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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 nuclear 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 has focused on
providing a realistic evaluation of accident progression, source term, and offsite consequences
for the Surry 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
currently valid OMB control number.
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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
assessments (PRAs). Core damage sequences from previous staff and licensee PRAs were
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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°(1ina
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 10”7 (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 ES-1 (Iodine-131) and ES-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
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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
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 ES-1 and ES-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 Conditional Scenario-specific
Core damage scenario- risk scenario-specific risk
frequency specific [CDF x ol i [CDF x
Scenario [CDF] probability of Conditional] latent cancer Conditional]
(per latent cancer of latent cancer fatality for an of latent cancer
reactor-year)* | fatality for an fatality for an in di\)',i dual fatality for an
individual individual located located within individual located
located within within 10 miles 10 miles within 10 miles
10 miles (per reactor-year) (per reactor-year)
Long-term SBO 3x10° No Core Damage 9x107 ~ 3x 1710 Hk
Short-term
SBO with No Core Damage P 11
X ~ DX skeskskosk
RCIC 7x10 2x10
Blackstart** 3x107
Short-term
SBO without Not Applicable *** 4 1
2x10 ~6x]1Q7 FHEE
RCIC
Blackstart
* The CDF assumes that 10 CFR 50.54(hh) equipment and procedures were not used.
*x 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.

seskskosk

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  Offsite Consequence Results for Surry Scenarios Assuming LNT Dose-
Response Model
Mitigated Unmitigated
Core d Conditional Scenario-specific Conditional Scenario-specific
(f)re amage scenario- risk scenario- risk
reglll)el?cy specific [CDF x specific [CDF x
Scenario [ | 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
T 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%x107 ~ IX1Q710 Hk
Short-term SBO -7 RETE] 10 ek -4 10 ek
with TISGTR 4x10 3x10 1x10 3x10 1x10
Interfacing 8 4 12 e
systems LOCA 3x10 No Core Damage 3x10 9x10
* The CDF assumes that 10 CFR 50.54(hh) equipment and procedures was not used.
ok 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.

Hoxk 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.

LCF 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 LCEF 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 ES-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.,
2x10 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.

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

! 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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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.
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1. 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
Surry 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
Peach Bottom Atomic 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,” (ML121250030).

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 pressurized-water reactor designs.

e The performance and maintenance of plant-specific probabilistic risk assessments (PRASs)
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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e An industry wide 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;(ii)
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

dominant chemical forms for fission products
direct containment heating

hot leg creep rupture

reactor pressure vessel failure, and

molten core concrete interactions.

0 O O O O O

1.2 Objective

The overall objective of the 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 (10 CFR 50.54(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 public.

e Update quantification of offsite consequences found in earlier NRC publications such as
NUREG/CR-2239, “Technical Guidance for Siting Criteria Development™ [1].



1.3 Outline of the Report

Section 2 of this report 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 NUREG-1935. Section 3 describes the results of the accident scenario selection process
when it was applied to Surry. Section 4 describes the key features of the MELCOR model of the
Surry Power Station. Section 5 describes the results of MELCOR calculations for severe
accident progression and radionuclide release to the environment from each accident scenario.
Section 6 describes the process in which plant-specific emergency response actions were
represented in the MELCOR Accident Consequence Code System, Version 2 (MACCS2)
calculations of offsite consequences. Section 7 describes the MACCS2 code site-specific
parameters and the calculations of offsite consequences for each accident scenario. References
cited in this report are listed in Section 8.






2. ACCIDENT SCENARIO DEVELOPMENT

The SOARCA project considered accident sequences that have an estimated frequency greater
than 1x10° per reactor-year (pry) operation as candidate sequences for further deterministic
evaluation. 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., 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), which 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 (see Sections 6 and 7).

2.1 Sequences Initiated by Internal Events

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

1. Identify candidate accident sequences were identified 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
1x10™® pry) were eliminated from consideration. This step eliminated 4% of the
overall core damage frequency (CDF) for Surry.

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

c. Sequence Grouping — Sequences 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 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 PRA model were compared with the

scenarios determined by using the SPAR models. Differences were resolved during
meetings with licensee staff.
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4. The screening criteria described above were applied to eliminate extremely low
frequency sequences from further analyses.

This process identified no accident sequences that met the screening criterion of 1x10° pry. One
sequence group, however, met the screening criterion of 1x10” pry for events that have the
potential to result in significant early releases to the environment, the spontaneous steam
generator tube rupture (SGTR) with a frequency of 5x107 pry.

An additional sequence was retained for analysis, namely, an interfacing systems loss-of-coolant
accident (ISLOCA). The ISLOCA scenario analyzed in SOARCA is a catastrophic failure of
both of the inboard isolation check valve disks within the low-head safety-injection (LHSI)
piping together with failure to refill the RWST or to cross-connect to the unaffected unit’s
refueling water storage tank (RWST). For this ISLOCA scenario, the NRC’s SPAR model
calculated a CDF of 3x10™ pry, and the NRC’s initial understanding was that the licensee’s PRA
calculated a CDF of 7x10” pry. SOARCA analyses included this scenario because the licensee’s
PRA for Surry included an ISLOCA frequency of 7x10” pry and it has been commonly
identified as an important contributor in PRA. As described below, based on additional
discussions with the Surry licensee, it was clarified that the licensee’s latest PRA calculates a
CDF of 3x10™® /reactor year for the scenario modeled in SOARCA.

During Surry site visits on January 19, 2011, and October 26, 2011, NRC staff learned that the
licensee’s current PRA model has the following two ISLOCA scenarios:

e Scenario 1: Catastrophic failure of one check valve, leak-by of the second check valve,
and the motor-operated isolation valve (MOV) not being able to close

e Scenario 2 (modeled in SOARCA): Catastrophic failure of two check valves

Scenario 1 would result in a leak between 50 - 300 gallons per minute (gpm) from the RCS.
Anything less than 50 gpm would be mitigated by a relief valve on the low-pressure side of the
LHSI injection line; pipe rupture would not occur. The frequency of the catastrophic failure of
one check valve and the leak-by of the second check valve is 1x10 pry. When compounded by
all the potential failure modes (e.g., operator error and mechanical or electrical failures) of the
MOV, that lowers the frequency of Scenario 1 to 7x107 pry. This frequency does not include
any consideration of averting core damage by refilling or cross-connecting RWSTs. This is a
significant conservatism.

Scenario 2 would result in a leak above 300 gpm from the reactor coolant system (RCS). The
licensee’s current PRA model assumes that the probability for the catastrophic failure of both
isolation check valves is approximately 3x10™® pry. As with Scenario 1, this frequency does not
include consideration of averting core damage by refilling or cross-connecting RWSTs.

Scenario 2 does not meet the SOARCA screening criterion of 1x10” pry for a bypass event.

However, we elected to retain it as part of SOARCA because it has been commonly identified as
an important contributor in PRA.
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This process provides the basic characteristics of each scenario. However, it is necessary when
calculating a consistent intergrated response to have more detailed information about the
scenario than is provided in a PRA model. To capture the additional sequence details, the
SOARCA project conducted further analysis of system descriptions and a review of the normal
and emergency operation 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 NUREG-1150 [2], individual plant examination for external event (IPEEE)
submittals, and other relevant generic information.

Seismic initiators are considered to be limiting for two principal reasons. First, seismic initiators
are more likely to result in the near immediate failure of systems, whereas fire and flood would
be expected to result in delayed failures. Secondly, a seismic event may be more likely to fail
passive components such as water tanks where fire and flood are not. Finally, seismic initiators
may be more likely to have site-wide impacts. As a result, plant and offsite response to external
event sequences were assumed to be represented by an earthquake of sufficiently large
magnitude to result in wide-spread damage to important plant support systems such as electric
power sources.

The sequence selection process identified two sequence groups that met the screening criteria of
1x10° pry for containment failure events and one event that met the screening criteria of

1x107 pry for events that have the potential to result in significant early releases to the
environment:

e long-term station blackout (LTSBO) — 1x107 to 2x107 pry
e short-term station blackout (STSBO) — 1x107 to 2x107 pry

e STSBO with thermally induced steam generator tube rupture — 1x107 to 8x10” pry. This
is a bypass event, which has a screening criterion of 1x107 pry.

2.3 Mitigative Measures

The site-specific mitigation measures assessments were performed during visits to the Surry
Power Station site in June 2007 and were supplemented by follow-up telephone conferences and
correspondence with the licensee later in 2007. The licensee senior reactor operators, PRA
analysts, and other licensee staff were provided the initial conditions and subsequent failures for
each of the sequence groups being analyzed. The operator and plant response was subsequently
evaluated to develop timelines for operator actions and equipment lineup or setup times for the
implementation of the available mitigation measures. These timelines were developed

assuming minimum staffing. A result of these assessment and reviews boundary conditions were
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used to develop the MELCOR boundary conditions that included operator actions and
applicable mitigation measures.

Mitigation measures considered in the SOARCA analyses include the licensee’s EOPs, SAMGs,
and mitigation measures and strategies incorporated into plant capabilities in response to the
terrorist events of September 11, 2001 and codified in 10 CFR 50.54(hh).

2.3.1 Mitigation of Sequences Initiated by Internal Events

The mitigation measures assessment for internal events also included mitigation measures
codified in 10 CFR 50.54(hh), but these measures were subsequently shown to be redundant to
the wide variety of equipment and indications available for mitigating them. The identified
internal events involve few equipment failures and are controlled by postulated operator errors.

2.3.2 Mitigation of Sequences Initiated by External Events

It was noted earlier that the initiating events for external event sequences were assumed to be
seismic events, because they are considered to be limiting. For these sequence groups, the
seismic PRA provided information on the initial availability of installed systems. Next,
judgments were made concerning the general state of the plant to assess the availability of the
mitigation measures codified in 10 CFR 50.54(hh) and the additional time to

implement mitigation measures and activate emergency response centers (e.g., Technical
Support Center (TSC) and Emergency Operations Facility (EOF)).

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 auxiliary feedwater (TDAFW) system is an important
mitigation measure. Diverse procedures have been developed for PWRs, including a procedure
to start and operate the TDAFW system without DC control power, which facilitates a managed
response to station blackout (SBO) conditions. These procedures were discussed during site
visits. This is known as TDAFW blackstart. Under 10 CFR 50.54(hh), mitigation measures also
include the long-term operation of the TDAFW system without electricity (i.e., TDAFW
blackrun), using a portable generator to supply indications such as steam generator level, to
allow the operator to manually adjust TDAFW flow to prevent steam generator overfill and
flooding of the TDAFW turbine. For a LTSBO, TDAFW can be used to cool the core until
battery exhaustion. After battery exhaustion, TDAFW blackrun can be used to continue to cool
the core.

The external events PRA does not describe general plant damage and accessibility following a
seismic event. NUREG/CR-4334 was consulted to assess the potential viability of safety-related
piping after a 1.0g peak ground acceleration (pga) event [40]. For the short-term station blackout
(i.e., 0.5-1.0g pga) the damage was assumed to be sufficiently widespread such that accessibility
would be difficult. The TDAFW system was judged not initially available and was judged not
recovered under these circumstances prior to fuel damage (i.e., fuel damage in 3 hours) due to
immediate gross rupture of the emergency condensate storage tank (ESCT). However,
extrapolating results from NUREG/CR-4334, the low-head safety water injection and
containment spray safety-related piping were judged to remain intact. Other studies, including a
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German study that physically simulated ground motion equal to 1.0g pga on an existing plant,
also supported this evaluation.

In the less severe long-term station blackout (i.e., 0.3 — 0.5g pga), the TDAFW system was
available initially and the low-head safety injection and safety-related containment spray piping
were also judged to remain intact. The integrity of the safety-grade piping provided a connection
point for a portable, diesel-driven pump to inject water into the RCS or into the containment
spray systems.

The 10 CFR 50.54(hh) mitigation measures include the application of portable equipment such
as portable power supplies for the instrumentation, portable diesel-driven pumps, and portable air
bottles to open air-operated valves. Applicable procedures have been written to implement these
mitigative measures under severe accident conditions. The portable injection equipment and the
site fire truck were observed stored onsite in a structure away from the containment. A
walk-down of the storage building and pathway to the plant suggested that the operators would
be able to retrieve the equipment following a seismic event.

The time estimates to implement individual mitigation measures were provided by the licensee
staff for each sequence group based on the sequence descriptions provided by the NRC. The
time estimates take into account the plant conditions following the seismic event. The time
estimates reflect exercises run by licensee staff that provided actual times to move and connect
the portable, diesel-driven pump. The time estimates for staffing the TSC and the EOF also were
provided by licensee staff and reflect the possible effects of the seismic event on roads and
bridges.

The mitigation measures assessment noted the possibility of bringing in equipment from offsite

(e.g., fire trucks, pumps and power supplies from sister plants or from contractors), but it did not
quantify the types, amounts, and timing of this equipment arriving and being implemented.
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3. ACCIDENT SCENARIO DEFINITIONS

Sections 3.1 and 3.2 describe the long-term and short-term station blackouts scenarios,
respectively, which were initiated by a seismic event. The spontaneous SGTR and ISLOCA
accident scenarios are described in Sections 3.3 and 3.4 respectively, which were internal events
initiated by piping failures. Each Section describes the initiating event, the available systems,
the pertinent mitigative actions, and the detailed initial and boundary conditions for the severe
accident code calculations. Section 3.5 provides discussion on the Surry Seismic PRA Study
and how it compares to the SOARCA project.

3.1 Long-Term Station Blackout

The LTSBO is initiated by an earthquake (i.e., 0.3—0.5g peak ground acceleration - pga). It has
an estimated frequency of 1x107 to 2x107 pry, which meets the SOARCA screening criterion of
1x10°® pry.

Section 3.1.1 describes the initial status of the plant following the seismic event. The key system
availabilities normally accessible during the course of the accident are summarized in

Section 3.1.2. The pertinent mitigative measures available to address the accident progression
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 in which certain key
mitigative measures are not successfully implemented.

For station blackout scenarios, boiling in the reactor coolant pump (RCP) seal could cause the
spring-loaded part of the seal to pop open and stay open. As such, MELCOR modeling for Surry
includes seal failure when conditions in the seal approach saturation. The hole size for this
failure mode is that which produces a 180 gpm per pump flow rate at normal RCS temperature
and pressure. Also, it has been hypothesized that seal failure could occur as early as 13 minutes
into a station blackout scenario due to the loss of seal cooling. Seal cooling requires AC power.
The conditional probability of this early seal failure (i.e., as early as 13 minutes) has been
estimated by the industry to be 0.2. Applying this 0.2 probability to the Surry LTSBO scenario
frequency of 1x107 to 2x107 pry results in an event frequency of 2x107 to 4x10° pry, which
meets the SOARCA screening criteria of 1x10°® pry. While seal failure could occur as early as
13 minutes into the scenario and could include seal failures in as many as all 3 RCPs, such early
and multiple seal failures are less likely than single seal failures and would have a lower
probability. However, to examine the potential range of system response, the project staff
analyzed with MELCOR, LTSBO mitigated and unmitigated sensitivity cases assuming that the
seals of all 3 RCP seals failed 13 minutes into the scenario.

3.1.1 Initiating Event

The seismic event results in the loss of offsite power and failure of onsite emergency AC power
resulting in an SBO event where neither onsite nor offsite AC power are recoverable. All
systems dependent on AC power are unavailable, including the containment systems (i.e.,
containment spray and fan coolers). It is assumed the Alternate AC diesel generator is
unavailable. In the long term, the loss of the TDAFW pump may occur due to battery depletion,
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deletion of the water source and loss of DC power for sensing and control or deletion of the
water source (i.e., the ECST). Nominal RCP leakage occurs due to the loss of pump seal cooling
(i.e., initially 21 gpm per pump at normal operating pressure and temperature). The unmitigated
and mitigated base cases include the potential for a later thermal-mechanical RCP seal failure. In
addition, unmitigated and mitigated sensitivity cases are performed that include an early RCP
seal failure (i.e., at 13 minutes).

3.1.2 System Availabilities

The TDAFW pump is available until the ECST empties. The station batteries give
instrumentation until they exhaust. Batteries typically last for approximately 2 to 8 hours under
normal loading conditions depending on the life cycle of the batteries®. At the beginning of its
life, the battery duration is 8 hours. At the end of its life, the battery duration is 2 hours. It was
assumed that the battery life for a seismic-initiated LTSBO was 8 hours due to the minimum
loading conditions caused by the initiating event and the minimum loading expected throughout
the event due to the limited equipment available. The secondary system power operated relief
valves (PORVs) are initially available for a manual 100°F/hr system cooldown. The secondary
system PORVs are assumed to close following battery failure. No other systems are available.

3.1.3 Operator Actions and Mitigative Measures

The LTSBO event results in the loss of offsite and onsite AC power. Under these conditions, the
TDAFW pump is an important mitigation measure. The TDAFW pump is used to cool the core
until battery exhaustion. After battery exhaustion, blackrun of the TDAFW pump is used to
remove heat from the primary system.

The external events PRA does not describe general plant damage and accessibility following a
seismic event. The damage was assumed to be widespread and accessibility to be difficult,
consistent with the unavailability of many plant systems. It is assumed the Alternate AC diesel
generator is unavailable. The ECST initially supplies the TDAFW pump but has finite resources
(i.e., empty in 5 hours). However, assuming successful mitigation, it was assessed that the
operators would have adequate time, access, and resources to make up water for injection.

The low-head safety injection and safety-related containment spray piping were judged not likely
to fail for this scenario. The integrity of this piping provided a connection point for a portable,
diesel driven pump to inject into the RCS. Licensee staff estimated that transporting the pump
and connecting it to plant piping takes about two hours. Hence, the availability of the vessel
injection was assessed to occur at 3.5 hours, or 2 hours after the action was recommended by the
operators and support staff. Companion unmitigated analyses were also performed to quantify
the response without successful mitigation by portable pumps.

* The Surry DC station batteries are required to last for 2 hours. Initially, the licensee estimated a best-estimate life
of 8 hours. Following completion of the analysis, 6 hours was thought to be more realistic. However, the ECST
ran out of water at 5 hours and stopped the TDAFW pump. Consequently, the most significant benefit of the
station batteries failed at 5 hours, which was less than the best-estimate battery life.
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In summary, the following actions are credited in the mitigated scenario calculations:

e Provide vessel injection using a portable, high-pressure, diesel driven (Kerr) pump
through three drain lines on the low head safety injection (LHSI) piping

e Use portable air bottles to operate the steam generator power operated relief valves,
which allows for depressurization and cooldown of the RCS

e A portable power supply is used to restore SG and RCS level indication
e Manual operation of the TDAFW pump without DC power is credited

e A portable, diesel driven, low-pressure (Godwin) pump is used to supply water to the fire
header. The firewater can then be supplied via fire hose to the AFW pumps.

While not used in the mitigated scenario calculations, the following additional mitigative
measures were identified as additional options for consideration.

e Use firewater or pumper truck for cooloing the charging pump oil cooler
e Use an alternative power source for high-head safety injection pump RCS makeup.

3.1.4 Scenario Boundary Conditions

Section 3.1.4.1 lists the sequence of events in the mitigated LTSBO calculation. Section 3.1.4.2
summarizes the sequence of events in the unmitigated LTSBO calculation. Mitigated and
unmitigated sensitivity cases were also performed that include an early failure of the RCP seals.

3.1.4.1 Mitigated Cases

There is one mitigated base case and one mitigated sensitivity case. The mitigated sensitivity
case includes an early failure of the RCP seal on all three pumps. The boundary conditions for
the two cases are listed below.

Mitigated Case (using portable mitigation equipment)

Event Initiation
e Loss of offsite power followed by a station blackout

e The reactor trips and the MSIVs close

e The DC buses are available, at minimum loading, currently being used for
instrumentation, PORV operation, and TDAFW operation

e The TDAFW system auto-initiates providing make-up to the steam generators

e The TDAFW system takes suction water from the ECST
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e RCP seal leakage begins at 21 gpm per pump. The RCP seals may subsequently fail due
to high temperatures causing a leak of 182 gpm per pump (see Section 4.1 for a
description of the failure model).

e Emergency core cooling systems (ECCSs) are inoperable
e Containment cooling systems are inoperable
e Containment is isolated

e Recovery of offsite power is not expected during the mission time

15 minutes
e Initial Operations assessment of plant status complete, initiate the following actions:
o Attempt manual start of EDGs
o Operation of SG PORVs available for 30 minutes using a dedicated internal
battery for RCS pressure control

e Station batteries are available

e Steam Generator (SG) level being maintained by AFW, RCS is cooling down, no RCS
makeup currently available

1 hour
e Manual start of EDGs assumed to be unsuccessful due to initiating event

e The TSC is manned and operational. The primary function of the TSC would be to
review initiating event, plant status, and operator action to provide guidance on
alternative mitigation measures.

1.5 hours
e The offsite EOF is manned. The primary function of the EOF would be to review
initiating event, plant status, and operator action to provide guidance on alternative
mitigation measures. The TSC staff members are the primary users of SAMGs and
mitigation measures codified in 10 CFR 50.54(hh). Shift supervisors and TSC
supervisors are trained on these procedures.

e Operations initiate a controlled depressurization of the SGs to approximately 120 psi to
achieve an RCS cooldown of < 100°F per hour by manually opening the SG PORVs

e TSC and EOF review actions taken by Operations and determine the availability of the
portable, diesel-driven pumps and the station pumper truck stored outside the protected
area. Recommend the following actions:

o Connect the portable, high-pressure, diesel-driven (Kerr) pump to three drain lines
of the LHSI piping for RCS makeup and use portable air bottles for manual
operation of primary system PORVs, as needed
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o Hook up portable power supply to power instrumentation

o Use the 2 firewater storage tanks (250,000 gallons per tank), the portable,
low-pressure, diesel-driven (Godwin) pump, and the fire pumper truck to supply
water via the firewater system for AFW suction, if necessary

o Setup to provide the firewater system or a portable, low-pressure, diesel-driven
(Godwin) pump to the containment spray header in preparation for containment
cooling

1.75 hours

e Operations assesses and concurs with TSC and EOF recommendations. Operations
prioritizes recommendation based on plant conditions and begins implementation.

3.5 hours
e The Kerr pump provides emergency 65 gpm makeup flow to the RCS™*

e A portable power supply provides power to the instrumentation
e TDAFW pump maintaining SG level

e Pre-staging and lineups are ongoing for other mitigation measures:
o Setup to provide the firewater system or a portable, low-pressure, diesel-driven
(Godwin) pump to the firewater system in preparation for containment cooling
o Use the 2 firewater storage tanks (250,000 gallons per tank), the portable,
low-pressure, diesel-driven (Godwin) pump, and the fire pumper truck to supply
water via the firewater system for AFW suction, if necessary

Mitigated Case (using portable mitigation equipment) + early RCP seal failure

Identical sequence of events as the unmitigated base case but includes an early RCP seal failure
at 13 minutes.

13 minutes
e All three RCP seals fail and leak at a nominal rate of 182 gpm per pump

> An effective flowrate of 65 gpm at 500 rpm was determined using pump data provided by the Kerr Pump
Corporation that includes 95% and 92% mechanical and volumetric efficiencies.

Per SOARCA request in August 2010, Surry sent a timeline to connect the Kerr pump. The timeline showed
30 minutes to recognize the event and perform the initial damage assessment per procedures. At 30 minutes,
Operations would begin deploying the Kerr pump and be ready for injection at 150 minutes from the initiating
event. It was recognized that post-seismic conditions could complicate the process. The start of injection at
3.5 hours versus 150 min includes a 1-hour conservatism.

4
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3.1.4.2 Unmitigated Cases

There is one unmitigated base case and one unmitigated sensitivity case. The unmitigated
sensitivity case includes early failures of the RCP seals. The boundary conditions for the two
cases are listed below.

Unmitigated Case (without portable mitigation equipment)

Event Initiation
e Loss of offsite power followed by a station blackout

e The reactor trips and the main steam isolation valves (MSIVs) close

e The DC buses are available, at minimum loading, currently being used for
instrumentation, PORV operation, and TDAFW system operation

e The TDAFW system auto-initiates providing make-up to the SGs
e The TDAFW system takes suction water from the ECST
e RCP seal leakage begins at 21 gpm per pump. The RCP seals may subsequently fail due
to high temperatures causing a leak of 182 gpm per pump (see Section 4.1 for a
description of the failure model).
e ECCSs are inoperable
e (Containment cooling systems are inoperable
¢ Containment is isolated
e Recovery of offsite power is not expected during the mission time
15 minutes
e Initial Operations assessment of plant status complete, initiate the following actions:
o Attempt manual start of EDGs
o Operation of SG PORVs available for 30 minutes using a dedicated internal
battery for RCS pressure control

e Station batteries are available

e The SG level is being maintained by AFW, RCS is cooling down, no RCS makeup
currently available

1 hour
e Manual start of EDGs assumed to be unsuccessful due to initiating event
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e The TSC is manned and operational. The primary function of the TSC would be to
review the initiating event, plant status, and operator action to provide guidance on
alternative mitigation measures.

1.5 hours
e The EOF is manned. The primary function of the EOF would be to review initiating
event, plant status, and operator action to provide guidance on alternative mitigation
measures. The TSC staff members are the primary users of SAMGs and mitigation
measures codified in 10 CFR 50.54(hh). Shift supervisors and TSC supervisors are
trained on these procedures.

e Operations initiate a controlled depressurization of the SGs to approximately 120 psi to
achieve an RCS cooldown of <100°F per hour by manually opening the SG PORV's

e The TSC and EOF review actions taken by Operations and determine the availability of
the portable, diesel-driven pumps and the station pumper truck stored outside the
protected area. Recommend the following actions:

o Connect the portable, high-pressure, diesel-driven (Kerr) pump to three drain lines
of the LHSI piping for RCS makeup and use portable air bottles for manual
operation of primary system PORVs, as needed.

o Hook up portable power supply to power instrumentation

o Use the 2 firewater storage tanks (250,000 gallons per tank), the portable,
low-pressure, diesel-driven (Godwin) pump, and the fire pumper truck to supply
water via the firewater system for AFW suction, if necessary

o Setup to provide the firewater system or a portable, low-pressure, diesel-driven
(Godwin) pump to the containment spray header in preparation for containment
cooling

1.75 hours
e Operations assesses and concurs with TSC and EOF recommendations. Operations
prioritizes recommendations based on plant conditions.

>1.75 hours
e All mitigative actions are unsuccessful including connecting a portable, diesel-driven
pump for vessel injection, refilling the water supply for the TDAFW (i.e., the ECST), and
maintaining instrumentation using a portable power supply

8 hours
e DC station batteries are exhausted’
e SG PORVsreclose
e Loss of control and instrumentation for the TDAFW

> The Surry DC station batteries are required to last for 2 hours. Initially, the licensee estimated a best-estimate life
of 8 hours. Following completion of the analysis, 6 hours was thought to be more realistic. However, the ECST
ran out of water at 5 hours and stopped the TDAFW pump. Consequently, the most significant benefit of the
station batteries failed at 5 hours, which was less than the best-estimate battery life.

3-7



Unmitigated Case (without portable mitigation equipment) + early RCP seal failure

Identical sequence of events as the unmitigated base case but includes an early RCP seal failure
at 13 minutes.

13 minutes
e All three RCP seals fail and leak at a nominal rate of 182 gpm per pump

3.2 Short-Term Station Blackout

The STSBO is initiated by an earthquake (0.5-1.0g pga). It is more severe than the LTSBO and
has an estimated frequency of 1x10® to 2x10°® pry, which meets the SOARCA screening
criterion of 1x107® pry.

Section 3.2.1 describes the initial status of the plant following the seismic event. The key system
availabilities during the course of the accident are summarized in Section 3.2.2. The pertinent
mitigative measures available to address the accident progression are described in Section 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 mitigative actions are
successful. Unmitigated scenarios are defined as those in which certain key mitigation measures
are not successfully implemented. In addition, mitigated and unmitigated scenarios are defined
that include a thermally-induced steam generator tube rupture (TI-SGTR).

3.2.1 Initiating Event

The seismic event results in a loss-of onsite power and failure of onsite emergency AC power
resulting in a SBO event where neither onsite nor offsite AC power are recoverable. All systems
dependent on AC power are unavailable, including all active ECCSs and the containment
engineered safety systems (e.g., the containment sprays and fan coolers). The seismic event also
causes a loss of DC power, which makes it impossible to remotely control the TDAFW pump.
The RCS and containment are undamaged and the containment is isolated. No instrumentation is
available. Significant structural damage is judged to have occurred, including structural failure
of the turbine building and loss of access to the condenser blow down valves. Additionally, the
seismic event has caused a failure of the ECST, the source of water for the TDAFW system.
Auxiliary building accessibility is difficult, due to fallen piping and cabling, steam and water
leaks, and damaged stairways. Following the loss of the seal cooling flow, the RCP seals will
nominally leak at 21 gpm (i.e., at normal operating pressure and temperature). The RCP seals
may fail later in the accident if the RCP seal region heats to saturated conditions.

Both unmitigated and mitigated sensitivity cases are performed that include a TI-SGTR(s).
Thermally-induced steam generator tube ruptures are a known risk contributor and have been
investigated by industry and the NRC. The SBO has an estimated frequency of 1x10 to 2x107
pry, and the conditional probability of tube rupture have been estimated by the NRC to be in the
range of 0.1 to 0.4 [30]. Therefore, the overall frequency of this sequence group is 1x107 to
8x10” pry, which meets the SOARCA screening criterion of 1x107 pry for bypass events. In the
context of the short-term station blackout sequence evaluations, sensitivity studies are performed
to examine the response with a TI-SGTR.
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3.2.2 System Availabilities

Systems available include the ECCS accumulators, portable power supplies, portable air bottles,
and portable high-pressure (Kerr) and low-pressure (Godwin) diesel driven pumps. Containment
spray and firewater piping is assumed to remain intact.

3.2.3 Mitigative Actions

The TDAFW system was assumed not to be available initially and was judged not recovered
under these circumstances prior to fuel damage (i.e., fuel damage in 3 hours) due to immediate
gross rupture of the ECST and lack of alternative suction sources that could be aligned within

3 hours. However, there was significant time, access, and resources to establish containment
sprays with the portable emergency pump by 8 hours. This action both mitigates the release and
delays containment failure.

NUREG/CR-4334 was consulted to assess the potential viability of safety-related piping after a
1.0g pga event [40]. Extrapolating results from NUREG/CR-4334, the low-head safety water
injection and safety-related containment spray piping were judged to remain intact. Other
studies, including a German study that physically simulated ground motion equal to 1.0g pga on
an existing plant, also supported this evaluation. The integrity of the safety-grade piping
provided a connection point for a portable, diesel-driven pump to inject water into the RCS or
into the containment spray systems. The licensee staff estimated that transporting the pump and
connecting it to plant piping takes about two hours. Because of difficult accessibility, the set-up
of the containment spray system following a large seismic event was assumed to require 8 hours.
Hence, water provided to the diesel-driven portable emergency pump was assumed to be
available only after vessel failure (i.e., the MELCOR results indicate 3 hours to core damage and
7 hours to lower head failure). Thus, it was provided only to the containment sprays. Additional
unmitigated analyses were performed to quantify the response without successful mitigation by a
portable pump.

3.2.4 Scenario Boundary Conditions

Section 3.2.4.1 lists the sequence of events in the unmitigated STSBO calculation.

Section 3.2.4.2 summarizes the sequence of events in the mitigated STSBO calculation that
credits one additional manual action. Sensitivity cases for the mitigated and unmitigated TI-
SGTRs are also described.

3.2.4.1 Unmitigated Cases

There is one unmitigated base case and two unmitigated sensitivity cases. The unmitigated
sensitivity cases include thermally induced steam generator tube ruptures prior to creep rupture
in any other RCS location. Since the sensitivity cases include a stuck open secondary system
relief valve, there is an open containment bypass pathway to release radionuclides to the
environment. In the base case, the secondary system relief valve closes when the pressure falls
below the closing setpoint. Additionally, operators are assumed to not connect the portable,
diesel driven (Godwin) pump in all three cases.



Unmitigated base case

Event Initiation

e Loss of offsite power followed by the failure of all diesel generators and a station
blackout

e Successful reactor trip and Main Steam isolation Valves (MSIVs) close

e RCS and containment are undamaged and the containment isolates

e Failure of TDAFW system due to failure of the ECST

e An early RCP seal failure during subcooled conditions is not included in this scenario,
but late RCP seal failures may occur (see Section 4.1 for a discussion on RCP seal
failure)

e Active ECCS equipment is inoperable due to electrical and system damage

e Containment cooling systems are inoperable due to electrical and system damage

e Recovery of offsite and onsite power is not expected during the mission time

30 minutes
e Initial Operations assessment of plant status complete; Operations initiates the following
action:

o Attempt manual start of the EDGs and SBO diesel generator

e RCS pressure being maintained by code safety valves, PORVs not currently available
because of loss of instrument air and backup air

1 hour
e Manual start of EDGs and SBO diesel generator assumed to be unsuccessful due to
initiating event

e Offsite EOF is manned and operational. The primary function of the EOF is review of
initiating event, plant status, and operator action to provide guidance on alternative
mitigation measures. The TSC staff members are the primary users of SAMGs and
mitigation measures codified in 10 CFR 50.54(hh). Shift supervisors and TSC
supervisors are trained on these procedures.
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1.5 hours
e Offsite EOF reviews actions taken by operations. Recommend the following actions:

o Connect portable power supply for instrumentation

o Connect the portable, high-pressure, diesel-driven (Kerr) pump to three drain lines of
the LHSI piping for RCS makeup and use portable bottles for manual operation of SG
PORVs, as needed

o Connect the portable, diesel-driven (Godwin) pump for containment spray or
containment flooding

1.75 hours

e Operations assesses and concurs with offsite EOF recommendations. Operations
prioritizes recommendations based on plant conditions and begins implementation.

2 hours

e The TSC is manned and operational. Because of the magnitude of the seismic event, a
one-hour delay in reporting of TSC members was assumed. The primary function of the
TSC would be to review the initiating event, plant status, and operator action to provide
guidance on alternative mitigation measures.

3.5 hours

e Determine the availability of the portable, diesel-driven (Godwin) pump, portable air
bottles, and portable power supply

e Portable air bottles connected to the steam generator PORVs are available for

depressurizing RCS
e The portable diesel-driven pumps are being positioned and the connections are being
assessed
>6.5 hours

e Unable to connect portable injection systems
e No other mitigation attempts are successful

Unmitigated sensitivity cases with TI-SGTRs

The unmitigated sensitivity cases have an identical sequence of events as the unmitigated base
case but include a stuck open relief valve on the secondary side that leads to a TI-SGTR.

3 hours

e The lowest-pressure safety relief valve sticks open on the steam generator with the tube
rupture



At a time calculated by MELCOR to be 3 hr 33 min
e A TI-SGTR is assumed to occur when the hot leg C cumulative creep damage index
exceeds 5%. A hot leg creep rupture index of 100% is used to predict hot leg failure.
Consequently, the TI-SGTR is specified to occur prior to hot leg creep rupture failure.
o Sensitivity Case 1 — rupture area is the equivalent of 100% of the tube flow area
o Sensitivity Case 2 — rupture area is the equivalent of 200% of the tube flow area

3.2.4.2 Mitigated Cases

There is a mitigated base case and a mitigated sensitivity case, both involving the use of a diesel
driven (Godwin) pump for containment sprays. The mitigated sensitivity case includes a
thermally induced steam generator tube rupture prior to any other RCS creep rupture failure.
Since the sensitivity case includes a stuck open secondary system relief valve, there is an open
containment bypass pathway to release radionuclides to the environment. In the base case, the
secondary system relief valve closes when the pressure falls below the closing setpoint.

Mitigated base case

Event Initiation
e Loss of offsite power followed by a station blackout

Successful reactor trip and MSIVs close

e RCS and containment undamaged and the containment isolated

e Failure of TDAFW pump due to failure of the ECST

e An early RCP seal failure during subcooled conditions is not included in this scenario,
but late RCP seal failures may occur (see Section 4.1 for a discussion on RCP seal
failure)

e ECCSs are inoperable due to electrical and system damage

e Containment cooling systems are inoperable due to electrical and system damage

e Recovery of offsite power is not expected during the mission time

30 minutes
e Initial Operations assessment of plant status complete; Operations initiates the following
action:

o Attempt manual start of EDGs and SBO diesel generator

e The RCS pressure is maintained by code safety valves. The pressurizer PORVs are not
currently available because of loss of instrument air and backup air.
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1 hour

e Use portable power supply to restore minimum instrumentation (e.g., RCS level, RCS
pressure, SG level)

e Manual start of EDGs and SBO diesel generator assumed to be unsuccessful due to
initiating event

e The EOF is manned. The primary function of the EOF would be to review initiating
event, plant status, and operator action to provide guidance on alternative mitigation
measures. The TSC staff members are the primary users of SAMGs and mitigation
measures codified in 10 CFR 50.54(hh). Shift supervisors and TSC supervisors are
trained on these procedures.

1.5 hours
e Offsite EOF reviews actions taken by operations. Recommend the following actions:

o Maintain portable power supply for instrumentation

o Connect the portable, high-pressure, diesel-driven (Kerr) pump to three drain lines of
the LHSI piping and use portable bottles for manual operation of SG PORVs, as
needed

o Connect the portable, diesel-driven (Godwin) pump for containment spray or
containment flooding

1.75 hours

e Operations assesses and concurs with offsite EOF recommendations. Operations
prioritizes recommendations based on plant conditions and begins implementation.

2 hours

e The TSC is manned and operational. Because of the magnitude of the seismic event, a
one-hour delay in reporting of TSC members was assumed. The primary function of the
TSC would be to review the initiating event, plant status, and operator action to provide
guidance on alternative mitigation measures.

e EOF is manned and operational
3.5 hours
e Determined the availability of the remotely located portable, diesel-driven (Godwin)
pump, portable air bottles, and portable power supply

e Portable air bottles to the steam generator PORVs are available for depressurizing RCS

e The portable diesel-driven pumps are being positioned and the connections are being
assessed.
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8 hours
e The portable, diesel-driven (Godwin) pump is staged at the discharge canal and pumps
water through the established piping and into the fire protection system. Fire hose would
take the water from the hydrants to the special fitting on the containment spray pumps.°

Mitigated case with TI-SGTR

The mitigated sensitivity case has an identical sequence of events as the mitigated base case but
includes a stuck open relief valve on the secondary side that leads to a TI-SGTR.

3 hours
e The lowest-pressure safety relief valve sticks open on the steam generator with the tube
rupture.

At a time to be calculated by MELCOR (which was 3 hr 33 min)
e A TI-SGTR is assumed to occur when the hot leg C cumulative creep damage index
exceeds 5%. A hot leg creep rupture index of 100% is used to predict hot leg failure.
Consequently, the TI-SGTR is specified to occur prior to hot leg creep rupture failure.

e The steam generator tube rupture area is the equivalent of 100% of the tube flow area

3.3 Spontaneous SGTR

Section 3.3.1 describes the initial status of the plant following the tube rupture. 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 delineates various scenarios based on the success of the mitigative actions. In
particular, a mitigated scenario is defined where the mitigative actions are successful. Two
unmitigated scenarios are also defined where certain key operator actions are not successfully
performed.

3.3.1 Initiating Event

This sequence group consists of a spontaneous rupture of a steam generator tube equivalent to
100% of the tube flow area, 0.47 in". The leak is assumed to occur near the steam generator
inlet-side tube sheet.

3.3.2 System Availabilities

The full complement of systems is considered functional in this scenario including all systems
associated with engineered safeguards and instrumentation and control as well as all auxiliary

® Per SOARCA request in August 2010, Surry sent a timeline to connect the Godwin pump. The timeline showed
30 minutes to recognize the event and perform the initial damage assessment per procedures. At 30 minutes,
operations would begin deploying the Godwin pump and be ready for injection at 120 minutes from the initiating
event. It was recognized that post-seismic conditions could complicate the process. The start of injection at
8 hours versus 2 hours includes a 6-hour conservatism.
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and emergency systems. The operators fail to 1) isolate the faulted SG, 2) depressurize and
cooldown the RCS, and 3) refill the RWST or cross-connect to the unaffected unit’s RWST.

3.3.3 Mitigative Actions

The SPAR model and the licensee’s PRA concluded that the spontaneous SGTR event proceeds
to core damage because of the above errors. However, the PRA models do not appear to have
credited the significant time available for the operators to correct their mistakes. They also do
not appear to credit technical assistance from the TSC and the EOF. The subsequent accident
simulation showed that 27 to 46 hours are available for mitigative actions before the core
damage begins (see Section 5.4). Therefore, the licensee provided realistic estimates of the times
by which the operators would respond to the event. These time estimates included consideration
of indications that the operators would have of the bypass accident, operator training on plant
procedures for dealing with bypass accidents and related drills, and assistance from the TSC and
EOF, which were estimated to be manned and operational by 1 to 1.5 hours into the event.

Operator actions in this scenario are essentially those expected per training and procedure.
Specifically, the operators are trained to perform the following actions to mitigate the sequence:

e Secure AFW delivery to the steam generator with the broken tube (the faulted steam
generator)

e Secure 1 of the 3 total high head safety injection (HHSI) pumps

e Isolate the faulted steam generator, i.e., close the MSIVs serving the faulted steam
generator

e Secure the remaining HHSI pumps once the faulted generator is isolated, which will end
the RCS leakage

e Perform a 100°F/hr cool-down of the RCS
e Establish long-term cooling with residual heat removal
The following other mitigation measures were identified but not used.

e Use the pressurizer PORVs to depressurize the RCS to get an accumulator injection at
low pressure

e Cross-connect to the unaffected unit’s RWST

e Use firewater makeup to RWST from the firewater header at ~300 gpm from the two
300,000 gallons firewater storage tanks, then the James River

e The portable, low-pressure, diesel-driven (Godwin) pump is available to makeup to the
RWST and the CST at ~2000 gpm at 120 psi
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e ~190,000 gallons available from the spent fuel pool for rapid RWST makeup

e Procedures exist to align firewater to the suction of the AFW pump via installed piping
and valves from firewater storage tanks and the James River

e Two portable, high-pressure, diesel-driven (Kerr) pumps are available to inject into RCS
using water from the RWST at 2.5 hours (i.e., assumes guidance from TSC and EOF at
1.5 hours and an hour to implement)

3.3.4 Boundary Conditions

Section 3.3.4.2 lists the sequence of events to be prescribed in the mitigated spontaneous steam
generator tube rupture where the operator successfully performs the actions described in

Section 3.3.3. Section 3.4.4.1 summarizes the sequence of events in two unmitigated scenarios
where the operator does not successfully perform the actions described in Section 3.3.3. The
second unmitigated scenario uses the same failed operator actions but also includes the failure of
the steam generator secondary system relief valve to create a sustained containment bypass
pathway for fission products.

3.3.4.1 Unmitigated Cases

There are two unmitigated cases. No other successful operator actions are credited after
2.5 hours.

Unmitigated Case 1

2.5 hours
e Fail to isolate the faulted steam generator

e Fail to depressurize and cool down the RCS

e Fail to extend the available duration of ECCS injection by refilling the RWST or cross
connecting to the other unit’s RWST

Unmitigated Case 2

Exactly the same boundary conditions as Unmitigated Case One but include an additional
equipment failure.

At a time to be calculated by the severe accident analysis code which was 44 minutes
e Fail the secondary system relief valve open when water first reaches the valve. The
stuck-open valve creates an open bypass containment pathway to the environment (see
Note below).

2.5 hours
e Fail to isolate the faulted steam generator
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Note:

Fail to depressurize and cool down the RCS

Fail to extend the available duration of ECCS injection by refilling the RWST or cross
connecting to the other unit’s RWST

There was some uncertainty whether water could reach the secondary system relief valve.
The utility stated that the secondary system would not fill up completely due to the large
volume of piping and 12 steam traps (i.e., eight 1.5 lines and four 1 lines) open to the
main condenser. The MELCOR model did not represent the steam traps or steam dump
valves to the condenser. The calculation conservatively neglected any leakage pathways
for water from the steam line except for the cycling relief valve.

3.3.4.2 Mitigated Case

There is one mitigated base case. Although the operator initially fails to implement the correct
procedures, the errors are eventually identified by the technical support groups and the correct
procedures are followed. The boundary conditions are listed below.

Event Initiation

Spontaneous tube rupture equivalent to 100% of the tube flow area (i.e., 0.47 in?)
The reactor trips
The turbine stop valves automatically close

The 8 steam dump valves automatically go to the full open position and then throttle open
and close to maintain RCS T,.. at 547 °F

Containment Phase 1 isolation auto-initiates

The HHSI auto-initiates and all three pumps start and operate as designed. The operator
secures one charging pump early in the event as required by procedure. The water source
is the RWST (380,000 gallons).

The one turbine-driven and two motor-driven auxiliary feedwater pumps automatically
start on a low-level actuation signal. The initial water source is the ECST
(110,000 gallons) but can be refilled from the CST, which has 300,000 gallons.

Reactor coolant pumps continue to run

Operators fail to: 1) isolate the faulted SG, 2) depressurize and cooldown the RCS, and
3) refill the RWST or cross-tie to the unaffected unit’s RWST.

10 minutes

Initial Operations assessment of plant status complete

3-17



15 minutes
e RCS level being maintained by HHSI, operator secures one of the three HHSI pumps per
procedure

e Operator takes control of AFW to maintain level in the SGs

e  When level in the faulted SG reaches the top of fill range, AFW flow will be stopped to

that SG
30 minutes
e Damaged SG continues to fill, overflowing into the TDAFW pump turbine causing it to
shut down

e The two MDAFW pumps provide makeup to non-faulted SGs

1 hour
e The TSC is manned and operational. The primary function of the TSC would be to
review initiating event, plant status, and operator action to provide guidance on
alternative mitigation measures.

1.5 hours
e RCS and SG levels being maintained by HHSI and AFW, respectively

e Offsite EOF is manned. The primary function of the EOF would be to review initiating
event, plant status, and operator action to provide guidance on alternative mitigation
measures. The TSC staff members are the primary users of SAMGs and mitigation
measures codified in 10 CFR 50.54(hh). Shift supervisors and TSC supervisors are
trained on these procedures.

e The TSC and EOF recognize that the damaged SG is not isolated, the operators are not
implementing procedure E-3, “Steam Generator Tube Rupture” and the RCS is not being
cooled down and depressurized. Recommends to the operators that they implement the
following actions:

o Implement procedure E-3
o Isolate the damaged S/G
o Cooldown and depressurize the RCS

1.75 hours

e Operations assesses TSC and EOF diagnoses, concurs with their determination, and
implements procedure E-3,

2.5 hours

e Within 45 minutes the damaged SG is isolated, HHSI is secured, and the RCS is
undergoing a normal cooldown
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Event Termination
e Establish long-term cooling using the residual heat removal (RHR) system (i.e.,
closed-circuit cooling system)
o RCS at 400-450 psi and ~350 °F for RHR entry conditions
o Operators verify RCS is 30 °F sub-cooled, pressure stabilized, pressurizer level in
normal band and stabilized, and non-affected SG levels in normal band and stabilized

3.4 Interfacing Systems LOCA

This sequence group is initiated by a common mode failure of both low-head safety injection
(LHSI) inboard isolation check valve disks. The open pathway pressurizes and ruptures the
low-pressure piping outside the containment, which opens a containment bypass LOCA. This
sequence group consists of the bypass LOCA followed by operator failure to refill the RWST, or
cross-connect to the unaffected unit’s RWST.

Section 3.4.1 describes the initial status of the plant following the pipe rupture. The key system
availabilities during the course of the accident are summarized in Section 3.4.2. The pertinent
mitigative measures available to address the accident progression are described in Section 3.4.3.
Section 3.4.4 describes two scenarios that differ in the assumed success (or failure) of the
mitigative actions. Mitigated scenarios are defined as those in which mitigative actions are
successful. Unmitigated scenarios are defined as those in which certain key mitigation measures
are not successfully implemented.

3.4.1 Initiating Event

The ISLOCA initiates with failure of both of the inboard isolation check valve disks resulting in
over-pressurization and failure of the LHSI discharge side piping outside of containment in the
Safeguards Building. The resulting double-ended guillotine pipe break permits back-flow of the
high-pressure RCS water into the Safeguards Building.” Water will also spill into the Safeguards
Building via forward flow through the LHSI pumps to the pipe break. The broken LHSI line has
a number of flow restrictions, including a 2.57” venturi between the RCS and the break that will
limit the break flow.

3.4.2 System Availabilities

The full complement of systems is considered functional in this scenario including all systems
associated with engineered safeguards and instrumentation and control as well as all auxiliary
and emergency systems.

3.4.3 Mitigative Actions

The SPAR model and the licensee’s PRA concluded that the ISLOCA proceeds to core damage.
However, the PRA models do not appear to have credited the significant time available for the

7 A double-ended break was specified in the scenario description. A detailed separate effects model of the LHSI
piping was developed that included flow restrictions, bends, elevation changes and other losses. The break in the
low-pressure piping was expected to occur between the end of the high-pressure piping and a third check valve.
If the break was under water, it could offer some fission product scrubbing benefit. The results of the break
location analyses are reported in Section 4.12.
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operators to respond adequately. The PRA model also does not appear to credit technical
assistance from the TSC and EOF. The more realistic analysis of thermal hydraulics in

Section 5.5.3 subsequently estimated 6 hours until the RWST is empty and 13 hours until the
fission product releases begin, providing considerable time for the operators to respond. The
ISLOCA time estimates are based on a double-ended pipe rupture, which drains the RWST at the
maximum rate.

Operator actions in this scenario are essentially those expected per training and procedure.
Specifically, the operators are trained to perform the following actions to mitigate the sequence:

1. Per the Surry EOPs, only two HHSI pumps are required. All HHSI pumps will start but
one is secured. Per results of the table-top scenario development with Surry operations
using the emergency operating procedures, the redundant HHSI pump would be isolated
in 15 minutes.

2. Per the Surry EOPs, a LOCA outside the containment would be identified and the LHSI
pumps would be isolated.®

3. Per the Surry EOPs, the operators would isolate the leakage from the RWST side of the
break into the Safeguards Building (i.e., by closing the LHSI pump suction valves). ’

4. Per results of the table-top scenario development with Surry operations using the EOPs,
the operators will take control of the AFW pumps to maintain normal level in the steam
generators after 15 minutes.

5. Per results of the table-top scenario development with Surry operations, the operators will
shift HHSI injection from the cold leg to the hot leg to minimize backflow leakage to the
Safeguards Building by 1 hour and 45 minutes. An additional HHSI pump can be
secured if an adequate water level can be maintained to minimize the spill rate into the
Safeguard Building.

6. Per results of the table-top scenario development with Surry operations, the operators will
start a cooldown at 1 hour. In order to minimize break flow, the operators would
completely depressurize the steam generators.

The following other mitigation measures were identified but not used in the unmitigated
ISLOCA calculations.

e Per the Surry EOPs, Operations would establish residual heat removal (RHR) cooling of
the RCS once entry conditions are established.

¥ Per best-estimate timing for the ISLOCA in the Surry full-scope training simulator following EOPs, LHSI Pump
A would be isolated in 6 minutes and 17 seconds and the LHSI Pump B would be isolated at 15 minutes and 44
seconds. Surry Operations obtained these timings from a training exercise that simulated the initial portion of the
subject ISLOCA.

? Per best-estimate timing for the ISLOCA in the Surry full-scope training simulator following EOPs, the LHSI
pump suction would be isolated in 16 minutes and 18 seconds. Surry Operations obtained these timings from a
training exercise that simulated the initial portion of the subject ISLOCA.
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3.4.4

The RWST can be refilled using firewater makeup from the firewater header at ~300 gpm
from two 250,000 gallon firewater storage tanks, then from the James River.

The portable, low-pressure, diesel-driven (Godwin) pump is available to makeup to the
RWST and the CST at ~1200 gpm

190,000 gallons available from the spent fuel pool are available for rapid RWST makeup

Operations could align the unaffected unit’s HHSI pumps and RWST to the affected unit
through a series of operator actions. '’

Boundary Conditions

Section 3.4.4.1 lists the sequence of events to be prescribed in the unmitigated ISLOCA, which
credits all operator actions identified in Section 3.3.3, but does not credit any of the additional
mitigative actions identified at the end of the section (e.g., RHR). Section 3.4.4.2 summarizes
the sequence of events in the mitigated ISLOCA, which credits additional operator actions.

3.4.4.1 Unmitigated Interfacing Systems LOCA

Event Initiation

The LHSI inboard isolation check valves fail causing a pipe break in the low pressure
piping in the Safeguards Building

The reactor trips on low pressure

Containment Phase-1 isolation auto-initiates

All three HHSI pumps auto-initiate on the ECCS injection signal.

LHSI initiates on the ECCS injection signal, which pumps water into the Safeguards
Building through the pipe break until the LHSI pump motors become submerged or are
isolated

The MSIVs close

The RCPs trip or are shutdown once two-phase conditions develop at the pump

The one turbine-driven and two motor-driven auxiliary feedwater pumps automatically
start on a low-level actuation signal. The initial water source is the ECST
(110,000 gallons) but can be refilled from the CST, which has 300,000 gallons.

' The shift to the unaffected unit’s HHSI and RWST is not in the normal emergency procedures but is well known
to the operators and is a redundant design feature of the Surry ECCS. Since it would temporarily affect the other
unit’s resources, it is a 10CFR50.54 decision (i.e., a directive that the operators can go outside of their procedures
if necessary to ensure the safety of the plant).
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3 minutes

e The LHSI outboard isolation valve (i.e., Valve 1890C) is flooded and becomes
inaccessible. This flooding is shown in the MELCOR results in Section 5.5. Therefore,
the ISLOCA cannot be isolated from the RCS.

5 minutes

e Initial Operations assessment of plant status is complete. A LOCA outside the
containment identified.

6 minutes 18 sec
e LHSI Pump A is isolated

15 minutes
e 3 HHSI pumps confirmed as running, one pump is isolated

15 minutes and 44 seconds
e LHSI Pump B is isolated

16 minutes and 18 seconds

e Operations isolate the LHSI pump suctions. The action ends the RWST spillage to
Safeguards Building.

45 minutes
e Operations transfers HHSI injection to the RCS hot legs

50 minutes

e The TSC is manned. Primary function would be to review initiating event, the plant
status, and the operator action to provide guidance on alternative mitigation measures.
The TSC staff is the primary users of SAMGs and extreme damage mitigation guidelines
(EDMGs). Shift supervisors and TSC supervisors are trained on SAMGs and EDMGs.

e The EOF is manned. Primary function would be to review the initiating event, the plant
status, and the operator action to provide guidance on alternative mitigation measures.

1 hour
e Operators begin RCS cooldown
1.25 hours

e The TSC is operational

1.5 hours
e The EOF is operational

e The TSC and EOF review and concur with actions taken by operations. They
recommend:
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o Using RHR to terminate the accident

Refilling the RWST

o Reducing the RWST draindown by terminating another HHSI if level can be
maintained above the top of active fuel

o Shifting to the unaffected unit’s RWST, if necessary, to maintain injection.

(@)

1.75 hours
e Secure second HHSI pump

>1.75 hours
e Operations do not successfully implement any further mitigative actions. All injection
will terminate when the RWST empties.

3.4.4.2 Mitigated Interfacing Systems LOCA

The mitigated case has an identical sequence of events until 1.75 hours, the time assessed to
implement the TSC and EOF recommendations. The operator successfully initiates the
following actions, starting at 1.75 hours.

1.75 hours
e Operations assesses TSC and EOF recommendation to lineup the unaffected unit’s

RWST to provide makeup to the RWST while continuing to provide RCS makeup with
the same RWST.

e Operations reviews and prepares to swap HHSI flow to unaffected unit’s RWST, if
necessary. At 1.75 hours, approximately 160,000 gallons are still available.

Note: The HHSI pumps could trip off line if the Auxiliary Building is allowed to flood to
approximately 5 feet above the Auxiliary Building basement floor without
mitigation measures. The volume of the Auxiliary Building basement that will
result in flooding of the HHSI pumps is 530,000 gallons. Another mitigation
option is to use portable submersible pumps to pump out the Auxiliary Building
basement to preclude flooding of the HHSI pumps. This option is recognized by
the licensee but is not included in plant procedures.

e Operations recommends establishing long-term cooling using the RHR system per
emergency operating procedures (i.e., closed-circuit cooling system)

e Secure 3 HHSI when level is stable and RHR cooling is established

3.5 Surry Seismic PRA Study

Late in the SOARCA project, well after the process of scenario selection and accident analysis
was completed, the team became aware of a new relevant seismic PRA (SPRA) study that was
conducted for the Surry plant. This study, entitled Surry SPRA Pilot Plant Review, was
sponsored by the Electric Power Research Institute (EPRI), Simpson Gumpertz and Heger
(SGH) and Dominion Resources.
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The objectives of the study were:

e To evaluate the process and requirements involved in updating a seismic PRA originally
developed for the IPEEE program in order to meet the intent of the new ASME/ANS
Level 1 Seismic PRA Standard for Capability Category II [56], and

e To review the requirements of the seismic PRA standard for clarity and reasonableness
given the current state of the art in performing seismic PRAs.

The Surry SPRA study started with the Surry seismic assessment developed for the IPEEE and
updated various elements of that seismic assessment in order to meet the author’s interpretation
of the requirements in the new ASME/ANS Seismic PRA Standard. While the Surry SPRA
study represents an updated examination of the Surry plant, including a new seismic hazard and
calculation of the site response to the new hazard, the primary purpose of the Surry SPRA study
was to examine issues attendant to implementation of the new ASME/ANS Standard. Surry
served as a representative plant for the SPRA study. In some instances not essential to the
objective of the Surry SPRA study, the evaluation relied upon generic or expected fragility
parameters that may be different from the Surry-specific values. Thus, the CDF and the large
early release frequency (LERF) results presented in the Surry SPRA study may not be reflective
of the Surry plant. Nevertheless, certain results and assumptions in this SPRA study may have a
bearing on the SOARCA project.

The Surry SPRA study produced a total CDF, which is comparable to the CDF of the SOARCA
external events on the order of 2x107/yr, and the risk profile peaks at a seismic interval
corresponding to approximately 0.4g pga. However, the dominant scenario, comprising 50% of
the total CDF, was identified as a loss of service water (LOSW). Such an event was not
analyzed in SOARCA and thus some discussion of its significance relative to SOARCA events is
needed.

The LOSW event in the Surry SPRA study occurs as a result of failure of the turbine building’s
steel superstructure that is assumed to damage the cables that power the circulating water
isolation valves leaving the valves in the open position. With the valves in the open position, the
intake canal, the source of service water, gravity drains because the seismic event causing a loss
of offsite power which causes failure of the circulating water pumps which supply the intake
canal. The intake canal is estimated to drain in a time interval ranging from 45 minutes to

6 hours, depending on the number of circulating water isolation valves assumed to fail open.

The intake canal is the ultimate heat sink for the plant. Thus, its loss results in a loss of the
component cooling water system, which cools high-pressure injection pumps and reactor coolant
pump seals. The timing of core damage is not specified in the Surry SPRA study other than to
note that recovery of offsite power is not expected within the 24-hour mission time. In addition,
the Surry SPRA study assumes the ECST and the fire protection water tanks are not available
due to their low capability to withstand seismic loading. If indeed these tanks are assumed to fail
catastrophically this would result in immediate loss of auxiliary feedwater (AFW) unless other
sources of water for the AFW system can be aligned.
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In terms of frequency, the LOSW described in the Surry SPRA study most closely matches the
SOARCA scenario described as a long-term SBO (i.e., 2x107/yr). In certain respects, the
LTSBO scenario may qualitatively serve as a surrogate for the LOSW event. In both instances,
the plant is undergoing a loss of heat removal transient with potential reactor coolant pump seal
leakage. If the intake canal does not drain for several hours then the availability of service water
together with injection capability (e.g., feed and bleed) may delay core damage in much the same
way that AFW delays core damage in the LTSBO scenario. In the Surry SPRA study, the EDGs
would be expected to be functional for some time for the less severe seismic events. Thus, core
cooling could be achieved by primary system depressurization via relief valves coupled with
low-pressure injection, which does not require component cooling water since it has its own
radiator cooling. The RWST is available for some of the dominant (i.e., 0.4g pga) seismic
events. Further, if the ECST and fire protection water tanks do not fail catastrophically, AFW
may be available for some period as is the case in the LTSBO scenario. In addition, an
alternative water source exists in the emergency condensate makeup tank together with AC
powered emergency condensate booster pumps. Further, the emergency condensate makeup
tank NPSH without the booster pumps may provide some capability. Finally, the B.5.b Godwin
pump may be used to provide feedwater to the steam generators via the firewater/feedwater
connection using the discharge canal as the water source. Thus, for some number of the LOSW
permutations the timing of core damage would be comparable to or longer than that of the
LTSBO scenario. It is clear that the worst-case LOSW scenario as identified in the Surry SPRA
study combined with the loss of the ECST would still be bounded by the unmitigated short-term
SBO scenario consequences, since that scenario credits no primary side injection or auxiliary
feedwater.
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4. MELCOR MODEL OF THE SURRY PLANT

The Surry MELCOR model applied in this report was originally generated at Idaho National
Engineering Laboratories (INEL) in 1988 [8]. The model was updated by Sandia National
Laboratories (1990 to present) for the purposes of testing new models, advancing the
state-of-the-art in modeling of PWR accident progression, and providing support to
decision-makers at the NRC for analyses of various issues that may affect operational safety.
Significant changes were made during the last twenty years in the approach to modeling core
behavior and core melt progression, as well as the nodalization and treatment of coolant flow
within the RCS and reactor vessel. Detailed reports have been prepared to discuss this model
evolution as part of the MELCOR code development program [10], and these discussions will
not be repeated here. It is simply noted that the model described herein is a culmination of these
efforts and represents the state-of-the-art in modeling of potential PWR severe accidents.

In preparation for the SOARCA analyses described in this report, the model was further refined
and expanded in two areas. The first area is an upgrade to MELCOR Version 1.8.6 core

modeling. These enhancements include:

e A hemispherical lower head model that replaces the flat bottom-cylindrical lower head
model,

e New models for the core former and shroud structures that are fully integrated into the
material degradation modeling, including separate modeling of debris in the bypass
region between the core barrel and the core shroud,

e Models for simulating the formation of molten pools both in the lower plenum and the
core region, crust formation, convection in molten pools, stratification of molten pools
into metallic and oxide layers, and partitioning of radionuclides between stratified molten

pools,

e A reflood quench model that separately tracks the component quench front, quench
temperature, and unquenched temperatures,

e A control rod silver aerosol release model, and

e An application of the CORSOR-Booth release model for modern high-burn-up fuel.
The second area focused on the addition of user-specified models to represent a wide spectrum
of plant design features and safety systems to broaden the capabilities of MELCOR to a wider
range of severe accident sequences. These enhancements included:

e Update of the containment leakage/failure model (see Section 4.7),

e Update of core degradation modeling practices,
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e Modeling of individual primary and secondary system relief valves with failure logic for
rated and degraded conditions,

e Update of the containment flooding characteristics,
e Heat loss from the reactor to the containment,

e Separate motor and turbine-driven auxiliary feedwater models with control logic for plant
automatic and operator cooldown responses,

e New turbine-driven auxiliary feedwater models for steam flow, flooding failure, and
performance degradation at low pressure,

e Nitrogen discharge model for accumulators,

e Update of the fission product inventory, the axial and radial peaking factors, and an
extensive fission product tracking control system, and

e Improvements to the natural circulation in the hot leg and steam generator and the
potential for creep rupture (see Section 4.4).

Table 4-1 provides a brief summary of plant design parameters that are helpful in comparing the
configuration of Surry to other reactors of interest.

The model description is subdivided into description of the vessel and reactor coolant system
(Section 4.1), primary and secondary system relief valve modeling (Section 4.2), the decay heat
power modeling (Section 4.3), the natural circulation modeling (Section 4.4), the core
degradation modeling (Section 4.5), the containment model (Section 4.6), the containment
leakage model (Section 4.7), and the auxiliary building model (Section 4.8).

Section 4.9 summarizes the best modeling practices applied to accident progression analyses
conducted under the SOARCA project. The best practices include discussions of the base case
approach to modeling key phenomena that have significant importance to the progression of the
accident and uncertainty in their response. The Safeguards Area, Contaiment Spray Pump Area,
and Main Steam Valve House are described in Section 4.10. The Safeguards ventilation system
is described in Section 4.11, and the low head safety injection piping is described in

Section 4.12. Section 4.13 describes the radionuclide deposition model for the low head safety
injection piping, and Section 4.14 describes the methodology used for the two MELCOR models
involving the low head safey injection piping.
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Table 4-1

Important Design Parameters for Surry

Parameter Value Value
(SI units) (British units)
Rated Core Power [MW,,] 2,546
Number of Fuel Assemblies in Core 157
Rod Array 15x 15
Fuel Rods per Assembly 204
Fuel (UO,) Mass [kg / 1b] 79,650 175,600
Zircaloy Mass in Fuel Cladding [kg / 1b] 16,465 36,300
RPV Inner Diameter [m / ft] 1.994 6.542
RPV Height and Closure [m / ft] 12.319 40.417
Pressurizer Relief Valves [kg/s / Ibm/hr] 2x26.46 2 x 210,000
Pressurizer Safety Valves [kg/s / Ibm/hr] 3 x36.96 3 x 293,330
Pressurizer Relief Tank Volume [m*/ {t'] 36.8 1300
Pressurizer Relief Tank Liquid Volume [m’/ {t'] 25.5 900
Pressurizer Relief Tank Design Pressure [bar / psig] 6.89 100
Reactor Inlet / Outlet Temperature [°C/°F] 282 /319 540 / 606
RCS Coolant Flow [kg/s / Ibm/hr] 12,738 101.1x10°
Nominal RCS Pressure [MPa /psia] 15.5 2,250
Number of Steam Generators 3
Steam Generator Recirculation Rate 3.4
Steam Generator Heat Transfer Area [m?/ ft?] 4,785 51,500
Secondary Pressure [MPa /psia] 15.5 2,250
Secondary Side Water Mass [kg / Ibm] 41,640 91,800
Secondary Side Volume [m*/ ft’] 166 5,868
Emergency Condensate Storage Tank Water Volume 416,395/ 110,000 /
(ISLOCA / Other Scenarios) [L / gal] 363,400 96,000
Refueling Water Storage Tank Water Volume [L / gal] 1,511,893 399,400
Turbine-driven Aux. Feedwater Pump [m’/s / gpm] 1x0.442 @ 1x700 @
832 m 2,730 ft
Motor-driven Aux. Feedwater Pump [m’/s / gpm] 2x0.221 @ 2x350 @
832 m 2,730 ft
Containment Design Pressure [MPa / psig] 0.31 45
Containment Volume [m?/ {t’] 50,970 1,800,000
Containment Operating Pressure [bar, psia] 0.62 t0 0.71 9t010.3
Containment Operating Temperature [°C/°F] 24 to 52 75 to 125
Accumulator Water Volume [m’/ft’] 3x27.6 3x975
Accumulator Pressure [bar / psig] 4.14 to 4.59 600 to 665
High Head Safety Injection [m’/s / gpm] 3x0.0095 @ 3x 150 @
1,768 m 5,800 ft
Low Head Safety Injection [m’/s / gpm] 2x0.189 @ 2 x 3,000 @
69 m 225 ft

* best estimate for ISLOCA scenario
** minimum amount required by technical specifications
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4.1 Vessel and Reactor Coolant System

Figure 4-1 illustrates the configuration of the hydrodynamic model for the Surry RCS. The
model includes explicit representation of the entire reactor coolant system including each of the
three reactor coolant loops, steam generators, and reactor coolant pumps, the steam lines out to
the isolation valves and associated safety and power-operated relief valves. On Loop C, the
pressurizer and associated safety and power-operated relief valves, and the pressurizer relief tank
are modeled. Boundary conditions are used to represent the turbine pressure and feedwater flow
to allow direct calculation of the nominal, full-power steady state operating conditions.

Logic models with mass and energy sources and sinks model the accumulators, the ECCSs, the
main feedwater, and the motor and turbine-driven auxiliary feedwater. Separate logic models are
used to represent the plant control systems such as the reactor scram logic, the emergency core
cooling signal, the main feedwater control and trip logic, the turbine control valve isolation logic,
reactor trip logic, reactor pump trip and failure logic, the containment spray actuation, the
containment recirculation spray and the residual heat removal, the containment fan cooler
actuation, and the plant station batteries.

Following a loss of seal cooling, water will leak through the pump seals. Under high
temperature and two-phase degraded accident conditions, the pumps seals could fail and create a
large leak. For each pump, three flow paths model the pump seal leakage. These leak paths
describe chronic leaks from the RCS pump seals that are estimated to leak at 21 gpm at full
reactor pressure [19]. The leakage model is also set up to mimic the seal failures in the pump
using guidance from the utility’s probabilistic pump seal leakage model [20]. For example, the
failure of the second stage seals was modeled to occur coincidently with loss of liquid
subcooling in the RCP pump (i.e., voiding of the RCP). The model is set up to include the
following leak rates for each of the three loops:

e 21 gpm nominal leakage at 15.5 MPa with failure of the seal cooling system
(i.e., no AC power)

e 182 gpm at 15.5 MPa (failure of the #1 and #2 seal following change to saturated
conditions in pump)"’

e 480 gpm at 15.5 MPa (i.e., blowout of the seal internals with flow being
controlled by the Labyrinth seal upstream of the seal package)

MELCOR’s choked flow model will predict the change in seal leakage flowrate as a function of
pressure, quality, and liquid and gas temperature.

" Upon failure of the #1 seal, the #2 seal is also expected to immediately fail [Dominion, ET-CME-05-0020].
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Figure 4-2 shows a detailed illustration of the reactor vessel hydrodynamic nodalization and the
corresponding spatial divisions of the core. The core is represented by five concentric rings of
hydrodynamic control volumes and core structures (i.e., fuel assemblies, control rods, and the
supporting steel internal structures). Each ring is divided into five vertically stacked
hydrodynamic control volumes. The axial length of the fuel in each ring is represented by ten
axial cells in each ring. The outer ring (i.e., Ring 5) in the active fuel region is further
subdivided into two regions. The inside region of Ring 5 models the peripheral assemblies of the
core. The outer region of Ring 5 models the bypass region between the core shroud around the
fuel and the core barrel. The detailed nodalization was required to simulate evolving,
two-dimensional natural circulation flow as the core level dropped and a more accurate and
continuous representation of the fuel power profile and subsequent degradation.

As shown on the left-hand side of Figure 4-2 a 6-ring by 7-axial level nodalization is used in the
lower plenum, offering a detailed radial spatial representation of the bottom of the vessel and
associated structures. Ring 6, which is not included in the active fuel region, represents the outer
radial region beneath the vessel downcomer. Separate axial levels represent the core plate, the
flow mixer, and the lower core plate. Between the core supporting structures are the support
columns, which transmit the load within the core to the lower support plate. The vessel lower
head is subdivided into 10-radial by 6-azimuthal segments for a two-dimensional conduction
solution. The lower head failure is evaluated using a one-dimensional mechanical response
model that determines the stresses and strains in the lower head to predict creep-rupture failure.
The lower head structural creep (i.e., plastic strain) failure is calculated using the default
Larson-Miller lifetime damage model.

A matrix of axial and radial flow paths simulates two-dimensional flow patterns in the core
region. Each flow path in the core and lower plenum nodalization simulates the effects of flow
blockages and changes in resistance during core degradation. Ring 5 also uses special flow paths
to represent the hydraulic openings following the failure of the core shroud if such failure is
predicted.

The five ring radial hydrodynamic nodalization from the core extends upward into the upper
plenum of the vessel. The upper plenum is divided into two axial levels with radial flow
between each ring. Each ring also includes a representation of the guide tubes. Gas or water can
flow through the control rod guide tubes between the upper plenum and the upper head. In the
outer radial ring, there are three axial levels to separate the natural circulation flow outward to
the hot legs (CV-154) versus the returning flow (CV-153). The leakage pathways between the
downcomer and the upper plenum and from the downcomer to the upper head are also
represented. The upper plenum to downcomer leakage path is an important fission product gas
pathway in the ISLOCA when the reactor coolant system loop seals are filled and residual vessel
water blocks reverse gas flow from the core to the downcomer.

As indicated by the different colored regions in Figure 4-3, the core was subdivided into five
regions. Each core region or “ring” (i.e., the terminology used in MELCOR) models the
response of the included fuel assemblies. Figure 4-3 also shows the relative power of the fuel
assemblies in each ring. The radial power profile in the center of the core is relatively flat.



However, the peripheral region has a sharp decrease in the assembly powers. The inner four
rings were defined to provide some resolution in the power profiles and are similarly sized to the
outer ring (i.e., important for the thermal response). The 5-ring nodalization balances the
objectives of representing of the radial power variations in the core versus excessive complexity
for computational efficiency. Once core degradation begins, the 5-ring nodalization provides a
good representation of the regional fuel collapses and flow blockages.

The steam generator nodalizations are shown in Figure 4-4 and Figure 4-5. The red flowpaths
are only active in natural circulation conditions. Both the hot legs and the steam generator tubes
are split into two halves to permit counter-current natural circulation flows (see Section 4.4).
The steam generator includes explicit modeling of the primary-side tubes, the steam generator
inlet and outlet plenums, the secondary side of the steam generator, the steam lines, and the
safety and power-operated relief valves. The hot leg and steam generator nodalization is
somewhat complicated because it must simulate conditions ranging from (a) normal operating
conditions, (b) single-phase liquid and two-phase accident conditions, and (c) single-phase gas
natural circulation conditions. As will be discussed in Section 4.4, special flow paths are
activated to simulate some of the natural circulation phenomena.

The model includes the heat loss from the reactor system to the containment. Each external
structure of the vessel, the recirculation looping, the steam generators, and the steam lines
transfer heat to the containment. These heat structures are coupled to the appropriate control
volumes representing different regions of containment. The total heat loss to the containment at
rated conditions is 0.08% (1.97 MW), (see Table 5.3-2 in reference [47]).
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Figure 4-2
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MELCOR COR Radial Ring 1, Power Factor = 1.226

MELCOR COR Radial Ring 2, Power Factor = 1.293

MELCOR COR Radial Ring 3, Power Factor = 1.301

MELCOR COR Radial Ring 4, Power Factor =1.110

MELCOR COR Radial Ring 5, Power Factor = 0.321

Figure 4-3  Surry Reactor Core Radial Power Profile and Nodalization
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(Mass Source) CF251

Turbine Driven Aux. Feedwater
(Mass Source) CF253

Motor Driven Aux. Feedwater
(Mass Source) CF1325

Natural Circulation Flow Path Definitions
(identified in red on diagram)

*Natural circulation entry conditions defined as (a)
hot leg CVs <5% water, (b) >10 K super heat in hot
leg, and (c) recirculation pumps tripped.

*Maintain natural circulation flow paths when (a)
hot leg CVs <10% full of water, (b) pumps are off,
(c) no major creep rupture failures, and (d) loop
seal flow is <20% of HL flow. (CF5672)

*FL240, FL205 and FL206 are open and FL245 is
closed during non-natural circulation conditions.
FL240, FL205 and FL206 are closed and FL245 is
open in natural circulation conditions.

*FL293 and FL295 are open and FL211 and FL266
are closed in non-natural circulation conditions.
FL293 and FL295 are closed and FL211 and
FL266 are open in natural circulation conditions.
*FL211/FL210 and FL266/FL265 are adjusted to
give mixing ratio of 15%/85%.

*FL202 pressure drop adjusted to give Cp = 0.12
(from FLUENT).

*FL218 and FL227 pressure drop adjusted to give
Tube_flow/HL_flow (Mato) = 2.
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Figure 4-4  Surry Steam Generator A Hydrodynamic Nodalization
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Surry Steam Generator B and C Hydrodynamic Nodalization

Figure 4-5
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4.2 Primary and Secondary System Relief Valve Modeling

Special models were included to simulate the failure of the primary and secondary system relief
valves. Each valve was individually modeled to accurately characterize its operational
characteristics. The potential for failure under normal operating conditions and failure at high
temperature, severe accident conditions was considered. Section 4.2.1 summarizes the primary
system valve modeling on the pressurizer and Section 4.2.2 discusses the secondary system
modeling. A peer review committee member noted there was a difference in the PWR versus
BWR valve failure modeling under rated conditions. The explanation for the differences is
discussed in Section 4.2.3.

4.2.1 Primary System Relief Valves

Each of the three safety relief valves (SRVs) on the pressurizer is represented separately in the
MELCOR model. The valves are individually sized to flow 293,330 Ib/hr (steam) at 2,485 psig
[12]. Their opening pressures are staggered by 14.50 psi with the lowest opening pressure set to
2,485 psig. The valves close when pressure drops below 96% of their opening pressure [13].
The SRV with the lowest opening pressure is configured to fail open using the following criteria.

e A per demand failure probability of 0.0027 [13] and failure at a cumulative distribution
function value of 0.5 (i.e., failure after 256 cycles by the relation: P(n) = I-(1-Pd)" where
P(n) is the cumulative distribution function value, Pd is the per-demand failure probability,
and 7 is the number of cycles), or

e 10 cycles above 1,000 K
Each valve is represented separately.

Each of the two PORVs on the pressurizer is also represented separately in the MELCOR model.
The valves are individually sized to flow 210,000 Ib/hr at 2,335 psig [12]. Their opening
pressures are staggered by 14.50 psi with the lowest opening pressure set to 2,335 psig. The
valves are defined to close when pressure drops below 96% of their opening pressure. The
PORYV with the lowest opening pressure is configured to fail open using the following criteria.

e A per demand failure probability of 0.0028 [13] and failure at a cumulative distribution
function value of 0.5 (i.e., failure after 247 cycles), or

e 10 cycles above 1,000 K

The PORVs and SRVs empty into the Pressurizer Relief Tank (PRT), which is modeled as a
separate control volume within the PRT cubicle in the containment. The PRT is 1300 ft’

(36.8 m’) and has a water volume of 900 ft* (24.4813 m’). Included in the PRT are “rupture
disks” that fail at a pressure of 100 psig and have a capacity of 900,000 Ib/hr (113.4 kg/s) [12].

4.2.2 Secondary System Relief Valves

The PORVs on the main steam lines (i.e., one PORYV on each of the three lines) are represented
separately in the MELCOR model. The valves are sized to flow 373,000 Ib/hr at 1,035 psig [12].
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The valves are set to open at 1,035 psig, set to close at 96% of their opening pressure, and are
configured to fail open using the following criteria.

e A per demand failure probability of 0.0058 [13] and failure at a cumulative distribution
function value of 0.5 (i.e., failure after 119 cycles), or

e 10 cycles above 1,000 K

The three smaller SRVs (i.e., one per main steam line) of the 15 total SRVs in the main steam
system (i.e., five SRVs per main steam line) are modeled individually in the MELCOR model.
The smaller valves are sized to flow 361,750 Ib/hr at 1,085 psig [13]. The valves are set to open
at 1,085 psig, set to close at 96% of their opening pressure, and are configured to fail open using
the following criteria.

e A per demand failure probability of 0.0027 [13] and failure at a cumulative distribution
function value of 0.5 (i.e., failure after 256 cycles), or

e 10 cycles above 1,000 K
The SRVs other than the smaller ones are modeled jointly in the case of each steam line, i.e., in
the case of each steam line, the four SRVs other than the one smaller SRV are represented
jointly. The joint representation is based on the information shown in Table 4-2 regarding

opening pressure and flow capacity [13].

Table 4-2 Safety Relief Valve Opening Pressure and Flow Capacity

Capacity at
Opening opening pressure
pressure (psig) (Ib/hr)
1,095 826,060
1,110 837,235
1,120 844,680
1,135 855,850

Accordingly, the SRVs in the MELCOR model jointly representing the four larger SRVs on a
main steam line are sized to flow 3,423,400 Ib/hr (i.e., 4 x 855,850 Ib/hr) at 1,135 psig and are
set to open at 1,115 psig. The valves are defined to close at 96% of their opening pressure.
There are three of these valves in the MELCOR model, one for each main steam line.

4.2.3 PWR versus BWR Valve Failure Modeling

The PWR analysis selected a median or 50% failure probability for rated conditions at the
beginning of the SOARCA. A 90% failure probability was used in the initial BWR calculations
to represent a ‘high confidence’ level for an event that was perceived to be a ‘benevolent failure.’
These different modeling approaches were developed independently of each other, and the
inconsistency was recognized later as a consequence of questions raised by the Peer Review
panel. When the SOARCA analysis was revised to address these and other Peer Review
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comments, the differences in failure criteria narrowed, but were also found to be unimportant to
results, as explained below.

The approach used to model stochastic failure of an SRV to reclose in the BWR analysis was
replaced by a more 'best estimate' approach based on early Peer Review comments. The revised
criterion for stochastic SRV failure was defined based on the ‘expected value’ for the number of
cycles a valve would experience at the time of failure. The ‘expected value’ is calculated as
1/Failure-Rate. If one translates this approach to a cumulative probability at the time of failure,
the value corresponds to a 63% confidence level for BWRs, which is closer to, but still different
from, the assumed 50% probability used in the PWR analysis. The calculated number of cycles
experienced by primary and secondary coolant system relief and safety valves in the PWR is
much less than the number corresponding to the median (i.e., 50%) failure probability. '
Therefore, stochastic failure never occurs in the PWR calculations. Confidence in this
observation would only increase if the failure condition were shifted from the median failure
probability to the probability corresponding to the ‘expected value’ (i.e., 63%).

Due to the low sensitivity of the valve failure characteristics to the SOARCA sequences, new
PWR calculations were not performed to explore valve failure characteristics on the progression
of events (i.e., except as noted in footnote 12 for the SGTR). Future PWR calculations will
adopt the ‘expected value’ as the recommended base case value. In contrast, the BWR results
were sensitive to the valve failure characteristics and the impact of failure variations are
examined in NUREG/CR 7110, Volume 1.

4.3 Decay Heat Power Modeling

Full-power steady state reactor power is 2546 MWth. The decay heat data for Surry was from a
recent NRC project analyzing accident source terms for on high burnup (HBU) cores [51]. The
core power profile was based on plant-specific, cycle-specific nuclear design reports obtained
from the licensees. Three different recent cycles were examined to ensure that significant
cycle-to-cycle variations were not observed. The Surry decay power was based on information
for Unit 2 cycles 16 through 18 [52][53][54]. The core decay heat and fission product
inventories were calculated using results from a SCALE/ORIGEN decay heat of the Surry

core [55]. In the SCALE/ORIGEN analysis, the plant specific data from the recent cycles was
extrapolated slightly to a burnup of 59 GWd/t for the lead assembly. The resultant HBU decay
heat and fission product decay heat were slightly conservative relative to best-estimate values
and significantly larger than low burnup values [51]. 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 4-3.

"2 The reactor coolant pump seal leakage in the station blackout sequences created a depressurization mechanism
that reduced the requirement for relief valve flow. The ISLOCA depressurized due to the break and did not
require primary system or secondary system relief, except in a controlled manner for the cooldown. The SGTR
sequence did include considerable primary and secondary system cycling. An additional failure mechanism due
to damage following solid liquid flow was examined as a sensitivity calculation. None of the PWR sequences
resulted in any challenges to the high temperature, severe accident failure criteria (i.e., 10 cycles at >1000 K).
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Table 4-3 Decay Power in Surry MELCOR Model

Time Decay Power (MW)
0.0 sec 179.3
1.0 sec 165.8
3.0 sec 151.3
7.0 sec 136.5
13.0 sec 125.0
27.0 sec 111.7
54.0 sec 99.5
1.8 min 87.4
3.7 min 76.8
7.4 min 67.4
14.8 min 57.9

29.8 min 478
60.0 min 38.3

2.0 hr 30.9
12.0 hr 19.5
24.0 hr 16.1
48.0 hr 13.0

4.4 Natural Circulation Modeling

Three natural circulation flow patterns can be expected during a severe accident; (1) in-vessel
circulation, (2) countercurrent hot leg flow, and (3) loop natural circulation (see Figure 4-6 [5]).
Natural circulation is important in severe accident sequences because circulating steam from the
core to upper reactor internals, the hot leg, and the SGs; (1) transfers heat away from the core,
(2) changes the core melt progression, and (3) changes in-vessel fission product distribution.
More importantly, the resultant heating of the external piping could progress to a thermal stress
(i.e., creep rupture) failure of the primary pressure boundary and a resulting depressurization
prior to lower head failure. For example, a high-pressure station blackout accident is not
expected to result in full loop natural circulation flow (i.e., natural circulation pattern 3 shown on
the left-hand side of Figure 4-6) at the start of the core degradation phase of the accident because
the loop seal is not cleared. Consequently, the prediction of the first two natural circulation flow
patterns is most critical [5]. The first two natural circulation flow patterns have been studied
experimentally in the 1/ 7™ scale natural circulation test program by Westinghouse Corporation
for the Electric Power Research Institute (EPRI) [14] [15], computationally using the FLUENT
computational fluid dynamics computer program [6] [7], and with plant application analyses
using SCDAP/RELAPS [9]. Subsequently, MELCOR was used to model the 1/7"-scale natural
circulation tests [18]. The reader is referred to References [5] through [7] for detailed
discussions of natural circulation behavior.

More recently, NRC has continued improving natural circulation modeling as part of the steam
generator tube integrity program [16] [17]. The natural circulation modeling techniques used in
MELCOR plant models were based on work performed as part of the code assessment of the
1/7" scale tests [18], which closely followed the previous work performed by Bayless [5]. The
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natural circulation MELCOR modeling approach in the Surry model was updated for the
SOARCA project to incorporate some of the recent modeling advances used by Fletcher with the
SCDAP/RELAPS severe accident analysis code [16].

The key features of the updated MELCOR natural circulation models are the following:

e 5radial rings in the vessel and upper plenum for natural circulation
o Separate axial and radial flow paths throughout the core and upper plenum
o Radial and axial blockage models in the core during degradation

¢ Modeling important modes of heat transfer in the internal vessel,

o Convective heat transfer
Gas-structure radiation in the upper plenum
Structure to structure thermal radiation within the core
Variable Zircaloy emissivity as a function oxide layer thickness
Variable steel emissivities in the core as a function temperature

0 O O O

e Hot leg counter-current natural circulation tuned to a Froude Number correlation using
results from a NRC FLUENT CFD analysis [6] [7],

5 12
Q=C, [g(Ap/p)D ]

where: g is the acceleration due to gravity.
Q is the volumetric flow rate in a horizontal duct
p is the average fluid density (p)
Ap is the density difference between the two fluids
Cp is the hot leg discharge coefficient
D is the pipe hydraulic diameter

o Hot leg split into upper and lower halves
o Cp from FLUENT =0.12

e Steam generator mixing fractions based on FLUENT CFD analysis [6] [7]

o Inlet plenum subdivided into 3 regions for hot, mixed, and cold regions from plume
analyses

o Flow ratio from the inlet SG plenum into the hot SG tubes is 15% from the hot,
unmixed plume and 85% from the mixed region

o Flow ratio into the lower (and cooler) portion of the hot leg piping from the inlet SG
plenum is 15% from the cold SG tubes and 85% from the mixed region

o The SG is nodalized to have 50% of the SG tubes in upflow and 50% in downflow '

e Modeling important modes of heat transfer in the hot leg and steam generator

" Boyd, et al., and Fletcher and Beaton [7][16] used a 41%/59% flow split of hot tubes to cold tubes in the steam
generator for natural circulation conditions. For simplicity, in non-natural circulation conditions, a 50/50 split
was used in the MELCOR model.
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o Convective heat transfer

e Augmented in hot leg based on FLUENT turbulence evaluations
o Gas to structure radiative exchange in the hot leg and steam generator tubes
o Heat loss through the piping and insulation

e Steam generator tube to hot leg flow ratio tuned to results from the FLUENT CFD
analysis [6] [7]
o The ratio of the upward SG flow rate in the tubes to the horizontal flow rate from the
reactor vessel into the hot leg piping was set to a value of 2 as in the FLUENT CFD
analysis

e The pressurizer and steam generator PORV and safety valves were modeled individually
to accurately represent the flow disruption to the natural circulation flow when individual
valves opened

e Creep rupture modeling
o Hot leg nozzle carbon safe zone
o Hot leg piping
o Surge line
o Steam generator inlet tubes

The complexities of time-varying buoyant flows are impossible to resolve using MELCOR.
Consequently, special flow paths are introduced to simulate natural circulation conditions
measured in experiments and calculated using computational fluid dynamics codes. The red
flow paths in Figure 4-4 and Figure 4-5 show the special flow paths in the hot legs and steam
generators. As indicated in the legend, special flow paths are activated during natural circulation
conditions to achieve the desired flow patterns. In particular, valves and additional head/drag
terms are applied to match the desired phenomena. During natural circulation conditions

(i.e., single-phase gas flow into the hot leg and steam generator), the red flow paths are activated.
The result is a counter-current circulation flow pattern in the hot leg that matches the Froude
Number correlation, a counter-current tube flow rate that is twice the hot leg flow, and 85% to
15% flow mixing between the mixture and hot and cold streams entering and leaving the steam
generator inlet plenum. However, if conditions change that would preclude the natural
circulation flow pattern (e.g., flooding by the accumulators or an injection system, a creep
rupture piping failure, operation of multiple relief valves, etc.), the control logic reactivates
MELCOR’s normal two-phase thermal-hydraulic model with the base nodalization (i.e., the
‘black’ flow paths in Figure 4-4 and Figure 4-5).
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Figure 4-6  Natural Circulation Flow Patterns in a PWR

4.5 Core Degradation Modeling

The core support plate of the Surry reactor is column supported with the assemblies loading the
plate between the columns. The lower core support structures are modeled using the plate and
column structures. The core support plate is modeled as a grid supported support structure. The
core support plate failure can fail due to stress, failure of the supporting columns, or can fail over
time by creep at stresses below the yield stress, which is represented using a Larson-Miller
creep-rupture model. Similarly, the support columns can fail by yielding and the failure of
columns by buckling. The lower support plate is modeled as an edge supported plate, which can
fail due to stress or can fail over time by creep at stresses below the yield stress. Non-supporting
structures are used to represent the control rod tubes within the core in axial levels six through
fifteen. These structures fail locally based on the thickness of the steel in the component.

The core melt progression modeling options have been set to be consistent with current

best-practices guidelines, which are generally default models (i.e., see reference [10]). The fuel
rod cladding ruptures at relatively low temperature (i.e., modeled at 800°C in MELCOR) and
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releases fission gases from the fuel-cladding gap. As the fuel temperature increases, an oxide
shell forms on the outer surface of the fuel cladding. Since the oxide shell has a higher melting
temperature than the unoxidized Zircaloy inside of the fuel rod, the Zircaloy on the interior of the
cladding will become molten once the temperature rises above the melting temperature (see
Figure 4-7). Based on observations from Phebus tests, MELCOR includes a molten Zircaloy
breakout model as the oxidized Zircaloy loses structural integrity. The molten Zircaloy flows
through cracks in the cladding and relocates downward, which leaves a thin Zircaloy oxide shell
holding the fuel pellets. Following the relocation of the molten Zircaloy, the local power due to
Zircaloy oxidation ceases. The subsequent local thermal response is governed by decay heat and
any relocation of molten material from above. The calculated failure rod collapse mechanisms
include (a) failure collapse due to melting the oxidized shell or (b) failure collapse of the
supporting structure, and (c), a time-at-temperature model that calculates the failure collapse of
the oxidized Zircaloy shell holding the fuel rods. The time-at-temperature model acknowledges
a thermal-mechanical weakening of the oxide shell as a function of temperature. As the
temperature rises above Zircaloy melting temperature (i.e., represented as 2098 K in MELCOR)
towards 2500 K, a thermal lifetime function linearly accrues increasing damage from 10 hours to
1 hour until a predicted local thermal-mechanical failure, respectively (see Table 4-4).

Table 4-4 Time versus Temperature Relationship for Fuel Rod Collapse

Temperature | Time to Failure
2000 K Infinite
2090 K 10 days
2100 K 10 hr
2500 K 1 hr
2600 K 5 min
2700 K 30 sec

4-19



fission
product
aerosol \_‘

‘ ZrO, oxide
Shell

Oxidizing Zr
Metal held under
Oxide shell

Release of
Molten Zr (2400K)

Figure 4-7  Depiction of the Fuel Rod Degradation

4.6 Containment

The containment is divided into a total of nine control volumes and seventeen flow paths.
Figure 4-8 and Figure 4-9 show the hydrodynamic nodalization of the containment. The control
volumes represent the basement, the cavity under the reactor, the three separate steam generator
cubicles, the pressurizer cubicle, the pressurizer relief tank (PRT) cubicle, the lower dome, and
the upper dome. The basement region includes the bottom part of the containment as well as the
surrounding cavity that lies between the outer wall and internal crane wall.

The walls, floors, ceilings, and equipment in the containment are modeled as heat conducting
structures. The structures will absorb and release heat during the course of an accident
simulation. Fission products can deposit on any structure, however, gravitational settling only
occurs on horizontal structures. The major walls include the outer walls of the containment that
are shared with the environment (1.37 m thick), the wall separating the reactor cavity and
basement (1.37 m thick), the wall separating the pressurizer cubicle and the outer cavity (0.61 m
thick), and the PRT cubicle floor (0.3 m thick). Additional major walls include the outer wall
separating the upper dome from the environment (1.37 m thick) and the wall separating the lower
dome from the upper dome (0.76 m thick). Figure 4-8 shows these two wall sections have

different thickness. The containment dome has a hemispherical geometry and is approximately
0.762 m thick.
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The reactor cavity is represented using special physics models for core concrete interactions
(CCI). The concrete floor is a combination of limestone aggregate and common sand concrete
and has a 0.135 mass fraction of iron rebar. This concrete has an ablation temperature of 1650 K
and an initial temperature of 311 K. The reactor cavity is represented with a flat-bottom
cylindrical cavity that has an inner radius of 4.28 m and an outer radius of 5.58 m. The thickness
of the concrete below the bottom of the cavity is 3.04 m.

The reactor cavity connects to the basement through a 12” diameter hole bored through the
shield wall at elevation -25’-0” (centerline).'* The centerline of this hole is located 2°-7” above
the containment floor. Water in the basement or the cavity will flow through this hole when it is
greater than 2°-7” deep. This has significance in the long-term boil-off of water when debris is
located in the reactor cavity.

4 The containment model is based on Unit 1. Note: Unit 2 does not have this hole.
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4.7 Containment Leakage Model

Extensive research and scale model testing of reinforced and pre-stressed concrete containments
to determine behavior at beyond design basis accident pressure has been performed in the last
25 years at SNL [36] and the Central Electricity Generating Board (CEGB) [37]. Testing has
shown that concrete containments start to leak at leak rates much higher than design leakage and
well before a large rupture or gross failure would occur. This leakage could preclude the large
rupture or failure. The relationship between containment leakage and internal pressures for
reinforced concrete and pre-stressed concrete containment model tests is described in References
4 and 5. The details of the containment performance model developed by the NRC staff for use
in this analysis are described in detail in Appendix A. The concrete containments start to leak
appreciably once the liner plate yields and tears. The rate of leakage when the liner plate yields
and tears is about 10 times more than normal leakage of 0.10 percent of containment air mass
per day at the containment design pressure. The leakage rate increases appreciably with further
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increases in test pressure. Once the rebar yields, the leakage rate is about 10-15 percent per day.
Thereafter, the leakage rate continues to increase and reaches to about 60-65 percent per day
when the strain in the rebar is about 1-2 percent. The containment pressure does not increase
significantly after the leakage rate exceeds 60-65 percent per day. The liner welds and concrete
crack after the rebar and liner plate yields to create a path for leakage. The leakage occurs in
areas such as equipment hatch, personnel airlocks, and penetrations where local strains are
substantially higher than the global strains. All leakage was assumed to occur through the
equipment hatch (i.e., the largest penetration into the containment), which conservatively
releases all fission products to the environment. Leakage through most of the other penetrations
would allow some fission product deposition in the connected buildings (e.g., the auxiliary and
safeguards buildings).

The results in [38] and [39] are for scale model tests of two concrete containments. Rebar and
concrete crack spacing, and aggregate size can affect the leakage rates in full size containments.
However, based on the results of testing and analyses presented above, it is reasonable to
conclude that all concrete containments start to leak once the rebar and liner plate yield. In
addition, leakage becomes excessive once the strains in the reinforced and pre-stressed concrete
containments reach about 2 and 1 percent, respectively. Based on information from the
containment model test and analyses, it is reasonable to assume that containment leakage is
about one percent of the containment mass per day when the liner plate yields. This increases to
13 percent of containment mass per day when rebar yield. Similarly, a leakage rate of 62 percent
can be used in severe accident analysis when the containment global strains are 1-2 percent. The
uncertainty in the leakage rate can be accounted for by conservatively reducing the yield and
failure pressure calculated by simplified analysis to 85 percent of the calculated value.

The location of the leakage can have a significant effect on the results of the severe accident
analysis and dose rates. For instance, if the containment leakage occurs through penetrations that
are located inside adjoining plant buildings, the fission product release into atmosphere would be
significantly less as compared to direct leakage to the environment. Previously, some of the
severe accident analyses were based on the assumption that the leakage takes place at the top of
the containment dome. A more realistic approach is to consider leakage to occur at the
equipment hatch, which was done in SOARCA. Leakage through the equipment hatch
discharges into the environment from the side of the containment dome.

The implementation into the Surry MELCOR model uses two containment failure mechanisms.

1. Nominal leakage per design specifications - 0.1% volume/day at Ppesign, see Figure 4-10.
2. Containment overpressure leakage as described above - see Figure 4-11.

The nominal leakage is always active but very small. The containment overpressure failure
occurs at 2.17 times the design pressure, or 0.775 MPa (112.4 psia). This estimate of 2.17 times
the design pressure is derived from a curve fit of the three data points shown in Figure 4-11. The
leakage starts very small but grows as the pressure increases. If the containment pressure
subsequently decreases, the leakage area will not decrease from the maximum value.
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4.8 Auxiliary Building

A total of 9 control volumes and 17 flow paths represent the Auxiliary Building (see

Figure 4-12). The auxiliary building is modeled on a floor-by-floor basis beginning with the
basement floor and rising up through the main floors up to the fourth floor. The first floor, at a
2°0” elevation, is broken up into four control volumes. The first floor is subdivided to represent
major rooms at that elevation. The HHSI pumps and motors are located at this elevation.

The second floor, at 13’ elevation, is divided into 3 control volumes. A large room in the middle
of the second floor contains boric acid transfer pumps as well as part of the boric acid tanks. The
other two rooms contain the cable vault, electrical tunnel, and electrical vault. The middle room
is connected to the side rooms by doorways. This floor also connects with the first floor by
three separate stairwells. The third floor, at a 27°-6” elevation, is represented by a single control
volume. The third floor contains the volume control tanks and part of the boric acid tanks. The
third floor connects with the second floor by the stairwell located next to the elevator. The
fourth floor, at a 45°-10” elevation is also represented by a single control volume. The fourth
floor is where the personnel hatches are located along with the heating and ventilation
equipment. There are many potential leakage locations to the environment on the fourth floor
through ventilation ducting and the blowout panels. The leakage is represented as a 0.65 m”

(7 ft*) flow path to the environment.

Representations have been included in the Surry MELCOR model of the Safeguards Area,
Contaiment Spray Pump Area, and Main Steam Valve House, as described in Section 4.10.
Details of the Safeguards ventilation system and low head safety injection piping are described in
Sections 4.11 and 4.12, respectively. Other buildings that are directly connected or could be
involved as a fission product pathway (i.e., the turbine building) were not represented because
they were not relevant fission product pathways for the sequences analyzed.
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4.9 Best Modeling Practices

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.

The MELCOR 1.8.6 computer code [10] 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
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sponsored by the NRC on August 21 and 22, 2006 in Albuquerque, New Mexico. A summary of
this approach is described in Section 4.9.1. These phenomena are singled out because they are
important contributors to calculated results and have uncertainty. Section 4.9.2 briefly describes
the two other topics, steam explosions, and direct containment heating that had been previously
included in lists of 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.

4.9.1 Approach to Modeling Important Phenomena

A review of severe accident progression modeling for the SOARCA project was conducted at a
public meeting in Albuquerque, New Mexico on August 21-22, 2006 [11]. 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 Department of Energy national laboratory complex, and a company working on behalf of
German Ministries. The review was coordinated by Sandia National Laboratories and Nuclear
Regulatory Commission staff.

The following important uncertain modeling practices were presented to the peer review panel.
The review 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 Safety relief valve cycling and failure
Mean opening and reclosing failure probabilities for the pressurizer and steam generator
power operated relief (PORV) and safety valves (SV) were applied in the calculations. A
high temperature thermal failure model was also applied. This is discussed in further
detail in Section 4.2.

e Pump seal leakage and blowout
The base case pump seal leakage model described in Section 4.1 was identified as the
base case modeling approach. In addition, early seal failure sensitivity calculations were
performed for the LTSBO.
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Loop seal clearing and effects on the accident progression

The most important impact from this event is an increased vulnerability of the steam
generator tubes for failure due to a full loop circulation of hot gases from the core during
core degradation. MELCOR has basic thermal-hydraulic modeling for calculating loop
seal clearing. However, it is recognized that loop seal clearing is related to other
complex and uncertain events, such sensitive system hydrodynamic pressure balances
during core degradation events and pump seal leakage. NRC has a separate research
program examining thermally-induced steam generator tube failure. Due to the potential
importance of steam generator tube failure (i.e., the most important consequence of loop
seal clearing), calculations were performed that included steam generator tube failure.

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 failure model acknowledges a
thermal-mechanical weakening of the oxide shell as a function of time and temperature.
As the local cladding oxide temperature increases 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 failure of the oxide shell.

Lower plenum debris/coolant heat transfer

Following the fuel-debris slump into the lower plenum, there may be fuel-coolant
Interactions and multi-dimensional cooling of the resultant debris bed. The lower plenum
heat transfer settings were updated to disable the 0-dimensional Lipinski counter-current
flow limiting (CCFL) [10]. The 0-dimensional CCFL model prevented multi-
dimensional heat transfer in the lower plenum. The resultant behavior resulted in multi-
dimensional film and nucleate boiling debris heat transfer if there was a pool in the lower
plenum. The debris interaction with water somewhat cooled the debris and delayed
failure of the lower head.

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.

Fission product release, speciation, and volatility
First, the CORSOR-Booth diffusion model was used to calculate the release of
radionuclides from fuel.

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
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calculations are described in SAND2010-1633, “Synthesis of VERCORS and Phebus
Data in Severe Accident Codes and Applications.”

e RCS natural circulation treatment
The base case RCS natural circulation models described in Section 4.4 were identified as
the base case modeling approach.

e 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 the solid debris in the lower plenum
is in contact with water, if present. Previously, a restrictive one-dimensional
counter-current flooding limitation criterion prevented penetration of water into the
debris bed. Second, the vessel lower head fails using a creep rupture model. A
Larson-Miller failure criterion is calculated based on the one-dimensional conduction and
stress profile through the lower head. The failure of a lower head penetration prior to
gross head failure was judged unlikely based on observations from experimental studies
at Sandia National Laboratories lower head failure (LHF) tests.

e Ex-vessel phenomena - CCI
The default model’s ex-vessel debris surface heat flux to an overlying pool of water was
enhanced to replicate the magnitude observed in the MACE tests. The default model did
not include multi-dimensional effects of fissures, other surface non-uniformities, and side
heat fluxes.

e Ex-vessel phenomena - Hydrogen combustion
The default MELCOR ex-vessel combustion model was used with the modeling options
to include horizontal and vertical propagation of burns and the time delay for the flame
front to span the width of the control volume.

4.9.2 Early Containment Failure Phenomena

Two phenomenological issues not included in the best-estimate approach used in SOARCA
include: (1) alpha-mode containment failure and (2) direct containment heating leading to
containment failure. These severe phenomena leading to an early failure of the containment
were included in some of the first studies to quantify the risks from nuclear reactors. However,
they are not included in the SOARCA analyses because they are either extremely low likelihood
or are physically unfeasible as described below.

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 experts ultimately concluded in a position paper published by the
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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.

Similarly, direct containment heating (DCH) was another important event identified to cause
early containment failure. NUREG-1150 [2] was an important risk study that included DCH as
an early containment failure phenomenon. Extensive research was performed with the goal of
characterizing DCH. Additionally, research was performed concerning other phenomena that
can preclude an early, energetic failure of the containment (e.g., natural circulation leading to
creep rupture of the RCS boundary, see Section 4.4). First, the extensive natural circulation
research shows that RCS failure prior to vessel failure due to RCS creep rupture is most likely.
In the unlikely event there is a high-pressure vessel failure (i.e., not within SOARCA’s
objectives for best-estimate evaluations), the resolution of the DCH issue found early
containment failure to be very unlikely [22]. The issue resolution utilized a probabilistic
framework that decomposes the DCH problem into three probability density functions that
reflect the most uncertain initial conditions (i.e., UO; mass, zirconium oxidation fraction, and
steel mass). Uncertainties in the initial conditions are significant, but the quantification approach
established reasonable bounds that are not unnecessarily conservative. The phenomenological
models in the probabilistic model were compared with an extensive database including recent
integral simulations at two different physical scales (1:10-scale in the Surtsey facility at Sandia
National Laboratories and 1:40-scale in the COREXIT facility at Argonne National Laboratory).
The loads predicted by these models were significantly lower than those from previous
parametric calculations. The containment load distributions do not intersect the containment
strength (fragility) curve in any significant way, resulting in containment failure probabilities
less than 10~ for all scenarios considered. Sensitivity analyses did not show any areas of large
sensitivity. Consequently, DCH is not a likely accident progression event and therefore not
within SOARCA'’s best-estimate approach guidelines.

4.10 Safeguards Area, Containment Spray Pump Area, and Main Steam Valve House

Specifically for importance in the ISLOCA accident scenario, representations have been included
in the Surry MELCOR model of the Safeguards Area, Containment Spray Pump Area, and Main
Steam Valve House. These interconnected buildings, referred to collectively in this document as
Safeguards or Safeguards buildings, are located outside and adjacent to each unit’s reactor
containment building. In the ISLOCA scenario postulated for Surry, the RCS blows down into
the Safeguards Area and fission products are released to the environment through the Safeguards
buildings.

Figure 4-13 illustrates the MELCOR nodalization constructed to represent the Safeguards
buildings. The Safeguards Area and Containment Spray Pump Area are served by a safety-
related filtered ventilation system. This system is represented in the MELCOR modeling of
Safeguards. The nodalization employed for it is shown in Figure 4-14.

Access to the Safeguards Area is from the yard at approximately grade elevation. The building

houses two of its reactor unit’s four containment recirculation spray pumps and both of its unit’s
low-head safety injection pumps. The building has three levels. Ladders lead down from grade
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elevation to the spray pumps and safety injection pumps, each pump residing in a separate
cubicle.

Adjacent to the Safeguards Area is the Containment Spray Pump Area. A unit’s two
containment spray pumps are located in its Containment Spray Pump Area. A unit’s instrument
air compressors are located in the basement of its Containment Spray Pump Area.

Adjacent to the Containment Spray Pump Area is the Main Steam Valve House. A unit’s two
electric-motor-driven auxiliary feedwater pumps and one steam-turbine-driven auxiliary
feedwater pump are located in its Main Steam Valve House. Grating floors above the auxiliary
feedwater pumps provides access to the main steam safety valves, steam generator power
operated relief valves, and main steam trip valves.

A basement area common between the Containment Spray Pump Area and the Main Steam
Valve House contains the auxiliary feedwater booster pumps and service water piping.

A noteworthy aspect of the construction of the Safeguards buildings is that these buildings do not
have an integral back wall. The buildings back up to Containment and the Containment cylinder
serves as a back wall to the buildings. Where the walls and roofs of the Safeguards buildings
approach the Containment cylinder, there are 3 gaps (shaker spaces) covered with flashing or
angle iron.
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Figure 4-13 Safeguards Buildings MELCOR Nodalization
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Figure 4-14 Safeguards Buildings Ventilation MELCOR Nodalization
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4.10.1 Building Interconnectivity

A detailed accounting of the interconnectivity between the Safeguards buildings is presented in
Appendix D. Key penetrations, doorways, etc., and their influences are described below.

Pipe penetration between Safeguards Area and Containment Spray Pump Area:

There is a rectangular opening in the wall between the Safeguards Area and the Containment
Spray Pump Area that would limit the depth of the pool that could develop on the Safeguards
Area floor given an ISLOCA. The depth of the pool would be important because the ISLOCA
pipe break could potentially be submerged such that fission products emanating from the break
could be captured (i.e., scrubbed) by the pool. A pool in the Safeguards Area would overflow to
the Containment Spray Pump Area through the subject opening. The opening is 21” tall and 5°
long. The base of the opening is 4°-9” off the Safeguards Area floor. The opening looks to be
~50% full of piping. It is represented by Flow Path 625.

The flooding in the Safeguards Area would submerge the non-submersible motor of isolation
valve MOV 1890C making the ISLOCA unisolable. The flooding would not be sufficiently high
to wet the LHSI pump motors. As the LHSI pumps are largely sheltered from the most likely
pipe break and as the electrical wiring to their motors drops down from above, the LHSI pumps
are judged unsusceptible to flooding from an ISLOCA.

Water level in the building would remain at the 4’-9” mark until water (liquid) stopped spilling
from the break. From then on, the level would s