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4.2 In-vessel Structures and Reactor Core

Structures within the RPV are described in the next three sections. First, Section 4.2.1 describes
the general configuration of the spatial nodalization of the core and structures below the core.
Certain aspects of this nodalization, and some characteristics of the MELCOR model of material
degradation, are tailored to the unique design features of BWRs. These are briefly summarized
in Section 4.2.2. Finally, Section 4.2.3 mentions the manner in which in-vessel structures above
the core are treated in the MELCOR model.

4.2.1 General Configuration of MELCOR In-vessel Nodalization

In MELCOR, the region tracked directly by the COR package model includes a cylindrical space
extending vertically downward along the inner surface of the core shroud from the core top guide
to the reactor vessel lower head. It also extends radially outward from the core shroud to the
hemispherical lower head in the region of the lower plenum below the base of the downcomer,
preserving the curvature of the lower head from this point back to the vessel centerline.

The core and lower plenum regions are divided into concentric radial rings and axial levels.
Each core cell may contain one or more core components, including fuel pellets, cladding,
canister walls, supporting structures (e.g., the lower core plate and control rod guide tubes),
non-supporting structures (e.g., control blades, the upper tie plate, and core top guide) and once
fuel damage begins, particulate and molten debris.

The spatial nodalization of the core is shown in Figure 4-3 and Figure 4-4. The entire core and
lower plenum regions are divided into six radial rings. As indicated in Figure 4-4, rings one,
two, three, four, and five represent 112, 160, 200, 168, and 124 fuel assemblies, respectively.
The radial distance between each of the five rings is not uniform. The radius of each ring was
defined so as to preserve the radial power distribution in the Unit 2 core, based on plant
operating data from four recent and consecutive operating cycles. Radial ring 6 represents the
region in the lower plenum outside of the core shroud and below the downcomer. Ring 6 exists
only at the lowest axial levels in the core model.
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Figure 4-4  Local relative power fraction and five ring radial boundaries of core

The core and lower plenum are divided into 17 axially stacked levels. The height of a given
level varies but generally corresponds to the vertical distance between major changes in the flow
area, structural materials, or other physical features of the core (and below core) structures.
Axial levels 1 through 5 represent the open space and structures within the lower plenum.
Initially, this region has no fuel and no internal heat source but contains a considerable mass of
steel associated with the control rod guide and in-core instrument tubes. During the core
degradation process, the fuel, cladding, and other core components displace the free volume
within the lower plenum as they relocate downward in the form of particulate or molten debris.

Axial level 6 represents the steel associated with fuel assembly lower tie plates, fuel nose pieces,
and the lower core plate and its associated support structures. Particulate and molten debris
formed by failed fuel, canister, and control blades above the lower core plate will be supported at
this level until the lower core plate yields. Axial levels 7 through 16 represent the active fuel
region. All fuel is initially in this region and generates the fission and decay power. Axial level
17 represents the nonfuel region above the core, including the top of the canisters, the upper tie
plate, and the core top guide.

4-7



4.2.2 Treatment of Unique Design Features of a BWR Core

Several design features of the BWR core, and associated structures located below the core, merit
special attention in modeling severe accidents. These are not discussed exhaustively here, but a
few are mentioned to illustrate the way in which the modeling approach to this type of reactor
differed from the approach used to model a Pressurized Water Reactor (PWR), or other designs.

Fuel Channels and Control Blades

Each BWR fuel assembly in the core is shrouded by a solid rectangular channel box, which
confines coolant flow to that single assembly. Therefore, cross-flow between adjacent
assemblies is not possible in a BWR unless a pair of adjacent channel boxes fails. Figure 4-5
illustrates this configuration for a module of four fuel assemblies, which surrounds a single
control blade. Unlike control rod clusters in a typical PWR, which are inserted directly into
certain fuel assemblies, the control blade in a BWR is inserted into the interstitial space between
(and outside) adjacent fuel channels.

The MELCOR hydrodynamic model for this configuration recognizes the vertical constraint
placed on flow through the core unless or until structural damage to fuel channels occurs. The
in-core heat transfer model also accounts for lateral (or radial) differences in the materials
adjacent to ‘bladed’ sides of a channel (i.e., sides neighboring a control blade) versus ‘unbladed’
sides, which communicate only with a neighboring fuel channel. As fuel temperature rise in the
core during an accident simulation, axial and radial heat transfer calculations account for
oxidation of Zircaloy fuel cladding and the Zircaloy channels. Separate failure criteria are used
to ascertain when highly oxidized fuel rods and highly oxidized channels can no longer maintain
their normal upright configuration and collapse into particulate debris. Failure criteria for fuel
rods and channels are discussed briefly in Section 4.8.1.

Radial cross-flow from one ring of the core nodalization to a neighboring ring is possible if the
channels in both rings melt or collapse to open a flow path in the radial direction. As indicated
by in the nodalization diagram on the right-hand side of Figure 4-3, radial flow out of the interior
region of the channels within a particular must first flow into the neighboring core bypass area
(i.e., the space between channels normally occupied by control blades.) If the stainless steel clad
control blades and Zircaloy channel boxes in the neighboring fuel channel also melt or collapse,
fluid could continue to flow radially out of the bypass region into the neighboring channel, and
so on. Circular, natural circulation flow patterns within the core region can, therefore, only
occur after a sufficient number of channel boxes (properly distributed) melt, or otherwise
relocate downward, creating open space in the radial direction. Logical control functions in the
MELCOR model track the structural status of channel boxes at each cell (node) in the core to
determine whether flow paths in the radial direction should be open or closed.
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Notable BWR Core Design Features

—

. Core top guide
3. Fuel assembly upper tie plate

Channel box
Cruciform control blade
Fuel rod

. Spacer

0. Core plate

=10 %0 N

Figure 4-5  Module of Four BWR Fuel Assemblies and Associated Channel Boxes®

The axial nodalization of the core is designed, in part, to account changes in material
composition and mass along the axial length of a typical fuel assembly. For example, Figure 4-5
does not explicitly show the fact that some BWR fuel assembly designs (modern 10x10
assemblies, for example) incorporate fuel rods of different length within a single assembly. As a
result, the amount of UO,, and other constituents can differ at the top of an assembly from the
bottom. Discrete locations of fuel rod spacers along the axial height of an assembly also affect
local Zircaloy mass. The distribution of material mass within the axial nodalization of the core
takes these variations into account.

Lower Plenum Structures

The COR Package in MELCOR, which models the oxidation, melting, and downward relocation
of overheated core materials, extends downward below the lower core plate into the RPV lower
plenum. Molten core debris that flows, or particulate debris that falls, under gravity into the
lower plenum collects as a mixed debris bed on the inner surface of the lower head. In a BWR,
this region is filled with a forest of vertical cylinders that house the drive mechanisms for core
control blades as well as in-core instrumentation. Figure 4-6 depicts a typical configuration of a
control rod guide tube (CRGT) this region of the RPV.

8 Ilustration courtesy of General Electric.
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The MELCOR model for Peach Bottom accounts for the structural mass and surface area of the
CRGTs, which participate in heat transfer within the debris bed that accumulates around them.
The physical space occupied by intact CRGTs displaces volume available for debris to occupy in
the lower plenum.’ Therefore, debris accumulates to an elevation higher than the value that
would be calculated by neglecting the volume of the CRGTs. Debris heat transfer, and
continued oxidation of metallic components within the lower head, accounts for the heat capacity
and stainless steel composition of the CRGTs. The CRTGs are modeled as vertical columns,
which fail (buckle) when load carried by the CRGTs exceeds their residual strength, which
decreases as heat is transferred from core debris. The calculation of CRGT integrity is
performed on a radial ring-by-ring basis, with 5 rings in the Peach Bottom model as indicated in
the diagram on the left-hand side of Figure 4-3.

TOP GUIDE

UPPER — ™}

SHROUD I’ CONTROL BLADE
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f——— CONTROL ROD
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Figure 4-6 BWR Lower Plenum Structures

Collapse of the CRGTs has two important effects on the composition and mass of debris in the
lower plenum prior to lower head failure. The first, and most important, is that all core rested on
or positioned above the lower core plate within that ring collapses as particulate debris into the
lower plenum. This fragmented core debris is not uniformly mixed with the debris bed already
in the lower plenum, but is added to the top of the debris bed according to the spatial
nodalization shown in Figure 4-3. Therefore, the material composition and porosity of debris
within the debris bed can vary considerably within the 2-dimensional spatial nodalization of the
lower plenum. Second, the material composition of the CRGTs themselves is added to the debris
bed at the location where the intact components were originally positioned. This has the
tendency to increase the surface area of metallic components in the lower plenum because the

’ Debris relocating to the lower plenum is assumed to accumulate in the volume between intact CRGTs, and
not within them, based on observations from melt relocation experiments for BWR geometries (e.g., see
NUREG/CR-6527).
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surface area of particulate debris is generally higher than the surface area of the intact CRGT
columns.

Thermal interactions between molten core debris and penetrations through the lower head are not
explicitly modeled in the Peach Bottom SOARCA calculations. A simple, lumped parameter
model for bulk heat transfer to a penetration assembly is available in MELCOR, but the model is
not sufficiently refined to calculate multi-dimensional heat transfer and phase change that would
occur in the neighborhood of a CRGT or instrument penetration; or to calculate molten material
drainage into an open penetration, as could occur in a BWR RPV drain line. This limitation in
MELCOR, combined with observations from several large-scale experimental programs that
examined failure mechanisms for failure of lower head with penetrations [16], led to a modeling
approach that focuses on creep rupture of the hemispherical lower head as the dominant
mechanism for lower head failure. This approach is supported by the observation that none of
the MELCOR calculations predict elevated RPV pressure at the time debris temperatures are
sufficiently high to challenge lower head integrity. That is, detailed analysis of lower head
penetration failure [17] suggest internal pressures greater than those obtained in the SOARCA
calculations are necessary to eject a penetration assembly from the lower head.

4.2.3 In-vessel Structures above the Core

The COR Package in MELCOR does not explicitly model the mechanical response

(i.e., potential material melting or collapse) of structures above the core top guide. This is an
inherent limitation in the architecture of MELCOR. As indicated in Figure 4-1, several large
steel structures are positioned above the core, which can absorb a substantial amount of energy
carried away from the core during the early periods of core damage. They also represent a
significant surface area for deposition of fission product aerosols released from the core. These
structures most notably include the upper shroud dome, steam dryers and separators.

The thermal response and fission product deposition properties of these structures are modeled
using 1-dimensional heat structures. This modeling approach, combined with the nodalization
and connectivity of control volumes above the core, provides sufficient spatial resolution to
calculate the time-dependent temperature response of each structure. A limitation of this
modeling approach is that the mechanical response of these structures, material melting or
collapse and the potential for incorporation of steel into core debris, is not modeled. Changes in
the flow area through this region of the RPV that might be caused by changes in structure
geometry are also not modeled.

4.2.4 Leakage through In-core Instrument Tubes

Among the comments offered by the independent peer review panel that reviewed the models
and calculations described in this report was one that questioned whether failure of in-core
instrument tubes (i.e., due to melting of neighboring fuel assemblies) could create a pathway for
fission product transport outside the containment pressure boundary that should be considered in
the SOARCA analyses. The proposed fission product leakage pathway involves leakage through
traverse in-core probe (TIP) guide tubes, which run from various locations in the core, through
penetrations in the RPV lower head and the containment pressure boundary, and terminate at TIP
drive mechanisms located in the reactor building. Leakage through TIP guide tubes would
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represent a containment bypass pathways, it the tubes are not isolated. Figure 4-7 illustrates the
TIP guide tube pathway.

TIP guide tubes é @
TIP drive
mechanism Plan view

Figure 4-7  Potential containment bypass transport pathway through open TIP guide
tubes

TIP Guide Tube Configuration

The TIP system drives three probes of fissile material into various locations in the core to
calibrate in-core instrumentation. The probes are normally stored in a shield chamber located
outside the containment pressure boundary. As illustrated in Figure 4-8, each probe can be
driven out of its shield chamber, through a guide tube, to one of several locations within the core.
The probe is pushed through its guide tube by a steel cable. Each TIP guide tube enters an
indexing unit located in the drywell. The indexing units guide a TIP probe into one of several
exit tubes, each of which are connected to particular local power range monitors (LPRMs) in the
core. Therefore, the indexing units serve as TIP tube multipliers, allowing three tubes to serve
the calibration needs of multiple in-core instruments.

The diameter of TIP probe is approximately 0.211 inches. The internal diameter of the TIP
guide tube is 0.280 inches and the diameter of the drive cable is 0.258 inches. Therefore, the
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available cross-sectional area for flow through an operating guide is small (0.009 in’ per tube is
the probe is inserted, and 0.06 in® if the probe is withdrawn into its shield chamber).
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Figure 4-8  Layout of the TIP system

The TIP guide tubes can be isolated with either a motor-operated (AC powered) globe valve or a
squib-actuated shear valve. The globe valve functions only when the TIP probe is fully
withdrawn because the drive cable for the in-core probe runs through the valve body. If, for
some reason, the probe cannot be retracted, the squib (explosive) operators on the shear valves
can be manually actuated to shear the drive cable and seal the guide tube. The squib actuators
require DC power to operate. The explosive operators on the squib valves could, in principle, be
actuated locally using a portable dc power supply. However, procedures for this action are not
formally implemented for this action.

TIP System Operation

Operating experience at Peach Bottom suggests the TIP system is used to calibrate in-core
instrumentation once every four months. The calibration exercise takes approximately 1 hour to
complete and involves simultaneous operation of all three TIP probes. Therefore, an individual
TIP guide tube is open (i.e., not insolated), on average, a small fraction of the time (i.e., 1 hour of
each 2920 hour period). Over a typical operating cycle, this represents a conditional probability
of an open TIP tube of approximately 3.4E-4.
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MELCOR Model of TIP Guide Tubes

The baseline MELCOR calculations of accident progression and source terms did not consider
leakage of steam, hydrogen or fission products from the RPV to the reactor building through the
TIP guide tubes. The conditional probability of the TIP system being in operation at the time of
a severe accident initiating event was well below the truncation limit for accident sequence
selection.

However, a sensitivity calculation was performed to evaluate the effects of open (unisolated) TIP
guide tubes on accident progression and the radionuclide source term for the LTSBO accident
sequence. The MELCOR model for leakage through the TIP guide tube accounts for internal
geometry of the tubes and flow resistance due to wall friction along the length of the tubes
(approx. 150 ft). As shown in Figure 3, a single control volume is used to represent the total
internal volume of the guide tube(s) and flow paths connect each end of the tube coolant space
within the core and the reactor building. Heat transfer between flowing gas and the guide tube(s)
is accounted for; and the tube internal wall represents an aerosol deposition surface. Results of
the sensitivity calculation using this additional feature to the Peach Bottom MELCOR model are
described in Section 5.7.3.

4.3 Primary Containment and Reactor Building

The primary containment of the BWR Mark I design consists of two separate regions: a drywell
and a wetwell. As shown in Figure 4-9 each region is explicitly represented in the MELCOR
model with distinct hydrodynamic control volumes, flow paths, and heat structures to preserve
the geometric configuration and major functional features of the Mark I design (e.g., steam
pressure suppression, fission product scrubbing, and surface deposition). The drywell is further
divided into four connected volumes to account for non-uniformities in the temperature and
composition of the atmosphere during late phases of a severe accident.
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Figure 4-9

Hydrodynamic nodalization of the primary containment

The internal volume, airflow flow pathways, and structures of the reactor building are modeled
in considerable detail as illustrated in Figure 4-10 and Figure 4-11. The reactor building fully
encloses the primary containment and participates in the release pathway of fission products
from the containment to the environment by offering a large volume within which an airborne
radionuclide concentration can be diluted by expansion into and mixing with the building

atmosphere.
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The airborne concentration of fission product aerosols within the reactor building is attenuated
by gravitational settling and other natural deposition mechanisms. The building is also equipped
with a ventilation system with aerosol and charcoal filters, which would greatly aid in reducing
an airborne radioactive release. However, these systems would not be available during the
particular accident scenarios examined in this work, because of a loss of electrical power or other
equipment failures. Therefore, the reactor building is occasionally referred to as a secondary
containment, although it has a negligible capacity for internal pressure.

4.4 Mechanisms for Induced RPV Depressurization

Mechanisms for induced depressurization of the RPV in BWR severe accident sequences were
first introduced to the U.S. NRC MELCOR models in the calculations performed for the reactor
security assessment in 2002-2003. The principal motivation at the time was to correct previous
calculations of high pressure accident sequences (e.g., SBO), which allowed SRVs to continue
cycling for several hours after the onset of core damage, when gas discharge temperatures
exceeded values at which material damage to moving valve components would challenge normal
valve behavior. Specific values at which this could occur are discussed later. Data were not
available to support a deterministic valve degradation model. As a result, an intuitive approach
was used to capture the basic idea that moving valve components would eventually break or
seize when sufficient heat was transferred from the flow gas stream to the valve body.
Eventually other mechanisms for RPV depressurization were added to the MELCOR model.
Section 4.4.1 summarizes the historical development of this aspect of BWR severe accident
modeling practices. The specific modeling approach used in the current SOARCA calculations
is then described in Section 4.4.2.

4.4.1 Historical Development of BWR RPV Depressurization Mechanisms

Within this section a summary of SRV seizures at high temperatures is discussed in

Section 4.4.1.1. Section 4.4.1.2 provides a discussion on the stochastic failure for a cycling
SRV, and Section 4.4.1.3 discusses the potential for creep rupture of a BWR main steam line
pipe or RPV nozzle.

4.4.1.1 Valve Seizure at High Temperatures

An initial criterion for high-temperature valve failure was based on manufacturers’ information
describing the strength of stainless steel, published by the Stainless Steel Information Center. '’
Softening or loss of strength of stainless steel (300 series) was described as “about 1000 °F”
(811 K). The same reference also suggested the maximum service temperature for intermittent
exposure of stainless steel components is 1600 °F (1100 K). It was assumed that ‘service
temperature’ referred to the temperature of thermal environment within which steel components
operate. In the case of a valve, this was assumed to be the internal gas temperature. Therefore,
in earlier analyses, a cycling valve was judged to cease functioning properly when the internal
gas temperature exceeded a value between the two referenced values (i.e., somewhere between
811 K and 1100 K). In particular, valve seizure (failure to reclose) was assumed to occur if the
valve was exposed to discharge gas temperatures greater than ~1000 K for several cycles.

10 Reference: www.ssina.com/composition/temperature.html
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The response of valve components to high temperature gas strongly depends on valve design and
operation. For example, different thermal failure criteria were developed for the Peach Bottom
and Grand Gulf MELCOR models because the two plants have different types of SRVs.
Three-stage Target Rock SRVs are installed at Peach Bottom, and Dikkers SRVs are installed at
Grand Gulf. Other valve designs in the BWR fleet include the two-stage Target Rock, which is
modified version of the earlier three-stage valve, and another SRV is manufactured by Crosby
(now a subsidiary of Tyco). Figure 4-12 depicts the cross-section of a typical two-stage Target
Rock valve; Figure 4-13 shows the cross-section of a Crosby valve, which is similar in design to
the Dikkers valves.

Valve design and operating features are important for several reasons. First, the way in which
the valve opens to relieve pressure differs between the Target Rock and Dikkers/Crosby designs.
Target Rock SRVs are pilot-operated valves, which lift to a full-open position when pressure
within the SRV exceeds a setpoint. When pressure decreases below another setpoint, the valve
fully re-seats. Movement of the main valve disc is controlled by a pilot valve, which is distinct
from, but integral to, the main SRV valve body. Movement of the pilot valve re-aligns gas flow
through small ports and vent lines within the valve body (see Figure 4-12), allowing RPV
pressure to help keep the valve fully-seated when pressure is within desired values, and to help
lift the valve if pressure gets too high. In contrast, the Dikkers/Crosby SRV design is a spring-
loaded valve that ‘pops’ open to relief RPV pressure, and then gradually recloses as internal
pressure decreases. The variable valve stem position (or valve open fraction) allows RPV
pressure to be maintained close to a target value until RPV pressure reduces below a minimum
setpoint when the valve recloses.
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These differences in valve design and operation led to different criteria for valve seizure at high
temperatures in the Peach Bottom and Grand Gulf MELCOR models. In both cases, seizure was
assumed to occur when sufficient heat was transferred from discharged gas to the valve body for
internal valve components to cease functioning. In the absence of data on valve performance at
high temperatures, or detailed calculations of valve heat up, the following simple assumptions
were made:

1.

The number of times a Target Rock valve could cycle at temperatures at or above 1000 K
wasn’t known. A value of 10 cycles was chosen to represent the expectation that several
cycles would be necessary to transfer enough heat to valve internal components to
deform or expand valve components, causing failure. It was recognized that although
convective heat transfer from the gas would only occur when the valve was open, heat
transfer within the valve body would continue after the valve stem reseated. Therefore, it
was postulated that non-uniform thermal expansion could reduce clearances of valve
components and cause the valve seize in the closed position; or material softening and
deformation could cause the valve to fail in the open position. Uncertainties in both
failure mechanisms (i.e., thermal expansion and material softening/deformation) were
also reflected in the number of cycles used to characterize failure to reclose. That is, if
the lowest set point SRV seized closed after 2 or 3 cycles with gas temperatures above
1000 K, the next lowest set point SRV would pick up the load and begin cycling without
significant pre-heating. A nominal valve failure (seize open) criterion was defined as:

10 cycles with gas temperatures, prior to opening, above 1000 K. This was judged to be
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a reasonable approximation of conditions under which one of the 11 Target Rock valves
at Peach Bottom would seize in the open position.

Tracking the number of valve cycles was judged to not be a meaningful method for
characterizing heat up and seizure of a Dikkers/Crosby valve. Instead, seizure was
assumed to occur if the valve discharged high temperature gas for a sufficiently long
period of time. A failure criterion was developed based on the concept of a cumulative
damage function, which tracked the amount of time high temperature gas was discharged
through the valve and compared it to a time limit. The time limit was assumed to be
inversely proportional to temperature, and the valve was assumed to seize in the position
it held at the time the failure limit was reached. This was often a few percent of full
open. The specific values used in this time-at-temperature criterion were:

a. 60 minutes at temperatures of 1000 K.
b. 30 minutes above 1500 K.

These criteria were used in the calculations of severe accident progression for Peach Bottom and
Grand Gulf in the 2002 security assessment as well as the 2005 analyses of fission product
source terms for high burnup fuels for both plants. The valve failure criterion which was used
for Grand Gulf has not been benefitted from the additional work done for Peach Bottom, and
may be examined in the future. The thermal criterion for the Target Rock SRVs was modified
after a more detailed assessment as described in Section 4.4.2.2.

4.4.1.2 Stochastic Failure

The possibility that a cycling SRV would randomly fail to open, or to reclose after opening, was
not represented in the security assessment calculations, nor in the high burnup fuel source term
analyses. However, several hundred cycles were calculated for some accident sequences, such as
station blackout, which raised concerns that random failures should not be ignored. The Peach
Bottom Individual Plant Examination (IPE) cites a plant-specific failure rate (to reclose) for an
SRV of 3.7x10/demand ."'

It must be noted that the NRC assessment of component reliability in nuclear systems suggests a
failure lower than the value cited in the Peach Bottom IPE. An NRC analysis of industry
average data for SRV performance in NUREG/CR-6928 [18], for example, estimated a mean
value of approx. 8x10™*/demand with 5™ and 95" percentile values of 4.3x107 and
3.1x107/demand, respectively.'? Therefore, the Peach Bottom value is slightly larger than the
95™ percentile of the industry-average value."

Reference: Philadelphia Electric Co., Individual Plant Examination, Peach Bottom Units 2 and 3, Vol,, 2, §4.6.5.3.1.
The 5™ and 95™ percentiles are not reported in NUREG/CR-6928, but can be readily calculated from the Beta
distribution parameters listed in Table 5-1.

Significant reductions in the observed rate of spurious valve opening were achieved by various modifications to the
Target Rock SRV through a BWR Owners Group initiative coordinated under General Safety Issue (GSI) B-55. The
extent to which these modifications would also affect the expected rates for failure to reclose is not known. However,
this might contribute to the difference in the current (NRC) estimate of SRV failure rate (to reclose) and the older (circa
1990) failure rate reflected in the Peach Bottom IPE.
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Control logic was added to the Peach Bottom MELCOR model to calculate the cumulative
probability of random failure of a cycling SRV to reclose based on the IPE failure rate. Failure
was assumed to occur when the cumulative probability (i.e., confidence of failure) reached 90%.
The high confidence level was used in recognition of the principal in PRA system reliability
analysis that credit should not be taken for ‘benevolent’ failures of components. That is, failure
of a reactor component should not be assumed if it has a potentially beneficial effect on the
accident sequence.'® Therefore, rather than use an ‘expected value’ condition for predicting
failure, valve failure was assumed to occur only if the number of cycles was sufficiently large
that the failure probability was high (0.9).

4.4.1.3 Main Steam Line Creep Rupture

The potential for creep rupture of a BWR main stream line (i.e., piping or RPV nozzle) was not
evaluated in the MELCOR calculations performed for the security assessment, nor was it
represented in the high burnup source term calculations. This feature was added to the Peach
Bottom model developed for SOARCA. Initially the model was implemented for the sole
purpose of monitoring the potential for conditions that would suggest the possibility of creep
rupture. Flow paths to represent the rupture of main steam line piping were added relatively late
in the SOARCA model development process, in response to comments received from the
SOARCA peer review panel.

The creep rupture model is a direct translation of the hot leg creep rupture model used in the
Surry MELCOR calculations. The Larson-Miller control function available in MELCOR 1is
applied to a heat structure representing the RPV nozzle to main steam Line A and (separately) to
the heat structure representing the horizontal section of the main steam line piping immediately
adjacent to the RPV nozzle (approx. 3.5 m in length). The nozzle is assumed to have twice the
thickness of the main steam line pipe. Creep rupture of either structure is assumed to result in a
an opening to the drywell atmosphere equivalent to the full open area of the main steam line.

4.4.2 Modeling Approach in SOARCA

Within this section a summary of SRV stochastic failure to reclose is discussed in

Section 4.4.2.1. Section 4.4.2.2 provides a discussion on the thermal failure mechanism for a
cycling SRV, and Section 4.4.2.3 discusses the differential thermal expansion for materials in a
SRV. Section 4.4.2.4, Section 4.4.2.5, and Section 4.4.2.6 discuss material deformation, SRV
pilot valve failure, and SRV spring softening respectively.

4.4.2.1 Stochastic Failure to Reclose

The SOARCA Peer Review Panel agreed with the basic method used to represent stochastic
failure of an SRV in the MELCOR calculations. One panel member noted, however, that a
recent EPRI study of SRV performance, which is undocumented at the time of the review,

In Level 1 PRA, this principal primarily applies to components that would enable the operation of alternate or backup
safety systems. An example would be failure of a cycling SRV to reclose would depressurize the RPV and enable the
use of low-pressure coolant injection systems for makeup. Refer to requirement SY-A12 in ASME/ANS RA-Sa-2009,
“Standard for Level 1/Large Early Release Frequency Probabilistic Risk Assessment for Nuclear Power Plant
Applications.”
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suggests the failure rate cited in the plant-specific IPE and the value in the generic data base are
probably too low, especially when valve temperatures begin to rise above the design value. This
view was acknowledged as an opinion, and is not supported by failure data that would supplant
the information used to calculate the IPE or generic failure rates. Therefore, the failure rate
obtained from the plant-specific IPE is retained in the SOARCA calculations. Deterioration in
valve performance at temperatures above design is represented by a separate, and independent,
failure model described in the next section.

It should be noted, however, that the failure rate reflected in the generic data base and the value
obtained from the Peach Bottom IPE are conceptually different from the situation modeled here.
In simple terms, the rate at which an SRV fails to reclose is calculated by dividing the number of
observed valve failures (to reclose) by the number of valve demands. This ratio, therefore,
reflects the conditional probability that a valve would fail to reclose, given a successful demand
to open. However, the failure events that represent the numerator of this ratio occurred after only
a few valve cycles. The precise number is difficult to determine from the raw data documented
in NUREC/CR-6928. However, it is clear that valve failure data after numerous cycles are
extremely rare (perhaps non-existent) primarily because events involving numerous, continuous
valve cycling are not observed. It is, therefore, debatable whether the failure rate used to
calculate the (low) probability of failure to reclose after a few cycles should be extrapolated to
estimate the (higher) probability of failure after a large number of cycles. Other unknown failure
mechanisms would likely overwhelm those that lie behind the nominal failure rate. This
qualitative observation is consistent with the opinion expressed by members of the peer review
panel that the valve failure rates obtained from the PRA data base are too low. Also, it should be
noted that comments provided by the licensee on this analysis indicated the early failure rate
reported in their IPE was not based on plant-specific performance data, and they have since
replaced this value with the industry value reported in NUREG/CR-6928.

Accident progression modeling in SOARCA reflects best estimate values for uncertain
parameters. Therefore, the conditions at which random valve failure would occur reflect the
expected value, or mean, number of cycles at which the valve fails to reclose. This number is the
inverse of the failure rate (1/1), or 1/(3.7x10 per demand), which is 270 consecutive cycles.

4.4.2.2 Thermal Failure Mechanisms

Several members of the SOARCA Peer Review Panel expressed the opinion that the criteria used
to represent conditions at which a cycling SRV would seize in the open position due to thermal
effects (described earlier) were too severe. They agreed that seizure due to physical deformation
of moving valve components would be expected before the temperature of valve components
reached 1000 K. They also expressed the opinion that multiple valve cycles above 1000 K was
not credible.

Four thermal failure mechanisms were examined to refine the criteria for valve seizure. Each is

described below. These mechanisms are assumed to operate independently of the mechanisms
causing stochastic failure.
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4.4.2.3 Differential Thermal Expansion

Heat transfer from hot gases discharged through an open SRV to internal surfaces of the valve
body would gradually increase the temperature of valve components. The internal geometry of
the valve is complex and the temperature distribution within the valve would not be uniform,
causing differential thermal expansion of valve components. If displacements are sufficiently
large, the clearances required for moving components to operate could close, resulting in valve
seizure.

The extent to which differential expansion might reduce valve stem clearances is examined very
simplistically. First, the differential expansion of the valve stem from its surrounding sleeve and
valve body, due solely to differences in material properties was considered. That is, the stainless
steel stem will expand at a slightly faster rate than its carbon steel enclosure due to differences in
the linear coefficient of expansion for stainless verses carbon steel. Second, the effects of
temperature gradient within the valve body were considered.

Differences in material properties: The mean linear expansion coefficient for the valve body
(ASTM A216 Gr WCB steel)” is 8.3 x 10 in/in °F; the coefficient for the valve stem and disc
(A276 Type 304 stainless steel)"” is 11 x107 in/in °F. Therefore, if the temperature of the entire
valve increased to 1000 °F (425 °F greater than the design value), outward radial displacement of
the valve stem (approx. 2.5-in diameter) would be greater than the surrounding valve body by
approximately 1.4 mil:

dr=(11x10° — 8.3x10°) in/in- °F * 2.5/2 in * 425°F = 1.4x10™ inches

The valve stem is a solid cylinder, surrounded by a thermal sleeve, as illustrated in Figure 4-14.
This is probably not sufficient to cause seizure of the valve stem.

Effects of temperature gradient

In the absence of mechanistic, multi-dimensional calculations of the transient thermal response
of the valve body to cyclic heating, it is difficult to judge whether temperature gradients within
the valve would be sufficiently large for adjacent valve components to bind against each other
due to differential thermal expansion. However, the rates at which major components within the
valve would heat up can be estimated using some simple, but reasonable geometric models. In
particular, the response times of major valve components were estimated by representing them as
a geometric shape that can be modeled using a one-dimensional heat transfer model.

The main portion of the valve body, which encloses the gas flow stream, was approximated as a
cylinder with an internal diameter of 6 inches (i.e., the approximate valve throat diameter) and
length to diameter ratio (L/D) of 5. The outer diameter, or wall thickness, of the cylinder was
treated parametrically because, as indicated in Figure 4-12, the shape of the valve body is not a
perfect cylinder. Two alternatives were considered. The first alternative examined a 1-in wall
thickness, which represents the approximate wall thickness of the entrance and exit portion of the
valve body. The second alternative attempts to capture the effects of the large steel mass

15 Reference: Peach Bottom UFSAR, 4.4-4.
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appended to one side of the main valve body, and houses the pilot valve operator. The wall
thickness in this case was 3 in, which is the equivalent (uniform) thickness of a cylinder with
one-half the weight of a fully-assembled SRV. e Calculating the thermal response of a cylinder
with this range of material masses (or wall thicknesses) to cyclic heating by gas flowing within it
provides an indication of the rate at which the main valve body would respond to heat transfer
from gas flow when the SRV opens.

A specific internal component of interest is the main valve stem that must slide along a
cylindrical sleeve that is integral to the valve body to seat and unseat the disc. Also, the upper
portion of the valve stem is mounted to a ring piston that slides within a hollow cavity within the
main valve body. These components are highlighted in Figure 4-14. If the valve stem and
attached ring piston were to expand at a faster rate than the surrounding valve body, mechanical
binding could occur, and the valve would stick or seize in the open position. Seizure in the open
position is judged more likely than the closed position because gas flow through the valve

(i.e., the heat source) only operates when the valve is open. Since the disc and a portion of the
valve stem are directly immersed in the high temperature gas flow stream, one would expect
these components to heat faster than the surrounding valve body. The thermal response of the
valve stem was therefore estimated by modeling it as a solid 3-in diameter cylinder with an
L/D=3. This diameter represents the combined dimension of the valve stem (~2.5-in.) plus the
exposed portion of the surrounding valve stem sleeve.

Valve stem sleeve
Ring piston

Lo,

Valve disc Valve stem

f

2/

Approx. 3-in /
L

Y. [€——6 in——>

7K

Figure 4-14 Valve stem assembly within valve body |
(Taken from Target Rock Corporation drawing M-1-R-213)

Boundary conditions for each of the 1-dimensional conduction models (i.e., the two valve body
models and the valve stem model) were taken from a preliminary MELCOR calculation of the

Total weight of a fully-assembled valve is given as 1500 lbs in an EPRI SRV Testing and Maintenance Guide
(TR-105872s, Aug 1996).
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long-term station blackout accident sequence. The calculated temperature history, composition
of gases passing through the SRV, and the time-dependent (cyclic) gas velocity through the
valve were tabulated and applied as a boundary condition for the simple flow model illustrated in
Figure 4-15.

Cylindrical HS with

Valve Body Model ( variable wall thickness

CV100 =P CV001 CVv200
—
Valve inlet (gas) boundary Valve gas velocity defined
conditions as func(time): as func(time):
* Temp * Periodic cycles 45 sec
* Composition (steam/H2) apart, 5 sec duration
CVv001
CVv100 7 CV200

Valve Stem Model Solid cylinder HS

Figure 4-15 Arrangement of 1-dimensional safety relief valve heat-up calculation

The boundary conditions are illustrated in Figure 4-16 through Figure 4-19 as follows:

e Figure 4-16: Gas flow through the valve is based on a cycle period of 45 seconds with an
open cycle duration of 5 seconds.

e Figure 4-17: Gas velocity during an open cycle is constant during a single 5-second
cycle, but increases from 420 m/s to 500 m/s as the gas temperature (Figure 14) increases
from 600 K to 1100 K.

e Figure 4-18: Gas temperature as a function of time. Approximately 100 K temperature
changes between the beginning and end of a cycle were neglected. The mid-point values

were used as shown in the table adjacent to the figure.

e Figure 4-19: The Steam and hydrogen mole fractions were specified as a function time
as indicated in the figure and adjacent table.

System pressure was assumed to be constant at 1150 psia.
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Figure 4-16 Number of safety relief valve cycles from preliminary LTSBO calculation
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Figure 4-17 Gas velocity through safety relief valve from preliminary LTSBO calculation
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Figure 4-18 Gas temperature through safety relief valve from preliminary LTSBO
calculation
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Figure 4-19 Gas composition through safety relief valve from preliminary LTSBO
calculation
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The calculated thermal response of the 1-dimensional conduction models are compared in

Figure 4-20. As expected, the relatively small thermal mass of the 3-in diameter shaft responds
more quickly to increasing gas temperature than the heavier valve body. The centerline
temperature of the 3-in diameter cylinder, representing the valve stem, lags the gas temperature
by approximately 4 minutes. In comparison, the 1-in thick cylinder lags by approximately

6 minutes and the 750 1b cylinder, each represent the valve body, by almost 20 minutes, when the
internal gas temperature reaches 850 K.

From the perspective of thermal expansion, the principal result of these calculations is the
temperature difference between the valve body and the valve stem when gas temperatures exceed
800 K. This difference depends on the geometry and mass of steel attributed to the valve body.
However, based on the two simple options examined here (i.e., a 1-in versus 3-in wall thickness),
the valve body temperature is 20 to 140 K (11 to 78 °F) less than the valve stem temperature. A
bounding estimate of the resulting differential expansion of the valve stem within the cooler
valve body is obtained by assuming the maximum of this range. The resulting differential radial
expansion is 1.1 mil:

11 x 107 in/in-°F * 2.5/2 in * 78 °F = 1.1x10~ inches

If this value is added to the difference associated with material properties (estimated earlier), the
combined radial expansion is less than 3 mil. This is within the range of possible values for the
gap between sliding metal components, but is not sufficiently large to confidently conclude,
without more detailed analysis, that thermal expansion alone would cause valve seizure with gas
temperatures up to approximately 1000 K.
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Figure 4-20 Thermal response of safety relief valve using simple 1-dimensional models

4.4.2.4 Material Deformation

Mechanical properties of stainless steel at very high temperatures described by a trade
association for the specialty steam industry'’ were used to estimate the temperature at which
SRV failure would occur in early (preliminary) MELCOR calculations for the SOARCA
Program. However, two aspects of this evaluation merit re-consideration. First, the ‘failure
temperature’ was applied to the calculated temperature of gases flowing through the valve. As
indicated in Figure 4-20, the temperature of at least some valve components lags the gas
temperature by a relatively small amount (e.g., perhaps as little as 20 K). Therefore, the ‘error’
introduced by this simplification is not significant in comparison to the temperature at which
failure is likely to occur.

The second aspect is more important; namely, the temperature at which material deformation
occurs is lower than the value used in the early calculations (i.e., 1000 K). As noted earlier, this
value was selected primarily to reflect the ‘service temperature’ for stainless steel components,
as reported by the steel industry trade association. However, a review of vendor literature on
material properties of 304 stainless steel clearly indicates the maximum service temperature of
approximately 1600 °F (~1100 K) is based on the scaling properties (or resistance to corrosion)

17 Reference: High Temperature Properties of Stainless Steel, published by the Specialty Steel Industry of

North America. Available at: www.ssina.com/composition/temperature.html
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of 300 series stainless steel, rather than its mechanical properties. Spec sheets for 304/304L
stainless steel from several vendors suggest a more appropriate temperature at which mechanical
strength begins to deteriorate is 1000 °F (811 K).

Table 4-2 compares the tensile and yield strength of 304 stainless steel at elevated temperature to
values at the design temperature of the reactor coolant system (~600 °F). The reduction in
ultimate tensile strength doubles for every 200 °F increase in temperature. This provides a
quantitative measure of the qualitative statement given in a steel industry Spec Sheet, which
states that stainless steel experiences a loss of strength at temperatures above 1000 °F.

Engineering judgment is needed to apply the information in Table 4-2 for the purposes of
estimating when moving valve components would cease to function due to material deformation.
If one assumes valve components continue to function up to a temperature 1000 °F, where
material softening begins, the valve stem and other internal components would have already
endured a reduction in tensile strength of approximately 18%, and a reduction in yield strength of
28%. If material temperature increases another 200 °F, however, the ultimate tensile strength
reduces by another 22% (below its already reduced value at 1000 °F). At a temperature above
1000 °F but below 1200 °F (i.e., approximately 900 K), the ultimate tensile strength and yield
strength are 30% lower than their values at the SRV design temperature. It is unreasonable to
expect moving valve components to continue functioning with this deterioration in mechanical
properties. A maximum material temperature of 900 K is, therefore, recommended as a
reasonable limit to valve operation.

Table 4-2 Percent change in strength of stainless steel from value at 600°F (589K) 18

Temperature Change in ultimate Change in 0.2% yield
°F (K) tensile strength relative strength relative to
to value at 600°F value at 600°F
600 (589) 0.0 0.0
800 (700) -6.0% -14.9%
1000 (811) -17.7% -27.6%
1200 (922) -35.4% -34.3%
1400 (1033) -57.4% -43.3%

4.4.2.5 Pilot Valve Failure

A third possible failure mechanism results from heating of the pilot valve, which actuates the
main valve. Small low-flow ports within the valve body direct flow from gas upstream of the
main valve disc to the pilot valve, which is comprised of a machined bellows. According to the
Target Rock manual, the machined bellows, “acts as a combination piston, spring and hermetic
seal.” Expansion or extension of the bellows due to high internal pressure and movement of the
pilot valve stem is the normal means by which the pilot valve realigns itself, and causes the main
valve to open. It’s conceivable that thermal expansion of the bellows might cause the same

18 AK Steel Corporation, West Chester, OH, “Product Data Bulletin: 304/304L Stainless Steel,”
394/3941L-B-08-01-07 (2007).
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effect. However, the flow rate to the pilot valve is not known and, therefore, the heat up rate
cannot be estimated.

4.4.2.6 Spring Softening

It is also conceivable that flow of gases through the ports into the pilot assembly could heat the
main valve spring or the smaller spring encapsulated in the pilot valve assembly. This might
result in softening of the spring and a loss of valve stem closing force. The rate at which heat
could be carried into this portion of the valve is not known for the same reasons described above
for pilot valve failure.

4.5 Behavior of Ex-Vessel Drywell Floor Debris

The drywell floor is subdivided into three regions for the purposes of modeling
molten-core/concrete interactions. The first region, which receives core debris exiting the
reactor vessel, corresponds to the reactor pedestal floor and sump areas (CAV 0). Debris that
accumulates in CAV 0 can flow out through a doorway in the pedestal wall'® to a second region
representing a 90 degree sector of the drywell floor (CAV 1). If debris accumulates in this
region to a sufficient depth, it can spread further around the annular drywell floor into the third
region (CAV 2). This discrete representation of debris spreading is illustrated in

Figure 4-21.

Two features of debris relocation within the three regions are modeled. The first represents bulk
debris spill over or movement from one region to another. A control system monitors the debris
elevation and temperature within each region, both of which must satisfy user-defined threshold
values for debris to move from one region to its neighbor. More specifically, when debris in a
cavity is at or above the liquidus temperature of concrete, all material that exceeds a predefined
elevation above the floor/debris surface in the adjoining cavity is relocated (i.e., 6 inches for
CAV 0 to CAV 1 and 4 inches for CAV 1 to CAV 2). When debris in a cavity is at or below the
solidus temperature of concrete, no flow is permitted. Between these two debris temperatures,
restricted debris flow is permitted by increasing the required elevation difference in debris
between the two cavities (i.e., more debris head required to flow).

The second control system manages the debris spreading radius across the drywell floor within
CAVs 1 and 2. Debris entering CAV 1 and CAV 2 is not immediately permitted to cover the
entire surface area of the cavity floor. The maximum allowable debris spreading radius is
defined as a function of time. If the debris temperature is at or above the concrete’s liquidus
temperature, then the maximum transit velocity of the debris front to the cavity wall is calculated

Although the drawing provided by the licensee seems to indicate the presence of a swing-door in the
personnel opening at the base of the reactor pedestal, the analysis described here assumes this door does not
actually exist. Years of research on the issue of drywell liner melt-through never acknowledged the
presence of a door (e.g., NUREG/CR-5423 and NUREG/CR-6025.) It is noted in the introduction to
NUREG/CR-5423 that the geometry of the Peach Bottom configuration was used as the template for the
analysis. The flow of debris from the pedestal onto the outer drywell floor would not be impeded in any
way by an obstacle in the concrete ‘doorway’ in the pedestal wall. As a result, the current SOARCA
analysis applied the same rationale and assumed molten debris would freely flow from the pedestal onto the
drywell floor.
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(i.e., results in 10 minutes to transverse CAV 1 and 30 minutes to transverse CAV 2). When the
debris temperature is at or below the concrete solidus, the debris front is assumed to be frozen,
and lateral movement is precluded (i.e., debris velocity is 0 meters per second). A linear
interpolation is performed to determine the debris front velocity at temperatures between these
two values.

Full mixing of all debris into a single mixed layer is assumed in each of these debris regions.
The specific properties for concrete composition, ablation temperature, density, solidus
temperature, and liquidus temperature are specified. The concrete composition represented in
the MELCOR model is listed in Table 4-3. The drywell floor concrete composition includes
13.5% rebar.

» 6.706 m

3.086 m

_\
T

CAV 2

N

FLOOR EQUIV
CAV AREA RADIUS

0 29.92 3.086
1 22.75 2.691
2 68.25 4.661

Figure 4-21 Drywell floor regions for modeling molten-core/concrete interactions
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Other key user-defined concrete properties are selected to match defaults for limestone-common
sand concrete including the following:

Ablation temperature of 1,500 K

Solidus temperature of 1,420 K

Liquidus temperature of 1,670 K

Density of 2,340 kilograms (kg) per cubic meter
Emissivity of 0.6

Table 4-3 Concrete Composition

Species Mass Fraction
ALO; 0.0091
Fe,O; 0.0063
CaO 0.3383
MgO 0.0044
CO, 0.2060
Si0, 0.3645
HZOeVap 0.0449
HZOchem 0.0265

It must be noted that lateral debris mobility is strongly affected by geometric details of the
drywell floor design, and these design features vary among BWRs with a Mark I containment.
The volume of debris that can be sequestered in the sump (and, therefore, not available for lateral
movement toward the drywell liner) spans a wide range. Further, the steel liner at the periphery
of the drywell floor is protected or elevated above the surface of the floor by a concrete curb in
some plants. The volume of the sump at Peach Bottom (located within the pedestal region) and
the location at which the steel liner intersects the drywell floor were taken into account in the
MELCOR model described above.

4.6 Containment Failure Model

The MELCOR model of the Peach Bottom Mark I containment incorporates criteria for opening
leak pathways through the containment pressure boundary by two distinct mechanisms. The first
mechanism, which occurs in all the calculations involving sufficient core damage and breach of
the RPV lower head, is drywell liner melt-through. The second mechanism is leakage through
the drywell head flange during when high internal temperatures and pressure develop within the
containment. Each is briefly discussed in the following.

Drywell liner melt-through

If debris flows out of the reactor pedestal and spreads across the drywell floor, as described in
Section 4.5, and contacts the outer wall of the drywell, the steel liner will fail, opening a release
pathway to the lower reactor building. Heat transfer between the steel liner and molten core
debris is not explicitly calculated in the MELCOR model, due to limitations of the CAV
Package, which addresses ex-vessel model debris behavior. The model assumes an opening in
the drywell liner occurs 15 minutes after debris first contacts the drywell wall. This time delay
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represents an average of estimates for failure time discussed in NUREG/CR-5423 [12] for
situations in which the drywell floor is not covered with water.

Containment over-pressure

Peach Bottom has a Mark I containment that consists of a drywell and a toroidal-shaped wetwell,
which is half full of water (i.e., the pressure suppression pool). The drywell has the shape of an
inverted light bulb. The drywell head is removed during refueling to gain access to the reactor
vessel. The drywell head flange is connected to the drywell shell with 68 bolts of 2 /2 inch
diameter (Figure 4-22). The flanged connection also has two % inch wide and 'z inch thick
ethylene propylene diene methylene (EPDM) gaskets. The torque in the 2 2 inch diameter bolts
range from 817 to 887 foot-pounds (ft-1b) [19][20]. An average bolt torque of 850 ft-Ib was used
in this study.

The 68 drywell head flange bolts (see Figure 4-22) are pre-tensioned during reassembly of the
head. This pre-tension also compresses the EPDM gaskets in the head flange. During an
accident condition, the containment vessel may be pressurized internally. The internal pressure
would counteract the pre-stress in the bolts. At a certain internal pressure, all of the pre-stressing
force from the bolts would be eliminated, and the EPDM gaskets would be decompressed.
Further increase in the internal pressure would result in leakage at the flanged connection.

The EPDM gasket manufacturers recommend a maximum squeeze (compression) of 30 percent
for a static-seal joint. The gaskets recover about 15 percent of the total thickness after the
compressive load is removed from the flange. However, the licensee engineers informed the
SOARCA personnel that the gaskets for the drywell head flange are squeezed to 50 percent to
have a metal to metal contact to ensure no leakage at a design pressure of 56 psig. In addition,
the gaskets are exposed to constant temperature and radiation, which contribute to early
degradation. For this reason, the gaskets are replaced during each reassembly of the reactor
vessel head. Based on this information and actual observations, the Peach Bottom licensee
engineers recommended a gasket recovery of 0.03 inch.
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Leakage areas for different internal pressures are shown in Figure 4-23 based on a gasket
recovery of 0.03 inches. The drywell head flange does not leak until the internal accident
pressure is 0.660 megapascal (MPa) (i.e., P/Pp = 1.35 or 82 psig). Thereafter, there is a gradual
increase in the leakage area.

At high temperatures (greater than 755 K, or greater than 900 °F), upward and radial thermal
growth of the drywell would lead to binding of small and large penetrations against the
biological shield wall and failure. In addition, radial growth of the containment may also cause
the seismic stabilizers to punch through the upper portion of the drywell at high temperatures

[15]. This observation is consistent with the results of previous studies that show that the
drywell is likely to fail at the low pressure range of 0-65 psig [15]. Therefore, it can be
concluded that the drywell is likely to fail under any appreciable pressure load at structure
temperatures of 900 °F or greater.

Finally, the containment can fail by drywell shell melt-through containment failure (see relevant
discussions in Sections 4.5 and 4.8.2).
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Figure 4-23 Drywell flange leakage model versus containment pressure

4.7 Radionuclide Inventories and Decay Heat

One important input to MELCOR is the initial concentration of radionuclide groups in the fuel
and their associated decay heat. These values are important to the timing of initial core damage
and the location and concentration of the initial radioactive source. The radionuclide groups in a
nuclear reactor come from three primary sources:

1. Fission products are the result of fissions in either fissile or fissionable material in the
reactor core.

2. Actinides are the product of neutron capture in the initial heavy metal isotopes in the fuel.

3. Other radioisotopes are formed from the radioactive decay of these fission products and
actinides.

Integrated computer models, such as the TRITON sequence in SCALE, exist to capture all of
these interrelated physical processes, but they are intended primarily as reactor physics tools
[14]. As such, their standard output does not provide the type of information needed for
MELCOR [7]. It is important to note that changes to the TRITON sequence in SCALE were not
needed for this analysis. The BLEND3 post- processing software extracts output from the
TRITON sequence and combines it in a way that makes it useful for MELCOR [7].

A Global Nuclear Fuel 10x10 (GE-14C) fuel assembly was used as a typical fuel element for the
Peach Bottom analysis. Information about assembly dimensions, enrichments, and operating
characteristics was obtained from the licensee (with permission from the fuel vendor) and used
for a realistic evaluation. Twenty-seven different TRITON runs were performed to model three
different cycles of fuel at nine specific power histories. The specific power histories ranged from
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2 megawatt-days per metric ton uranium (MWD/MTU) to 45 MWD/MTU, which bounded all
expected BWR operational conditions. For times before the cycle of interest, an average specific
power of 25.5 MWD/MTU was used. For example in the use of a second fuel cycle, the fuel was
burned for its first cycle using 25.5 MWD/MTU and, allowed to decay for an assumed 30 day
refueling outage. Then nine different TRITON calculations were performed with specific powers
ranging from 2 to 45 MWD/MTU. The BLEND3 code was applied to each of the 50 core
nodes™ in the MELCOR model using average specific powers derived from data for three
consecutive operating cycles and appropriate nodal volume fractions. Once new libraries for
each of the 50 nodes in the model were generated, the final step in the procedure was to deplete
each node for 48 hours. The decay heats, masses, and specific activities as a function of time
were processed and applied as input data to MELCOR to define decay heat and the radionuclide
inventory. Values used in the MELCOR calculations corresponded to those generated for
equilibrium conditions, in the middle of an operating cycle. A summary of the total (core-wide)
decay power generated by this process is listed in Table 4-4.

Table 4-4 Decay Power in Peach Bottom MELCOR Model

Time Decay Power (MW)
0.0 sec 221.36
1.0 sec 204.13
3.0 sec 185.90
7.0 sec 167.306
13.0 sec 152.86
27.0 sec 136.18
54.0 sec 120.87
1.8 min 105.85
3.7 min 92.61
7.4 min 80.96

14.8 min 69.46
29.8 min 57.51
60.0 min 46.19

2.0 hr 37.18
12.0 hr 22.69
24.0 hr 18.59
48.0 hr 14.97

4.8 Other Modeling Issues and Uncertainties

The SOARCA project is intended to provide a body of knowledge regarding the realistic
outcomes of severe reactor accidents. To accomplish this objective, the SOARCA project used
integrated modeling of accident progression and offsite consequences using both state-of-the-art
computational analysis tools and best modeling practices drawn from the collective wisdom of
the severe accident analysis community.

20 The 50 core nodes are in five radial rings by ten axial levels
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The MELCOR 1.8.6 computer code [7] embodies much of this knowledge and was used for the
accident and source-term analysis. MELCOR includes capabilities to model the two-phase
thermal-hydraulics, core degradation, fission product release, transport, deposition, and
containment response. The SOARCA analyses include operator actions and equipment
performance issues as prescribed by the sequence definition and mitigative actions. The
MELCOR models are constructed using plant data and the operator actions were developed
based on discussions with operators during site visits. The code models and user-specified
modeling practices represent the current best practices.

Uncertainties remain in our understanding of the phenomena that govern severe accident
progression and radionuclide transport. Consistent with the best-estimate approach in SOARCA,
all phenomena were modeled using best-estimate characterization of uncertain phenomena and
events. Important severe accident phenomena and the proposed approach to modeling them in
the SOARCA calculations were presented to an external expert panel during a public meeting
sponsored by the NRC on August 21 and 22, 2006 in Albuquerque, New Mexico. A summary of
this approach is described in Section 4.8.1. These phenomena are singled out because they are
important contributors to calculated results and have uncertainty.

Section 4.8.2 briefly describes the two other topics, steam explosions, and drywell shell
melt-through on a wet drywell floor, that have been previously included in lists of highly
uncertain phenomena.

Finally, a systematic evaluation of phenomenological uncertainties for a particular sequence is a
separate task and not discussed in this report. That task will evaluate the importance and impact
of alternative settings or approaches for key uncertainties.

4.8.1 Base Case Approach on Important Phenomena

Sandia National Laboratories conducted a review of severe accident progression modeling for
the SOARCA project at a public meeting in Albuquerque, NM on August 21-22, 2006 [8]. This
review focused primarily on best modeling practices for the application of the severe nuclear
reactor accident analysis code MELCOR for realistic evaluation of accident progression, source
term, and offsite consequences. The scope of the meeting also included consideration of
potential enhancements to the MELCOR code as well as consideration of the SOARCA project
in general.

The review was conducted by five panelists*' with demonstrated expertise in the analysis of
severe accidents at commercial nuclear power plants. The panelists were drawn from private
industry, the U.S. Department of Energy national laboratory complex, and a company working
on behalf of German-government ministries. The review was coordinated by Sandia National
Laboratories and attended by NRC staff. A separate task in the SOARCA project is planned to
address the importance of uncertainties in these modeling parameters.

2 The expert panel that was convened in 2006 to review the best-estimate modeling approach is a different

panel from the peer review panel convened to review calculated results and program documentation. The
objectives and results of the latter are described elsewhere in this report.
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The following important uncertain modeling practices were presented to the expert panel. The
expert panel provided written comments and suggestions, which were incorporated into the
subsequent analyses. Base case approaches were identified for these uncertain and typically
important parameters.

e Fuel degradation and relocation treatment: An additional model has been added to
characterize the structural integrity of the fuel rods under highly degraded conditions. The
new model acknowledges a thermal-mechanical weakening of the oxide shell as a function of
time and temperature. As the local cladding oxide temperature increased from the Zircaloy
melting temperature (i.e., represented as 2098 K in MELCOR) towards 2500 K, a thermal
lifetime function accrues increasing damage from 10 hours to 1 hour until a local
thermo-mechanical failure. Similar time-at-temperature failure criteria are applied to
oxidized channel boxes, but at any point in time channel temperatures and degree of material
oxidation differ from those associated with adjacent fuel assemblies. Therefore, the collapse
of channel boxes into particulate debris typically occurs at a different time from the collapse
of fuel assemblies in the same radial ring of the core.

e Lower plenum debris/coolant heat transfer: Following the fuel-debris slump into the lower
plenum, there may be fuel-coolant interactions. The lower plenum heat transfer settings were
updated to reflect the end-state thermal condition of the debris in the deep pool FARO tests
(i.e., significant thermal interaction with the water). The resultant behavior results in debris
fragmentation and cooling if there is a pool of water in the lower plenum. Debris
temperatures can subsequently increase after the pool of water evaporates, which in turn
heats up the reactor vessel lower head.

e Core plate failure: The timing of core plate failure affects the relocation of the degraded core
materials from the core region into the lower plenum. The local thermal-mechanical failure
of the lower core plate, the flow mixer plate, and the lower support forging are calculated
within MELCOR using the Roark engineering stress formulae. The yield stress is calculated
based on the loading and local temperature.

e Fission product release, speciation, and volatility: First, a new ORNL-Booth fission product
release model is used that was adjusted to match the measured responses from the
VERCORS Test 4. VERCORS Test 4 is representative of modern, high burn-up fuel. The
previous default model was not representative of the high burn-up release physics.

Second, the predominant speciation of cesium was changed based on detailed analysis of
the deposition and transport of the volatile fission products in the Phebus facility tests.
The analysis revealed molybdenum combined with cesium and formed cesium
molybdate. Previously, the default predominant chemical form cesium was cesium
hydroxide. As consistent with past studies, all the released iodine combines with the
cesium. Applications of this information to the MELCOR models used in the SOARCA
calculations are described in SAND2010-1633, “Synthesis of VERCORS and Phebus
Data in Severe Accident Codes and Applications” [10].
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Gaseous iodine remains an uncertain source term issue, especially with respect to long-
term radioactive release mitigation issues after the comparatively much larger airborne
aerosol radioactivity has settled from the atmosphere. The mechanistic modeling
treatment for gaseous iodine behavior is a technology still under development with
important international research programs underway to determine the dynamic behavior
of iodine chemistry with respect to paints, wetted surfaces, buffered and unbuffered water
pools undergoing radiolysis, and gas phase chemistry. The base case treatment under the
best practices recommendation are sufficient for the mean effects addressed in this report,
and it is planned to investigate parameterization of the gaseous iodine fraction of total
iodine releases in the context of the uncertainty quantification phase of this work.

Vessel lower head failure and debris ejection: The base case approach of modeling the
vessel lower head failure and debris ejection included some modifications in MELCOR.
First, all particulate debris in the lower plenum is permitted to be in contact with water, if
present. In previous versions of the code, a restrictive one dimensional counter-current
flooding limitation (CCFL) criterion prevented water from penetrating a deep debris bed.
This restriction has been removed, effectively assuming water steam rising upward from the
debris bed does not totally preclude water from entering lower regions of the bed (e.g., via
lateral flow from peripheral regions of the lower plenum). Second, the mechanical response
of the vessel lower head is modeled using a one dimensional creep rupture model. A
Larson-Miller failure criterion is calculated based on the one dimensional conduction and
stress profile through the lower head. Failure of a lower head penetration prior to gross head
failure was not explicitly modeled in the SOARCA calculations partly because MELCOR
does not currently offer a mechanistic model for calculating penetration structural response
and associated changes in local debris morphology. This was mentioned earlier in Section
4.2.2. Prior analyses of BWR lower head penetration failure mechanisms [17] indicate the
drain line is more susceptible to failure than other penetrations (e.g., CRD and in-core
instrument penetrations), particularly for the depressurized conditions observed in the
SOARCA accident progression analysis. The impact of local failures (rather than global
creep rupture of the head) will be examined in the uncertainty quantification phase of this
work.

Ex-vessel phenomena — Molten Corium-Concrete Interactions (MCCI ): An evaluation of
typical MELCOR calculations of ex-vessel debris behavior when debris is submerged in a
pool of water concluded the default treatment of heat transfer between debris and an
overlying pool of water was not consistent with observations from the MACE tests. The
default value for the debris-water interface heat transfer coefficient in MELCOR did not
account for multi-dimensional effects of fissures, other surface non-uniformities, and side
heat fluxes. An enhancement to the default value was used to more closely replicate heat
transfer rates observed in the MACE tests.

Hydrogen combustion: The default MELCOR hydrogen combustion model was used in
control volumes representing the Peach Bottom reactor building. This model assumes
ignition of a flammable mixture occurs at a volume-average hydrogen concentration of 10%,
provided sufficient oxygen is present. Ignition at this concentration reflects the absence of a
strong ignition source that might be present in accident sequences involving active AC
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power. Modeling options were also exercised to calculate horizontal and vertical
propagation of combustion flames between neighboring control volumes, after a time delay
that accounts for the time required for a flame front to span the width of the control volume.
The time associated with flame propagation assumes a volume-centered distance between
neighboring volumes; therefore, the propagation time varies with the size of the control
volume.

4.8.2 Early Containment Failure Phenomena

Two phenomenological issues not explicitly modeled in the best-estimate approach used in
SOARCA are: (1) alpha-mode containment failure, and (2) drywell liner melt-through in the
presence of water leading to containment failure. These phenomena, if they occurred, would
result in early failure of containment, and were included in the probabilistic studies documented
in NUREG-1150 to quantify the risks from nuclear reactors.

The alpha-mode event is characterized by the supposition that an in-vessel steam

explosion might be initiated during core meltdown by molten core material falling into the
water-filled lower plenum of the reactor vessel. The concern was that the resulting steam
explosion could impart sufficient energy to separate the upper vessel head from the vessel itself
and form a missile with sufficient energy to penetrate the reactor containment. This would
produce an early failure of the containment building at a time when the largest mass of fission
products is released from the reactor fuel. In the following years, significant research was
focused on characterizing and quantifying this hypothesized response in order to attempt to
reduce the significant uncertainty. A group of leading experts ultimately concluded in a position
paper published by the Nuclear Energy Agency’s Committee on the Safety of Nuclear
Installations that the alpha-mode failure issue for Western-style reactor containment buildings
can be considered resolved from a risk perspective, posing little or no significance to the overall
risk from a nuclear power plant. Therefore, the complex processes leading to this failure mode
were not explicitly modeled in the BWR MELCOR calculations.

The issue of Mark I drywell liner melt-through at Peach Bottom was assessed by the
NUREG-1150 molten core-containment interaction panel. The results of expert panel elicitation
are reported in NUREG/CR-4551, Volume 2, Revision 1, Part 2, “Evaluation of Severe Accident
Risks: Quantification of Major Input Parameters, Experts’ Determination of Containment Loads
and Molten Core Containment Interaction Issues,” issued April 1991[11]. Analyses performed
by the group of experts identified several areas of uncertainty in the phenomena governing debris
transport out of the reactor pedestal toward the drywell liner. Subsequent to the completion of
NUREG-1150, the NRC sponsored analytical and experimental programs to resolve the “Mark I
liner attack” issue. The results of an assessment of the probability of Mark I containment failure
by melt attack of the liner were published in NUREG/CR-5423, “The Probability of Liner
Failure in a Mark I Containment,” issued in 1989 [12] and NUREG/CR-6025, “The Probability
of Mark I Failure by Melt-Attack of the Liner,” issued in 1993 [13]. This work concluded that,
in the presence of water, the probability of early containment failure by melt-attack of the liner is
so low as to be considered physically unreasonable. In contrast, liner melt-through was
determined to be likely under conditions in which the volume and temperature of core debris
released to the drywell floor would support lateral debris movement toward, and contact with,
the drywell liner.
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None of the scenarios examined in the SOARCA BWR evaluation generate a pool of water on
the drywell floor prior to vessel breach. Therefore, it was not necessary to model the effects of
boiling heat transfer between core debris and on over-lying pool of water, and the resulting
effects on debris mobility. However, lateral flow of a slurry of molten metallic and particulate

oxides across a dry floor is modeled within the MELCOR framework, as described earlier in
Section 4.5.
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5.0 INTEGRATED THERMAL HYDRAULICS, ACCIDENT
PROGRESSION, AND RADIOLOGICAL RELEASE ANALYSIS

This section describes the MELCOR accident progression analysis for the internal and external
event scenarios described in Section 3.0 of this report. Version 1.8.6 of the MELCOR severe
accident analysis code was used in the accident progression and radiological release calculations.

5.1 Long-Term Station Blackout — Unmitigated Response

The unmitigated scenario event progression for the LTSBO accident progression analysis
assumes that the operators follow the actions described in Special Event Procedure SE-11 [3].
This document provides guidelines for managing the plant with degraded AC power sources.
Initial operator actions would concentrate on assessing plant status. Successful reactor scram,
containment isolation, and automatic actuation of RCIC for reactor level control would be
verified. These checks would take approximately 15 minutes. One or more SRVs would cycle
to control the RPV pressure.

Special Event Procedure SE-11 directs operators to align the station blackout line from
Conowingo Dam in the event of failure of offsite power combined with the failure of all diesel
generators to start. If this action fails to restore AC power to the plant, as assumed in this
analysis, operators are directed to de-energize all non-essential DC loads. By removing as many
unnecessary loads as possible from the DC bus, the station battery lifetime is extended. This
load shedding would not affect or disable control logic to the RCIC, HPCI, main control room
instrumentation, or SRV control.

The load shedding is expected to begin 15 minutes into the event and take approximately
15 minutes to complete. Plant system engineers estimate the effect of load shedding would be to
extend station battery duration from 2 to 4 hours.

One consequence of station blackout is the loss of cooling to the RCIC and HPCI corner rooms.
Heat losses from system piping and equipment to the room atmosphere would cause these areas
to overheat. In such an event, a step of the Special Event Procedure SE-11 is applicable. It
directs operators to block open doors to these rooms and facilitate cross ventilation, which would
slow the rate of room heat up. These actions are assumed to successfully prevent system
isolation from high room temperature for the entire period of system operation.22 A subsequent
step of the procedure directs operators to defeat high torus temperature isolation signals for HPCI
and RCIC (if operating). MELCOR calculations presented in Section 5.1.1 indicate these signals
would not be received before the station batteries exhaust; therefore, these actions are not
important for the LTSBO scenario. Another step of the Special Event Procedure directs the
operators to monitor the inventory in the CST and take actions to refill the tank® via gravity feed

2 Heat loss from RCIC (or HPCI) systems to their enclosure corner rooms is not explicitly represented in the

MELCOR model.

If the seismic initiating event ruptured the CST, water would be retained in the reinforced concrete moat
surrounding the tank and suction would continue to be available. The total (integral) volume of coolant
drawn from the CST during the entire period of RCIC operation in the LTSBO sequence is approximately
110,000 gal, which is considerably less than the tank capacity (approximately 200,000 gal).

23
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from other sources if necessary. Long-term viability of the CST is therefore assumed in the

MELCOR calculations.

Table 5-1 lists the calculated timing of key events that follow from all of these actions. The time

at which core damage begins strongly depends on the duration of station batteries. The
difference in time between loss of DC power and the onset of core damage increases as battery
lifetime increases because of reductions in decay heat levels with time. In the absence of

effective manual intervention, core damage eventually proceeds to melting and relocation of core

material into the reactor vessel lower head, reactor vessel lower head failure, and release of

molten core debris to the drywell floor.

Table 5-1 Timing of Key Events for LTSBO

Event

LTSBO with
4 hr DC power

(time in hours unless
noted otherwise)

Station blackout loss of all onsite and offsite AC power 0.0
Low-level 2 and RCIC actuation signal 10 minutes
Operators manually open SRV to depressurize the reactor vessel 1.0
RPV pressure first drops below LPI setpoint (400 psig) 1.2
Battery depletion leads immediate SRV re-closure 4.0
RCIC steam line floods with water RCIC flow terminates 5.2
SRV sticks open because of excessive cycling 8.2
Downcomer water level reaches top of active fuel 8.4
First hydrogen production 8.9
First fuel-cladding gap release 9.1
First channel box failure 9.3
Reactor vessel water level reaches bottom of lower core plate 9.3
First localized failure of lower core plate 9.6
First core cell collapse because of time at temperature 9.8
Beginning of large-scale relocation of core debris to lower plenum 10.5
Lower head dries out 13.3
Ring 5 CRGT column collapse (failed at axial level 2) 15.8
Ring 1 CRGT column collapse (failed at axial level 2) 17.4
Ring 4 CRGT column collapse (failed at axial level 2) 17.4
Ring 3 CRGT column collapse (failed at axial level 2) 17.5
Ring 2 CRGT column collapse (failed at axial level 2) 18.6
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Table 5-1 Timing of Key Events for LTSBO (continued)

LTSBO with
4 hr DC power
Event (time in hours
unless noted
otherwise)
Lower head failure 19.7
Drywell head flange leakage begins 19.9
Hydrogen burns initiated in drywell enclosure region of reactor building 20.0
Refueling bay to environment blowout panels open 20.0
Hydrogen burns initiated in reactor building refueling bay 20.0
Drywell shell melt-through initiated and drywell head flange re-closure 20.0
Hydrogen burns initiated in lower reactor building 20.1
Door to environment through railroad access opens because of 20.1
overpressure
Refueling bay roof fails due to overpressure 20.2
Time 1odine release to environment exceeds 1% of initial core inventory 23.6
Calculation terminated 48.0

The absence of water on the drywell floor in a transient scenario like a station blackout™ allows
core debris ejected from the reactor vessel after lower head failure to spread laterally across the
floor and contact the drywell wall. Past calculations have predicted drywell shell melt-through
to occur relatively soon after vessel failure (i.e., within 30 minutes.) Fission product release
from the containment to the reactor building and with a very short delay to the environment will
begin at this point in time. Several release points to the environment are possible, depending on
the response of the reactor building. Past calculations have shown that hydrogen combustion
leads to nearly immediate opening of the refueling bay blow-out panels and the railroad doorway
at grade level. Blow-out panels into the turbine building and personnel access doorways out of
the reactor building might also open. However, the dominant flow path for fission products to
the environment is through the refueling bay blowout panels.25

5.1.1 Thermal Hydraulic Response

When plant conditions are stabilized, Special Event Procedure SE-11 calls for a controlled
depressurization of the RPV to 125 psig using the instructions in the RC/P leg of Trip

Procedure T-101. Depressurization would be accomplished by opening one or more SRVs or, if
necessary, by manually opening other steam vent pathways, such as main steam line drains. The
cooldown rate would be limited to less than 100 °F per hour. A controlled depressurization is
initiated at 1 hour by opening a single SRV. As shown in Figure 5-1, this results in a

24
25

As opposed to a loss-of-coolant accident, where reactor coolant effluent accumulates on the drywell floor.
A stable flow of air is calculated to enter the building through the open railroad doorway, rise upward
through the open equipment hatches from grade level to the refueling bay and exit the building to the
environment through the open blow-out panels.
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stable pressure of approximately 125 psig. Reactor vessel pressure remains near this pressure for
approximately 2 hours, while active DC power permits a SRV to hold in the open position.

Four hours into the scenario, however, DC power from the station batteries is exhausted, and the
solenoid valve regulating control air to the SRV operator closes, causing the SRV itself to
reclose.”® SRV closure causes reactor vessel pressure to gradually increase back to its automatic
(safety) lift setpoint. Reactor vessel pressure subsequently cycles about its lift setpoint for
approximately the next 2 hours.

During the first 12 hours of the accident scenario, the reactor vessel water level is also
undergoing significant changes (see Figure 5-2). The hydraulic transient immediately following
reactor scram and isolation results in a gradual decrease in water level because of coolant
evaporation and discharge through a cycling SRV to the suppression pool. RCIC automatically
starts 10 minutes after the initiating event and begins to restore reactor water level. Two hours
into the scenario, operators take manual control of RCIC and maintain level within the indicated
range of +5 to +35 inches (i.e., 16 feet above the top of active fuel — TAF).
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Figure 5-1 LTSBO vessel pressure

2 Loss of control air pressure to the valve operator might take a few minutes to affect valve position, but this

short time is ignored in this analysis.
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Figure 5-2  LTSBO reactor pressure vessel water level

When DC power from the station batteries expires 4 hours into the scenario, RCIC turbine speed
is assumed to remain fixed at a nearly full-open position. The loss of electric (DC) power would
cause the turbine inlet throttle valve to move to a full-open position. If RPV pressure is above
approximately 400 psig, the additional steam flow resulting from further opening of the steam
throttle valve would result in an automatic trip of the system due to steam turbine overspeed. At
the time of battery exhaustion in this scenario, however, RPV pressure is well below 400 psig,
and the steam inlet valve would already be positioned at or near its full-open position to permit a
sufficient flow of steam into the RCIC turbine. As a result, a change in valve position is not
anticipated in this situation, and a turbine overspeed trip would not be an immediate consequence
of the loss of DC power. The functional effect of this response is that, for more than 1 hour

(i.e., until RPV pressure increases above 400 psig), the RCIC system continues to deliver coolant
flow at approximately the same flow rate it had at the time DC power expired.”’ However,
closure of the SRV at 4 hours means that coolant losses from the reactor vessel are temporarily
terminated. Therefore, the reactor vessel level begins to rise (i.e., coolant injection continues,
but losses are terminated.) A continuous rise in level is evident in Figure 5-2, between 4 hours
and approximately 5.2 hours.

7 Steam flow to the RCIC turbine increases as RPV pressure increases following closure of the SRV. Based

on conversations with licensee system engineers, this would lead to a turbine over-speed trip of the system
above a pressure of approximately 400 psig. However, results of the MELCOR calculation for this
scenario indicate flooding of the main steam line and attendant termination of RCIC operation would occur
before RPV pressure reached this point.
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At 5.1 hours, the water level in the reactor vessel increases above the elevation of the main steam
line nozzles. Water subsequently spills over into the main steam lines causing the steam line to
the RCIC turbine to flood within a few minutes. The resulting termination of RCIC operation at
5.2 hours causes the reactor water level to stabilize. Approximately one hour later, the average
water temperature in the reactor vessel increases to saturation. When that occurs, the reactor
vessel pressure is above 1000 psia and increasing. This increasing reactor vessel pressure causes
a slight increase in the effective level of water because of decreasing average coolant density.*
At 6.4 hours, reactor vessel pressure returns to the SRV lift pressure, and coolant losses through
the cycling SRV resume. Without any form of coolant makeup, the reactor water level
continuously decreases at a rate of 2 inches per minute. At 8.2 hours, the lead SRV fails to
reclose after opening for the 270" time (refer to Section 4.4.2.1 for the technical basis for this
event.) The stuck-open SRV reduces RPV pressure below 200 psia within one hour, and to
equilibrium with the containment pressure in two hours.”” The enhanced rate of coolant
discharge from the reactor vessel causes the rate at which reactor water level decreases to
accelerate. Water level decreases below TAF approximately 15 minutes after SRV seizure.

One hour later, the level decreases below the bottom of the lower core plate. Within the first

10 hours of station battery exhaustion, the entire inventory of water in the reactor vessel is
evaporated (see Figure 5-2 and Table 5-1).

The thermal response of fuel in the core is illustrated in Figure 5-3, which shows the calculated
temperature of fuel cladding across the core mid-plane. Temperatures of fuel cladding at the top
of the core begin to rise when the mixture level decreases below approximately two-thirds of the
core height. As the mixture level decreases toward the bottom of the core, fuel temperatures
increase rapidly due to runaway oxidation of Zircaloy cladding. The close relationship between
the rate at which fuel cladding temperature increase and Zircaloy oxidation is shown in

Figure 5-3, which compares clad temperatures (left-hand scale) to total in-vessel hydrogen
generation (right-hand scale). Mechanical failure of fuel at the top of the core occurs when
Zircaloy clad material either melts and drains to lower regions of the core, or oxides to form a
thin, fragile ZrO, shell around over-heated fuel. This mechanically weak material fragments into
particulate debris, which relocate toward the lower core plate as rubble.

2 The density of saturated water decreases by 4 to 5 percent as pressure increases from 900 psia to 1,150 psia.

This causes the entire body of water within the core shroud to expand slightly, resulting in an increase in
effective (swollen) water level.

If RPV depressurization did not occur due to seizure of the cycling SRV, low RPV pressure prior to vessel
breach could be achieved by invoking plant-specific procedures in SAMG-1 (T-252), which offer means of
depressurization that do not require electric power to position valves (i.e., manual operation).

29
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Particulate and molten debris continue to move downward in the core until 10.5 hours, when the
lower core plate yields, releasing molten core debris into the reactor vessel lower head. The
interaction between hot debris and residual water in the lower head increases the rate of coolant
evaporation, as indicated in Figure 5-2 with the increased (negative) slope of the in-shroud water
level. It also causes the molten debris to freeze on surfaces of the control rod guide tubes, which
are submerged in the large body of water that remains in the lower plenum. The changes in core
geometry during this time frame, which are caused by the formation and downward relocation of
molten and particulate debris, are illustrated in Figure 5-4.

LTSBO
[ I —
I

-
-
]
]
-
]
—
-
=
.
v
4

A | 1] L
“my”
10 hours 10.6 hours 11 hours
Legend

Intact Fuel (UO,) and Cladding
Particulate Debris

Molten Pool

Steam and/or hydrogen (no structure)
Steel support structures

Core boundary heat structures
Water

Figure 5-4  Relocation of core material into the lower plenum during LTSBO (Note: The
diagrams should in this figure reflect the type(s) of core material resident in each spatial cell of the in-vessel
MELCOR nodalization as a snapshot in time. The order in which different materials within a cell does not
necessarily reflect their precise spatial configuration.)

The cooling of core debris as it enters the water-filled lower plenum is also evident in Figure 5-5,
which shows the calculated temperature of debris along the inner surface of the lower head.
When residual water in the lower plenum is completely evaporated at 13.3 hours, debris
temperatures begin to increase. Heat transfer from debris to the inner surface of the lower head
causes the lower head temperature to increase as well. This is illustrated in Figure 5-6, which
depicts the calculated temperature on the inner and outer surfaces of the lower head across all
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five rings of the MELCOR model. Because reactor vessel pressure is relatively low during the
heat up of debris in the lower plenum, the failure of the lower head is more strongly influenced
by thermal rather than mechanical stresses.*

Figure 5-7 illustrates changes in the configuration of core debris and lower plenum structures
between the time of RPV dryout (~13.3 hrs) and lower head failure (19.7 hours). At the time of
lower head dryout, approximately 60% of the core fuel assemblies (i.e., the central three of five
radial rings in the MELCOR model) have collapsed into the lower plenum. Highly oxidized, but
vertically intact assemblies remain standing in the outer two rings of the core. Debris in the
lower plenum surrounds a forest of intact control rod guide tubes (CRGTs). As indicated in
Figure 5-5, the temperature of lower plenum debris steadily increases, eventually causing
structural failure of the CRGTs, which collapse and are mixed into the growing debris bed.
Collapse of the CRGTs supporting the outer two rings of fuel in the core causes this material to
also fall into the debris bed. Immediately prior to lower head failure, the debris bed represents
the mass of nearly the entire core plus structural materials below the core. This debris bed is
composed of a mixture of molten stainless steel (~32% by mass), unoxidized zirconium (~12%)
and particulate debris containing uranium dioxide and metallic oxides (the remainder). Failure
of the lower head (19.7 hours) results in the rapid ejection of over 300 metric tons of core debris
onto the floor of the reactor pedestal in the drywell.

30 The inner surface temperature of the lower head (i.e., MELCOR rings 1-3) is above the melting point of

steel at the time failure occurs.
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Before the reactor vessel lower head fails, thermodynamic conditions in the containment are
governed by the gradual release of hydrogen through the SRV to the torus. The large quantity of
hydrogen (i.e., over 900 kg between 9 and 19 hours — see Figure 5-3), combined with the small
free volume of the containment, results in significant increases in pressure. The containment
pressure history is shown in Figure 5-8. Eighteen hours after the initiating event (i.e., 13 hours
after the loss of all coolant injection), the containment pressure increases above the design
pressure of 56 psig. Immediately before lower head failure (19.7 hours), containment pressure
increased by a small amount more, to 58 psig.

Containment atmosphere temperatures remain modest throughout the period of early increases in
pressure because the steam/hydrogen mixture cools as it bubbles through the suppression pool.
Changes in suppression pool temperature through the first 24 hours of the accident are shown in
Figure 5-9. Immediately following vessel breach, containment atmosphere pressure and
temperature increase dramatically from the accumulation of molten core debris on the reactor
pedestal and drywell floors. The atmosphere temperature in the pedestal increases to over

1500 K and the atmosphere in the drywell increases to a stable temperature of approximately
490 K (420 °F). The combination of elevated pressure and temperature near the top of the
drywell results in short-term leakage through the head flange. The leak area and discharge rate
are assumed to be proportional to the differential pressure across the flange.>' Drywell head
flange leakage begins almost 20 hours after the initial loss of offsite power. The initial leak rate
is relatively small and is quickly overwhelmed by a different containment failure mode.

' The flange leak area, which is based on a structural analysis based on the containment internal pressure, is

described in Section 4.6.
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Soon after debris is released onto the reactor pedestal floor, it flows laterally out of the cavity
through the open personnel access doorway and spreads out across the main drywell floor.
Lateral movement and spreading of debris across the drywell floor allows debris to reach the
steel shell at the outer perimeter of the drywell within 10 minutes. Five minutes later, thermal
attack of the molten debris against the steel shell results in shell penetration and opening of a
release pathway for fission products into the basement (i.e., torus room) of the reactor building.
The combined leakage through the drywell head flange and the ruptured drywell shell results in a
rapid depressurization of the containment to approximately 25 psig, and then a gradual long-term
depressurization, through the opening in the drywell liner.”* Before drywell shell melt-through
occurs, hydrogen leaks through the drywell head flange and accumulates in the reactor building
refueling bay.” Within a few minutes, a flammable mixture develops and is assumed to ignite
when local hydrogen concentrations exceed 10 vol-%. The resulting increase in pressure within
the building causes the blow-out panels in the side walls of the refueling bay to open, creating a
release pathway to the environment. Small increases in internal pressure (0.25 psig) cause the
blowout panels to open. Therefore, the panels in the sidewalls of the refueling bay offer a
release pathway to the environment immediately after a hydrogen burn occurs within the
building.

Several minutes after melt-through of the drywell liner, additional hydrogen is released from the
drywell into the basement of the building (i.e., torus room) and is transported upward through
open floor gratings into the ground level of the reactor building. Flammable mixtures quickly
develop in several regions of the building, causing a sequence of several discrete combustion
events. The pressure rise within the building causes several doorways to open, including the
large equipment access doorway at grade level. Several other doorways also open within the
building, including personnel access doorways into the building stairwells. The large opening at
grade level, coupled with the open blow-out panels in the refueling bay at the top of the building,
creates an efficient transport pathway to the environment for material released from containment.
That is, a vertical column of airflow is created within the building whereby fresh air from outside
the building enters through the open equipment doors at grade level, rises upward through the
open equipment hatches at every intermediate floor within the building, and exits through the
blow-out panels at the top of the building. As the next section will show, this chimney effect
reduces the effectiveness of the reactor building as an area for fission product retention.

5.1.2 Radionuclide Release

Volatile fission product release from fuel begins at 9.1 hours, when a portion of the fuel gap
inventory is released due to early fuel cladding failures. As fuel temperatures rise (see

Figure 5-3), diffusion-driven release of fission products out of the fuel matrix rapidly increases
the amount of volatile species released into the reactor coolant system. The cumulative release
of several volatile species from the fuel is shown in Figure 5-10.

32

Reduction in drywell internal pressure causes the drywell head flange leak pathway to reclose.
33

The precise leak pathway includes intermediate transport through the drywell head flange to the drywell
head enclosure. Leakage from the enclosure into the refueling bay occurs through gaps in the concrete
shield blocks on the refueling bay floor. This complex leak pathway is explicitly represented in the
MELCOR model.
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Figure 5-10 LTSBO In-vessel Fission Product Release from Fuel

The release of radionuclides that follows containment failure is shown in Figure 5-11 (see
Appendix A for a detailed radionuclide core inventory). This release occurs in two steps because
of sequential breaches in the containment boundary by two distinct failure modes. The first
appearance of significant release to the environment begins at 19.9 hours, when leakage begins
through the drywell head flange. The leak area associated with this failure mode is small and the
leak pathway is open for a short time because within 5 minutes a larger leak>* develops when
molten debris flows across the drywell floor and penetrates the steel liner after lower head
failure. The two phases of release are, therefore, indistinguishable in Figure 5-11, which appears
to show a single large ‘puff” release at approximately 20 hours.

The amount (fraction of initial core inventory) of several important radionuclide species released
to the environment continues to increase for several hours after the puff release that accompanies
containment failure. Two processes cause the protracted release that occurs over a 4 to 6 hour
period after containment failure, which is highlighted in the expanded view of the release
signature shown in Figure 5-11(b). First, molten corium-concrete interactions (MCCI) on the
drywell floor drive the residual quantity of volatile fission products from fuel debris, and release

3 The maximum containment pressure that occurs prior to drywell liner melt-through is approximately

85 psig. Therefore, based on the head flange leakage evaluation described in Section 4.6, the maximum
leak area through the flange is approximately 2 in? (0.001 m?). In comparison, the assumed opening
created by molten debris penetration of the drywell liner is 1 ft? (0.1 m?).
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a relatively small fraction of all nonvolatile species. Second, the combination of high drywell
atmosphere temperatures generated as a byproduct of MCCI and heating of reactor vessel
internal structures because of decay heating of deposited radionuclides results in a late
revaporization release of volatile species from within the containment and RCS. The latter is
described in greater detail below.

Figure 5-12 depicts the fraction of the initial iodine inventory that is captured in the suppression
pool, deposited or airborne within the RPV and the drywell, and released to the environment as a
function of time. Similar information is shown in Figure 5-13 for cesium, in Figure 5-14 for
tellurium, and in Figure 5-15 for non-volatile cerium. Collectively, these figures provide useful
information about the mobility of different radionuclide species and the temporal changes in
their spatial distribution. For example, next to noble gases, iodine is the most volatile
radionuclide group. In the SOARCA calculations, iodine is assumed to be transported in the
form of cesium iodide (Csl), which vaporizes at relatively modest temperatures for a severe
accident. As a result, Csl is released from fuel during the early phases of in-vessel core damage
progression, and a significant fraction remains airborne because of the relatively high
temperatures of structures within the reactor vessel. Airborne iodine is efficiently transported to
the wetwell through the open SRV. In particular (see Figure 5-12), approximately 60 percent of
the initial core inventory of iodine is discharged from the RPV to the suppression pool during the
blowdown of the reactor vessel that occurs during the same time that volatile fission products are
released from the fuel (see Figure 5-10). At approximately 10.5 hours, an additional 30% of the
iodine inventory is purged from the RPV to the suppression pool by steam that is generated in
the RPV lower plenum when a large quantity of core debris collapses into the pool of water in
the lower head. During the succeeding 6 hours, the majority of Csl that remains deposited on
reactor vessel internal structures after RPV blowdown evaporates from these surfaces as a result
of decay heating, and is also carried into the suppression pool.

The release of iodine (Csl) and tellurium to the environment increases beginning after 23 hours
after initially stabilizing at values below 1% of the initial core inventory (refer to Figure 5-11).
The source of this delayed release is Csl and Te aerosol that was initially captured in water
trapped in the RPV downcomer (i.e., below the top of the jet pumps.) As indicated in Figure 5-2,
the rate at which this water evaporates reduces dramatically when core debris relocates from the
core region to the lower plenum at approximately 10.5 hours (i.e., heat losses through the core
shroud are reduced when debris falls into the lower plenum after lower core plate failure). Total
dryout of the downcomer occurs at 23 hours, and is indicated in Figure 5-2 by a plateau in
downcomer level at an elevation of approximately 122 in, which corresponds to the elevation of
the floor or ‘baffle plate’ of the downcomer. When water is totally evaporated from a control
volume, MELCOR deposits all radioactive aerosols captured in water on the heat structure
representing the ‘floor’ of the control volume -- in this case, the heat structure representing the
baffle plate. Subsequent heat up of this structure due to decay heating increases the structure
temperature, and results in the evaporation of CsI and Te into the RPV (downcomer) atmosphere.
At the time this occurs, the RPV lower head has failed allowing airborne fission products to be
carried directly into the drywell, and the drywell liner has failed allowing airborne fission
products in the drywell to be transported to the environment. Therefore, late revolatilization of
iodine and tellurium from the downcomer results in a direct increase in the environmental release
for these species.
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