INL/EXT-20-59906

S 5 ey 3

F i l W.FW'

A

1

+

September 2020

U.S. Department of Energy

Office of Nuclear Energy



DISCLAIMER

This information was prepared as an account of work sponsored by
an agency of the U.S. Government. Neither the U.S. Government nor
any agency thereof, nor any of their employees, makes any warranty,
expressed or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness, of any information,
apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. References herein to any specific
commercial product, process, or service by trade name, trade mark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the U.S. Government or
any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the U.S. Government or any
agency thereof.




INL/EXT-20-59906

Risk-Informed ATF and FLEX Analysis for an
Enhanced Resilient BWR Under Design-Basis and
Beyond-Design-Basis Accidents

Zhegang Ma
Sai Zhang
Hongbin Zhang
Jooyoung Park
Jianguo Yu
Cole Blakely
Thomas Ulrich
Ronald Boring

September 2020

Prepared for the
U.S. Department of Energy
Office of Nuclear Energy



v



EXECUTIVE SUMMARY

This report documents the activities performed by the Idaho National Laboratory (INL) during fiscal
year (FY) 2020 for the U.S. Department of Energy (DOE) Light Water Reactor Sustainability (LWRS)
Program, Risk-Informed Systems Analysis (RISA) Pathway, Enhanced Resilient Plant (ERP) Systems
research. The purpose of the RISA Pathway research and development is to support plant owner-operator
decisions with the aim to improve the economics, reliability, and maintain the high levels of safety of
current nuclear power plants over periods of extended plant operations. The concept of ERP refers to the
combinations of accident-tolerant fuel (ATF), optimal use of diverse and flexible coping strategy (FLEX),
enhancements to plant components and systems, and the incorporation of augmented or new passive
cooling systems, as well as improved fuel cycle efficiency. The objective of the ERP research effort is to
use the RISA methods and toolkit in industry applications, including methods development and early
demonstration of technologies, in order to enhance existing reactors’ safety features (both active and
passive) and to substantially reduce operating costs through risk-informed approaches to plant design
modifications to the plant and their characterization.

One main focus of the FY 2020 efforts documented in this report was to extend the analyses
conducted in FYs 2018 and 2019 for a pressurized water reactor (PWR) to a boiling water reactor (BWR).
The same analysis process, risk analysis approaches, and analysis tools as in the previous work for PWR
were used for a generic BWR with near-term ATF cladding (i.e., Iron-Chromium-Aluminum [FeCrAl]
cladding and Chromium [Cr]-coated cladding) designs under the postulated station blackout (SBO) and
medium loss-of-coolant (MLOCA) accident scenarios. In addition, a FLEX model was developed and
incorporated into a generic BWR probabilistic risk assessment (PRA) model using the INL-developed
software tool, Systems Analysis Programs for Hands-on Integrated Reliability Evaluations (SAPHIRE),
to assess the risk impact from FLEX. The other main focus of the FY 2020 efforts was to advance
analysis methods, including developing dynamic approach for FLEX human reliability analysis (HRA)
using the INL-developed software tool, Event Modeling Risk Assessment using Linked Diagrams
(EMRALD), as well as developing a multicriterion benefit evaluation (MCBE) method for evaluating
costs and benefits of safety enhancements in nuclear power plants (NPPs). As a case study, the MCBE
method was applied to evaluate the costs and benefits brought by FLEX implementation.

In the BWR ATF SBO analysis, nine SBO scenarios were developed and analyzed using Reactor
Excursion and Leak Analysis Program 5-3D (RELAP5-3D) for thermal hydraulic analysis with traditional
fuel design and near-term ATF designs. Due to the spectral shift operations of BWRs, the axial power
shapes tend to be bottom peaked near the beginning-of-the-cycle (BOC), cosine shaped in the middle-of-
the-cycle (MOC), and top-peaked in the end of the cycle (EOC). The RELAP5-3D simulations were
performed using bottom-peaked, cosine, and top-peaked power shapes to represent the operating state at
BOC, MOC, and EOC, respectively. The RELAP5-3D simulation results, including the time-to-core-
damage (CD) and the production of hydrogen for traditional fuel design (Zircaloy, or Zry) and two near-
term ATF designs (FeCrAl and Cr-coated), are presented in Tables ES-1 and ES-2 for BOC. The results
show that the gain of coping time, or the delay of time to CD due to the ATF designs, is less than 20
minutes for most SBO scenarios. At BOC, for FeCrAl, eight of the nine analyzed SBO scenarios have a
gain of coping time from 4 to 20 minutes. The other scenario has a gain of coping time of 50 minutes. For
Chromium-coated cladding, eight of the nine analyzed SBO scenarios have a gain of coping time from 1
to 15 minutes. The other scenario has a gain of coping time of 42 minutes. The coping time gains at MOC
and EOC are similar to, albeit a bit less, than those at BOC. The MOC and EOC results can be found in
the corresponding sections of the report.
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Table ES-1. Time-to-Core-Damage Comparison for SBO Scenarios with ATF Designs at BOC.

Time to CD tcp

Time to CD tcp

. ) o (hh:mm (hh:mm)
Scenario | Scenario Description C
r-
Zry coated At Zry FeCrAl | At
AC power
sBo-1 | NOSRV | RCIC | HPCInot fmot — ~ gso 901 |0.02|659 |7:19 | 020
stuck open | available | available | recovered in
4 hrs
AC power
SBO-1-1 | NOSRV | RCIC not | HPCL | not 1821 830 |0:09|821 |849 | 0:18
stuck open | available | available | recovered in
4 hrs
AC power
SBO-1-2 | One SRV | RCIC | HPCInot | not 731 738|007 731 |7:47 | o016
stuck open | available | available | recovered in
4 hrs
AC power
$BO-1-3 | One SRV | RCICnot | HPCL ~fmot 4039 | 10.59 | 015 | 10:37 | 10:53 | 0:16
stuck open | available | available | recovered in
4 hrs
AC power
sBo-2 | NO SRV ) RCIC not | HPCI not - not 14 |19 005|114 | 124 | 0:10
stuck open | available | available | recovered in
4 hrs
AC power
§BO-2-1 | On€ SRV | RCIC not | HPCI not | not 1102 | 1:07 005 | 1:02 | 111 | 0:09
stuck open | available | available | recovered in
4 hrs
AC power
sB0-3 | AllSRVs | RCICnot | HPCInot | mot 1431 |35 | 001|031 |035 |0:04
stuck open | available | available | recovered in
4 hrs
RCIC
No SRV | available | A€ POWer | pEp success | 10:20 | 10:21 | 0:01 | 10:20 | 10:33 | 0:13
SBO-4 recovered .
stuck open | HPCI not | . SPC failed
- in 4 hrs
available
RCIC
No SRV | available | ACPOWer | DEP failed | 11:56 | 12:38 | 0:42 | 11:56 | 12:46 | 0:50
SBO-4-1 recovered i
stuck open | HPCI not | - SPC failed
; in 4 hrs
available

* Acronyms include: SRV = safety relief valve, RCIC = reactor core isolation cooling, HPCI = high-
pressure core injection, AC = alternating current, DEP = depressurization, SPC = suppression pool
cooling.
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Table ES-2. Comparing H, Productions for SBO Scenarios with ATF Designs at BOC.

Total H, (kg) H> %
Scenario | Scenario Description _ -
P Zry Cr FeCrAl Cr FeCrAl
coated coated
AC power
No SRV
SBO-1 | stuck | RCIC [ HPCInot | not 13102 | 605 |055 |195 |18
available | available recovered in
open
4 hrs
AC power
No SRV
SBO-1-1 | stuck | RCIC not | HPCI not 13224 |623 |o65 [193 |20
available | available | recovered in
open
4 hrs
One AC power
sBo-12 | SRV | RCIC [ HPCInot | not 12635 | 1111 033|422 |13
stuck available | available recovered in
open 4 hrs
One AC power
sBo-1.3 | SRV | RCIC not | HPCI not 12620 | 519 |o041 |198 |16
stuck available | available recovered in
open 4 hrs
AC power
No SRV
SBO-2 | stuck | RCICmot | HPCInot | not 2408 411 |030 |171 |12
available | available | recovered in
open
4 hrs
One AC power
sBo-2-1 | SRV | RCIC not | HPCI not | not 4625 | 544|044 118 |10
stuck available | available recovered in
open 4 hrs
All AC power
sBo-3 | SRVs | RCIC not | HPCInot | not 11030 | 112 007 |109 |07
stuck available | available | recovered in
open 4 hrs
RCIC
No SRV available AC power DEP success
SBO-4 stuck recovered fail 13.07 | 1.91 0.13 14.6 1.0
open HPCI not | i 4 hrs SPC failed
available
RCIC
No SRV | vailable | AC POWET | BEP failed
SBO-4-1 | stuck recovered failed 34.05 | 7.25 1.10 21.3 32
open HPCI not in 4 hrs SPC faile
available

With only a marginal increase of the time-to-core-damage with the FeCrAl and Cr-coated designs, the
risk-benefit on behalf of the core damage frequency (CDF) as the risk metrics would be very small for the
generic BWR. A simplified approach using a multiplication factor developed in previous ERP work was
adopted in this report to estimate the risk impact of the ATF design with the small increase of the coping
time. The BWR SBO SAPHIRE model was quantified using the coping time gains at BOC, MOC, EOC,




respectively. The SAPHIRE model quantification results, as presented in Tables ES-3 and ES-4 for BOC,
show that the marginal coping time increase would lead to about 5% and 3% weather-related loss-of-
offsite-power (LOOP) CDF reductions for the FeCrAl and Cr-coated designs at BOC, respectively. These
CDF reductions are relatively small; however, this should not be misinterpreted as no benefits from the
ATF. In fact, RELAP5-3D simulation results showing a clear benefit in adopting ATFs with much less
hydrogen produced at the time of CD. It can be a few times lower for the Cr-coated cladding, and up to
two orders of magnitude lower for FeCrAl cladding than with Zircaloy cladding cases. The CDF
reductions at MOC and EOC are similar to, albeit slightly less than those at BOC. The MOC and EOC

results can be found in the corresponding sections of the report.

Table ES-3. Weather-related SBO CDF Estimation for FeCrAl at BOC.

Time to CD tgp (hhimm) | Power CDFy, | Fg | CDF' | ACDF | ACDF%

Zr FeCrAl | At Recovery
SBO-1 6:59 7:19 0:20 4hrs No 2.77E-07 | 0.95 2.64E-07 | -1.27E-08 | -5%
SBO-1.1 | 8:21 8:49 0:28 4hrs No 4.10E-08 | 0.94 3.84E-08 | -2.59E-09 | -6%
SBO-1.2 | 7:31 7:47 0:16 4hrs No 2.65E-08 | 0.96 2.55E-08 | -9.81E-10 | -4%
SBO-1.3 | 10:37 | 10:53 0:16 4hrs No 3.80E-09 | 0.96 3.66E-09 | -1.40E-10 | -4%
SBO-2 1:14 1:24 0:10 0.5hrs Yes | 1.68E-12 | 0.96 2.09E-12 | 4.15E-13 25%
SBO-2 1:14 1:24 0:10 0.5hrs No 1.27E-08 | 0.95 1.20E-08 | -6.62E-10 | -5%
SBO-2.1 | 1:02 1:11 0:09 - 3.44E-09 | -- 3.44E-09 | 0.00E+00 | 0%
SBO-3 0:31 0:35 0:04 -- 2.85E-09 | -- 2.85E-09 | 0.00E+00 | 0%
SBO-4 10:20 | 10:33 0:13 4hrs Yes 2.22E-11 | 0.98 2.27E-11 | 5.00E-13 2%
SBO-4.1 | 11:56 | 12:46 0:50 4hrs Yes 3.15E-12 | 0.93 340E-12 | 2.55E-13 8%
Total 3.67E-07 3.50E-07 | -1.71E-08 | -5%

Table ES-4. Weather-related SBO CDF Estimation for Cr-coated at BOC

Time to €D tep (hhimm) | Power CDF, | Fs | CDF' | ACDF | ACDF%

Zr Cr-coated | At Recovery
SBO-1 6:59 | 7:11 0:12 | 4hrs No 2.77E-07 | 0.97 2.69E-07 | -7.75E-09 | -3%
SBO-1.1 | 8:21 | 8:30 0:09 | 4hrs No 4.10E-08 | 0.98 4.01E-08 | -8.66E-10 | -2%
SBO-1.2 | 7:31 7:38 0:07 | 4hrs No 2.65E-08 | 0.98 2.61E-08 | -437E-10 | -2%
SBO-1.3 | 10:37 | 10:52 0:15 | 4hrs No 3.80E-09 | 0.97 3.67E-09 | -1.32E-10 | -3%
SBO-2 1:14 | 1:19 0:05 | 0.5hrs Yes | 1.68E-12 | 0.98 1.89E-12 | 2.14E-13 13%
SBO-2 1:14 | 1:19 0:05 | 0.5hrs No 1.27E-08 | 0.97 1.23E-08 | -3.43E-10 | -3%
SBO-2.1 | 1:02 1:07 0:05 | -- 3.44E-09 | -- 3.44E-09 | 0.00E+00 | 0%
SBO-3 0:31 | 0:32 0:01 | -- 2.85E-09 | -- 2.85E-09 | 0.00E+00 | 0%
SBO-4 10:20 | 10:21 0:01 | 4hrs Yes 2.22E-11 | 1.00 2.22E-11 | 3.94E-14 0%
SBO-4.1 | 11:56 | 12:38 0:42 | 4hrs Yes 3.15E-12 | 0.94 3.36E-12 | 2.17E-13 7%
Total 3.67E-07 3.58E-07 | -9.52E-09 | -3%

Sensitivity analyses were performed for traditional fuel design and two near-term ATF designs under

two SBO scenarios to examine how the combination of ATF and certain advanced technologies or
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operations could postpone the time to CD and increase the coping time. Three sensitivity calculations
were conducted, including increased reactor core isolation cooling (RCIC) operation time, FLEX
equipment startup time, and RCIC blackstart operations. The results show an almost linear relationship
between the time to CD and the RCIC operation time, significant effects of the FLEX startup time on the
SBO mitigation, and considerable coping time gains provided by the combination of RCIC blackstart and
ATE.

In the BWR ATF MLOCA analysis, four MLOCA scenarios were developed and analyzed using
RELAPS5-3D for thermal hydraulic analysis with traditional fuel design and near-term ATF designs. The
RELAP5-3D simulations were also performed at BOC, MOC, and EOC. The RELAP5-3D simulation
results, as presented in Tables ES-5 and ES-6 for BOC, show that for Cr-coated cladding, the gain of
coping time, or the delay of time to CD, ranges from 2 minutes to 4 minutes for MLOCA-4, and less than
2 minutes for other MLOCA scenarios. For FeCrAl cladding, the gain on coping time ranges from 3
minutes to 11 minutes for the MLOCA scenarios. Although the relatively small increase of the time to
CD from the RELAPS5-3D simulation results would bring some margin of time for associated operator
actions, a change to the general MLOCA PRA model is not warranted. The ATF designs would bring risk
benefits to the plants even though the benefits are small and not quantified for MLOCA. Also, the
RELAP5-3D simulation results show the clear benefit in adopting ATFs with much less hydrogen
produced at the time of CD, which can be a few times lower for the Cr-coated cladding, and up to two
orders of magnitude lower for FeCrAl cladding than that with Zircaloy cladding cases.

Table ES-5. Time-to-Core-Damage Comparison for MLOCA Scenarios with ATF Designs at BOC.

Time-to-Core-Damage tcp (s)
Scenario Scenario Description 7 Cr- A 7 FeCrAl | A
vy coated t Yy et t
VSS, No HPCI, No
MLOCA- DEP, No LPI/VA 854 911 57 854 1127 273
VSS, No HPCI, DEP,
MLOCA-2
No LPI/VA 809 922 113 809 1111 302
No VSS, No HPCI, No
MLOCA-3 DEP, No LPI/VA 834 938 104 834 1139 305
MLOCA-4 | VSS, HPCI, No LPI/VA | 1914 | 2133 219 1914 2564 650

* Acronyms include: VSS = vapor suppression system, HPCI = high-pressure core injection, DEP =
depressurization, LPI = low pressure injection, VA = alternate low pressure injection.

Table ES-6. Comparing H2 Productions for MLOCA Scenarios with ATF Designs at BOC.

Total Ha (kg) H: %
S i S io D ipti - -
cenario cenario Description Zry Cr FeCrAl Cr FeCrAl
coated coated

VSS, No HPCI, No

MLOCA-1 hep N6 LPvA 219 1.9 0.2 8.6 11
VSS, No HPCI, DEP,

MLOCA-2 No LPI/VA 16.6 2.2 0.2 13.4 1.4
No VSS, No HPCI, No

MLOCA-3 DEP, No LPI'VA 17.8 2.0 0.2 11.1 1.3

MLOCA-4 | VSS, HPCI, No LPI/VA | 40.3 10.2 24 254 5.9
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In the FLEX PRA analysis, FLEX equipment, including portable diesel generators and reactor
pressure vessel makeup pumps, and associated human actions were modeled and incorporated into the
generic BWR SAPHIRE model. Table ES-7 shows that the total LOOP CDF with FLEX from the generic
model is 1.45E-6 per year, which is a 15% reduction when compared with the total LOOP CDF with no
FLEX (1.71E-6 per year). Note that these results represent the risk impact on a generic BWR plant. Plant-
specific analysis would have different results due to different structure, system, and component
configurations, different risk profiles, and different structure, system, and component (SSC) risk
contributions and significance. Plant-specific FLEX analyses should be conducted to evaluate specific
risk impacts from the planned or implemented FLEX equipment and strategies.

Table ES-7. FLEX BWR PRA Model Quantification Results.

LOOP ET Sgl;LEX chglf FLpx | ACDE ACDF%
LOOPGR | 497E-07 | 452E-07 | -444E-08 | -8.94%
LOOPPC | 7.36E-08 734B-08 | -2.00E-10 | -0.27%
LOOPSC | 5.79E-07 S41E-07 | -3.75E-08 | -6.48%
LOOPWR | 5.61E-07 3.86E-07 | -1.75E-07 | -31.19%
LOOP Total | 1.71E-06 145E-06 | -2.57B-07 | -15.03%

In the FLEX HRA analysis, dynamic simulation approaches were explored to account for contextual
and time uncertainties that have been missing in traditional HRA. Two FLEX HRA models with different
approaches were developed using EMRALD. One FLEX HRA model is mainly developed on the basis of
procedure contexts, while the other one depends on PRA/HRA modeling approaches. Benefits of
EMRALD HRA modeling versus traditional HRA include: (1) evaluating HRA uncertainty by inclusively
considering error probabilities, time-related factors, and equipment failures; (2) improving consideration
of the dynamic context between human actions with statistic time distributions; and (3) modeling operator
actions in a more nuanced and realistic manner. These first efforts were for proof of concept and still
require additional fidelity to accurately capture realistic conditions; however, the initial modeling effort
success was observed in demonstrating the feasibility of modeling FLEX-related human actions
dynamically using EMRALD.

In the MCBE analysis, a comprehensive costs and benefits evaluation scope was established using
multiple evaluation criteria (including public risk, occupational risk, plant revenue, and plant cost) and
multiple contexts (including plant normal operations, incidents, and accidents). The MCBE method also
reflects a decision maker’s preferences toward hazard likelihood and consequence into cost and benefit
estimations using cumulative prospect theory. The MCBE was applied to the FLEX implementation in a
generic PWR plant as a case study. Preliminary, proof-of-concept results were obtained, indicating that, if
FLEX were implemented at the reference plant for 20 years, the benefits of FLEX implementation are
expected to outweigh the costs. The results also suggested that although FLEX was originally designed to
cope with accidents, it would be beneficial to explore additional FLEX credit in plant operation and
maintenance-efficiency improvement.

In evaluating the potential for fuel-rod bursts using BISON, simulations were carried out for Zircaloy
and FeCrAl claddings under the SBO-2 scenario. The simulation results indicate that the evolution of the
full-length BWR fuel-rod behavior is mainly determined by the cladding or coolant temperature. The
results also strongly suggest that, although the clad melting temperature or peak cladding temperature
may be a direct indicators of fuel-rod failures, it is more realistic to use a cladding failure criterion due to
the cladding burst to determine the coping time. The simulated time to failure is about 5000 and 3900
seconds for FeCrAl and Zircaloy cladding, respectively. Thus, an increase of 1100 seconds in coping time
may be reached using FeCrAl cladding.
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RISK-INFORMED ATF AND FLEX ANALYSIS FOR AN ENHANCED
RESILIENT BWR UNDER DESIGN-BASIS AND BEYOND-DESIGN-
BASIS ACCIDENTS

1. INTRODUCTION

This report documents the activities performed by Idaho National Laboratory (INL) during fiscal year
(FY) 2020 for the U.S. Department of Energy (DOE) Light Water Reactor Sustainability (LWRS) Program, Risk-
Informed Systems Analysis (RISA) Pathway, Enhanced Resilient Plant (ERP) Systems research (Idaho National
Laboratory, 2018). The LWRS Program is a research and development (R&D) program that provides technical
foundations for the continued operation of the nation’s nuclear power plants (NPPs), develops methods to support
safe and economical long-term management and operation of existing NPPs, and investigates new technologies to
address enhanced nuclear power plant performance, economics, and safety. With the continuing economic
challenges faced by NPPs, the LWRS Program has redirected some of its R&D efforts to consider how to
leverage the results from other ongoing R&D activities to improve the economic performance of LWRs in current
and future energy markets. The RISA Pathway is one of the primary technical areas of R&D under the LWRS
Program. This pathway supports decision-making related to economics, reliability, and safety by providing
integrated plant system analysis and solutions through collaborative demonstrations to enhance economic
competitiveness of operating NPPs. The purpose of RISA Pathway R&D is to support plant owner-operator
decisions to improve economics and reliability, and to maintain the high levels of safety of current NPPs over
periods of extended plant operations. The goals of the RISA Pathway are:

e To demonstrate risk-assessment methods coupled to safety margin quantification that can be used by
decision-makers as a part of their margin recovery strategies

e To apply the “RISA toolkit” to enable more accurate representations of safety margins for the long-term
benefit of nuclear assets.

One of the research efforts under the RISA Pathway is the ERP system analysis, which supports the DOE and
industry initiatives including accident-tolerant fuel (ATF), diverse and flexible coping strategy (FLEX), and
passive cooling system designs, in order to improve the safety and economic performance of the current fleet of
NPPs. The ATF, combined with the optimal use of FLEX, the enhancements to plant components and systems,
the incorporation of augmented or new passive cooling systems, and the improved fuel cycle efficiency are called
ERP Systems. The objective of the ERP research effort is to use the RISA methods and toolkit in industry
applications, including methods development and early demonstration of technologies, in order to enhance
existing reactors’ safety features (both active and passive) and to substantially reduce operating costs through
risk-informed approaches.

One main focus area in FY 2020 for the ERP R&D efforts was to extend the analyses conducted in FYs 2018
and 2019 (Ma & al., 2018; Ma, et al., 2019a; Ma, et al., 2019b) for a pressurized water reactor (PWR) to a boiling
water reactor (BWR). The same analysis process, risk analysis approaches, and analysis tools as in the previous
work for PWR were used for a generic BWR with near-term ATF cladding (i.e., [ron-Chromium-Aluminum
[FeCrAl] cladding and Chromium [Cr]-coated cladding) designs under the postulated station blackout (SBO) and
medium loss-of-coolant (MLOCA) accident scenarios. In addition, a FLEX model was developed and
incorporated into a generic BWR probabilistic risk assessment (PRA) model using the INL-developed software
tool, Systems Analysis Programs for Hands-on Integrated Reliability Evaluations (SAPHIRE), to assess the risk
impact from FLEX for BWR. The other main focus area in FY 2020 was to advance analysis methods, including
developing a dynamic approach for FLEX human reliability analysis (HRA) with Event Modeling Risk
Assessment using Linked Diagrams (EMRALD) (Prescott, Smith, & Vang, 2018) and developing a multicriterion
benefit evaluation (MCBE) method for evaluating the costs and benefits of safety enhancements in NPPs. As a
case study, the MCBE method was applied to evaluate costs and benefits brought by FLEX implementation at a
generic PWR plant.



The remaining sections of the report are organized as below: Section 2 presents the analysis tools used in this
work. Section 3 provides a description for a generic BWR model used in this work. Section 4 provides risk-
informed analysis of SBO scenarios for near-term ATF designs. Section 0 provides risk-informed analysis of
MLOCA scenarios for near-term ATF designs. Section 6 provides a FLEX BWR PRA using updated failure
probability data and describes two dynamic approaches for FLEX HRA. Section 7 introduces the MCBE method
and presents a case study of FLEX implementation cost and benefit evaluation. Section 8 presents the fuel
performance analysis for the ATF designs with the BISON code. Section 9 provides a summary and the future
work planning for ERP.



2. RISK-INFORMED ANALYSIS TOOLS

This section provides summarized descriptions of the computational tools used in the report. Although most
of them were introduced in FYs 2018 and 2019 (Ma & al., 2018; Ma, et al., 2019a; Ma, et al., 2019b), the tools
are described here in order for this report to be independent and complete.

2.1 SAPHIRE

SAPHIRE is a probabilistic risk and reliability assessment software tool developed and maintained by INL for
the U.S. Nuclear Regulatory Commission (NRC) (Smith & Wood, 2011). SAPHIRE can be used to model NPP
response to both internal hazards (for example general transients, loss of offsite power [LOOP], loss of feedwater,
etc.) and external hazards (for example, seismic, fire, external flooding, high wind). SAPHIRE 8, the current
version, can be used to develop Level 1 PRA for core damage frequency (CDF) quantification, Level 2 PRA for
containment failure and release category frequency (including large early release frequency [LERF]) evaluation
for severe accidents in which core damage (CD) has occurred, and limited Level 3 PRA for release consequence
analysis. SAPHIRE 8 is a powerful PRA software that has both the basic PRA modeling capabilities such as
creating event trees (ETs) and fault trees (FTs), defining and assigning basic event failure data, linking and
solving ETs and FTs, documenting and reporting the results, and the advanced capabilities such as integrated
Level 1 and Level 2 PRA analysis, performing sensitivity and uncertainty analyses, and conducting specialized
analyses for the NRC’s Accident Sequence Precursor Program and Significance Determination Process (SDP).
Figure 2-1 shows the graphic user interface for SAPHIRE 8.
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Figure 2-1. SAPHIRE 8 Graphic User Interface.
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2.2 RELAPS5-3D

RELAP5-3D code (RELAP5-3D Code Development Team, 2018) is the INL-developed best-estimate system
thermal-hydraulic (TH) code of the RELAPS family. It is capable of performing transient simulations of light
water reactor systems during normal and accidental conditions (SBO, both large and small loss-of-coolant
accidents [LOCAs], anticipated transient without scram, loss of feedwater, main steam line break, etc.). RELAPS5-
3D has also been successfully used for modeling and simulations of the following systems: fusion reactors, space
reactors, gas and liquid metal reactors, and cardiovascular systems.

The code solves a non-homogeneous and non-equilibrium model (unequal velocities, unequal temperatures)
for the two-phase flow using a fast, partially implicit numerical scheme. RELAP5-3D differs from the other
RELAPS versions thanks to a multi-dimensional TH, a 3D neutron kinetic modeling capability, and an extensive
library of different fluids properties. The code development and validation is based on an extensive set of
experimental data and its applicability to best-estimate plus uncertainty technology (Schultz, 2015). In the ERP
activities, the code is applied for the calculations of SBO and MLOCA accident scenarios. Simulations are run
inside the code applicability range (i.e. until the code predicts the onset of the extensive fuel damage). The
applicability range of RELAP5-3D is shown in Figure 2-2.

Emergency "
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Emergency
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et e |
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Protection of Design Basis
Plant Equipment  External Events |

Figure 2-2. RELAP5-3D Role in LOOP and SBO Calculations.

References to the applicability of RELAPS codes in simulating the above scenarios can be found in the open
literature, for example (Prosek & Cizelj, 2013) and (Matev, 2006). For SBO and LOCA, the clad temperature
failure criteria reported in Table 2-1 were adopted. It should be noted that for ATF, there are still not available
fuel failure criteria. Therefore, for ATF it was decided to adopt the oxide shell failure temperatures as fuel failure
criterion (Robb, Howell, & Ott, 2017). For Zircaloy the established criterion for the emergency core cooling
system (ECCS) from 10 Code of Federal Regulations (CFR) Part 50.46 (U.S. Nuclear Regulatory Commission,
2017) is that peak clad temperature (PCT) should not exceed 1477 K. However, for the purpose of having
consistent comparisons, the fuel failure criterion for Zircaloy is also set as the oxide shell failure temperature.

Table 2-1. Failure Criteria for Different Fuel Clads.

Clad Type Failure Criteria

LOCA SBO
Zircaloy PCT>2100 K PCT>2100 K
ATF - FeCrAl PCT>1804 K PCT>1804 K
ATF — Cr-coated PCT>1804 K PCT>1804 K

Concerning ATF modeling and simulation, it should be noted that MELCOR (Gauntt, et al., 2005), MAAP
(EPRI, 2012), and TRACE (U.S. Nuclear Regulatory Commission, 2012) codes have been utilized previously to
estimate the performance of various candidate ATF designs including FeCrAl and Cr-coated cladding materials.
For instance, (Wu & Shirvan, 2019) used TRACE to analyze near-term ATF claddings under BWR short-term



and long-term SBO accidents. (Wang, Dailey, & Corradini, 2019) used MELCOR to evaluate the performance of
ATF and reactor core isolation cooling (RCIC). In order to perform an effective study of the ATF candidate with
the RELAP5-3D code for a BWR, additional code modifications to the oxidation model had to be implemented in
FY 2020. The following paragraphs provide a description of the new oxidation model.

The capability of modeling a thin coating layer to the outside of fuel cladding was added to RELAP5-3D in
this project. This coding change affects cylindrical heat structures for the fuel rods and rectangular heat structures
for the fuel channels. The coating layer in the ATF designs is meant to protect the fuel cladding from oxidizing
and degrading under high-temperature conditions. This oxidation reaction is of concern because it weakens the
Zirconium cladding and also releases additional heat, which can increase the temperature in the reactor. The
coating is designed to react instead of the cladding. A slow-reacting coating material should protect the cladding
in the reactor and lengthen the lifetime of the reactor.

Note that the change in outer fuel radius does not affect the flow geometry in the reactor core. The additional
thickness in the cladding does not contribute to the heat conduction through the cladding. This change will protect
the outer layer of the cladding from oxidation, the amount of heat generated due to the chemical reaction will be
added to the heat structure, and the amount of chemical reaction product generated will be calculated.

A correlation developed by (Cathcart & et al., 1977) is used to model the metal-water reaction model in
RELAPS-3D which uses a parabolic rate law. This default correlation was developed for the Zirconium-Steam
reaction. The code has been generalized to allow the user to model coolant-structure chemical interactions for
which the parabolic rate law applies. The Cathcart correlation used in RELAP5-3D to calculate the thickness of
the cladding converted to oxide is shown in Equation (2-1).

AFTHL = [(Ar™)? + (KAE)e~@E/RD]M? (2-1)
where:
()ntt = New time value
()ntt = Old time value
K = Reaction rate constant (9.166 x 10-7 m2/s, derived from the Cathcart model)
At Time step size (s)
AE = Activation energy (35,890 cal/mole for the Cathcart model)
R = Gas constant (1.986 cal/K-mole)
T = Cladding temperature (K)

The amount of heat added (Q) to the outer surface of the cladding due to oxidation is calculated as follows.

Q = prl(r, — Ar™? — (1, — Ar™*1)?] = (2-2)
where:
7, = Initial radius of unreacted cladding (cladding outer radius)
p = Cladding density (6,500 kg/m3 for Zirconium)
H = Reaction heat release (5.94 x 108 J/(kg-mole))
w Molecular weight of cladding (91.22 kg/(kg-mole) for Zirconium)

Finally, the total Hydrogen mass generated by the metal-water reaction is calculated by multiplying the mass
of Zirconium reacted by the ration of the molecular weight of 4 Hydrogen atoms to 1 Zirconium atom.

For the coating, the calculation of the thickness of the coating converted to oxide matches what is done for the
cladding. The user can enter an initial coating thickness, material density, activation energy, reaction rate



constant, reaction heat release, coating material molecular weight, and the molecular weight of the reaction
product (typically Hydrogen) divided by the coating material molecular weight.

At higher temperatures, the oxidation parameters can change significantly for both coated cladding and other
ATF cladding types (e.g., full FeCrAl cladding). To account for this, additional input was added. The user can
input a threshold temperature at which a transition occurs, followed by the usual input of material density,
activation energy, reaction rate constant, reaction heat release, coating material molecular weight (although this
should be a constant), and the molecular weight of the reaction product divided by the coating material molecular
weight. Additional input was also added to allow the user to specify a transition temperature for the base-cladding
or the full ATF cladding (FeCrAl). However, this option only allows the user to input a transition reaction rate
constant.

The logic path for the metal-water reaction coding is shown in Figure 2-3, one potential logic path described
here. When a coating layer is applied to the cladding, the coding first checks if the coating has oxidized through
the entire thickness. If that is the case, the code will switch to performing the metal-water reaction calculations for
the cladding material only. If the clad has broken, the metal-water reaction will be calculated for both the inner
and outer surfaces of the cladding. If the outer surface heat structure temperature is greater than the specified
transition temperature then the coding will switch to using the high-temperature parameters for the calculations.
Other logic paths behave as shown in the figure.

Coating
Thickness?

Figure 2-3. Logic Path for the Metal-Water Reaction Model Coding.



The changes to the input are as follows:

1CCCGO02 Card, Coating Metal-Water Reaction Control

WI1(R) Initial unreacted coating thickness on cladding’s outer surface (m, ft).

W2(R) Coating material density (kg/m?). This quantity is optional, if not entered or 0.0 the default
value for Zirconium (6,500 kg/m?) is used.

W3(R) Coating activation energy (cal/mole). This quantity is optional, if not entered or 0.0 the
default value for the Cathcart model (35,890 cal/mole) is used.

W4(R) Coating reaction rate constant (variable K) (m?/s). This quantity is optional, if not entered
or 0.0 the default value for the Cathcart model (2.252 x 10 m?/s) is used.

W5(R) Coating reaction heat release (J/kg-mole). This quantity is optional, if not entered or 0.0
the default value for the Zirconium-Steam reaction (5.94 x 10® J/kg-mole) is used.

W6(R) Coating material molecular weight (kg/kg-mole). This quantity is optional, if not entered
or (0.0 the default value for Zirconium (91.22 kg/kg-mole) is used.

W7(R) Molecular weight of reaction product divided by Word 6. This quantity is optional, if not
entered or 0.0 the default value for the Zirconium-Steam reaction (0.0442) is used.

W8(R) Inner surface coating oxidation (for rectangular geometries only). To activate this option a
real value greater than zero must be entered. Note that W8 of the 1CCCG003 Card must
also be used to activate this option.

1CCCGO0S5 Card, High-Temperature Coating Metal-Water Reaction Control

WI(R) Coating material transition temperature (K, F).

W2(R) Coating material density (kg/m?). This quantity is optional, if not entered or 0.0 the default
value for Zirconium (6,500 kg/m?) is used.

W3(R) Coating activation energy (cal/mole). This quantity is optional, if not entered or 0.0 the
default value for the Cathcart model (35,890 cal/mole) is used.

W4(R) Coating reaction rate constant (variable K) (m?/s). This quantity is optional, if not entered
or 0.0 the default value for the Cathcart model (2.252 x 10 m%/s) is used.

W5(R) Coating reaction heat release (J/kg-mole). This quantity is optional, if not entered or 0.0
the default value for the Zirconium-Steam reaction (5.94 x 10® J/kg-mole) is used.

W6(R) Coating material molecular weight (kg/kg-mole). This quantity is optional, if not entered
or 0.0 the default value for Zirconium (91.22 kg/kg-mole) is used.

W7(R) Molecular weight of reaction product divided by Word 6. This quantity is optional, if not
entered or 0.0 the default value for the Zirconium-Steam reaction (0.0442) is used.

1CCCGO003 Card, Cladding Metal-Water Reaction Control

W8(R) Initial oxide thickness on cladding's inner surface (m, ft). This quantity is optional for
rectangular heat structures. This word must be entered to activate the calculation of the
oxide thickness on the inner surface of a rectangular heat structure. The code sets this
value to 0.0 for cylindrical or spherical heat structures. To activate this option a value less
than or greater than zero must be entered. When less than zero, the initial oxide thickness
is set to 0.0 m. When a value greater than zero is entered, the initial oxide thickness is the
specified value. If 0.0 is entered, this option is ignored.

WI(R) Cladding material transition temperature (K, F).

WI10(R) Cladding reaction rate constant (variable K) (m?%s) at high-temperatures. This quantity is

optional, if not entered or 0.0 the default value for the Cathcart model (2.252 x 10°m?/s) is
used.




2.3 EMRALD

EMRALD (Prescott, Smith, & Vang, 2018) is a dynamic PRA tool being developed at INL based on three-
phase discrete event simulation. Traditional PRA modeling techniques are effective for many scenarios, but it is
hard to capture time dependencies and any dynamic interactions using conventional techniques. EMRALD
modeling methods are designed around traditional methods, yet enable an analyst to probabilistically model
sequential procedures and see the progression of events through time that caused the outcome. Compiling the
simulation results can show probabilities or patterns of time correlated failures.

An open communication protocol using the Extensible Messaging and Presence Protocol (XMPP) allows for
easy coupling with other engineering tools. This coupling allows for direct interaction between the PRA model
and physics based simulations, so that simulated events can drive the PRA model and sampled PRA parameters
can affect the simulation environment. The capabilities included in EMRALD permit PRA models to more easily
and realistically account for the dynamic conditions associated with the progression of plant transient and accident
sequences including accounting for the occurrence of modeled operator actions taken to mitigate the event.

2.4 BISON

BISON (Hales, J. D. et al., 2015) is a finite element-based nuclear fuel performance code applicable to a
variety of fuel forms including LWR fuel rods, tristructural isotopic particle fuel, and metallic rod and plate fuel.
This advanced fuel performance code is being developed at INL and offers distinctive advantages over
FRAPCON/FRAPTRAN such as 3D simulation capability, etc. BISON solves the fully coupled equations of
thermo-mechanics and species diffusion, for either 1D spherical, 2D axisymmetric or 3D geometries. Fuel models
are included to describe temperature and burnup dependent thermal properties, fission product swelling,
densification, thermal and irradiation creep, fracture, and fission gas production and release. Plasticity, irradiation
growth, and thermal and irradiation creep models are implemented for clad materials. Models also are available to
simulate gap heat transfer, mechanical contact, and the evolution of the gap/plenum pressure with plenum
volume, gas temperature, and fission gas addition. BISON has been coupled to the mesoscale fuel performance
code, MARMOT (Idaho National Laboratory, 2020), demonstrating its fully coupled multiscale fuel performance
capability. BISON is based on the Multiphysics Object-Oriented Simulation Environment (MOOSE) framework
(Idaho National Laboratory, 2020); therefore, BISON can efficiently solve problems using standard workstations
or very large high-performance computers.



3. GENERIC BWR MODEL

This section presents risk-informed analyses on ATF with a generic BWR plant SAPHIRE PRA model and an
INL Generic BWR RELAP5-3D model. BWR SBO and MLOCA accident scenarios were developed by
reviewing the PRA model and then analyzed by RELAP5-3D code for near-term ATF designs, FeCrAl, and Cr-
coated cladding.

The generic RELAP5-3D BWR model used in this study is based on a GE BWR/4 design with Mark |
containment, representative of the U.S. BWR fleet and is shown in Figure 3-1 (U.S. Nuclear Regulatory
Commission, 2012). The rated thermal power for this generic BWR is 3,293 MWth with 764 fuel assemblies (or
bundles) in the core. The reactor pressure vessel (RPV), jet pumps, separator/dryer unit, main steam lines, main
feedwater lines, recirculation loops, and the safety relief valves (SRVs) are modeled. Figure 3-2 shows the
RELAPS5-3D nodalization diagram for the generic BWR plant model. The base model can simulate the TH
parameters of the primary side and of some parts of the containment. The reference base model with Zircaloy clad
was modified to include FeCrAl and Cr-coated as additional cladding material based on parameters from
(Holzwarth & Stamm, 2002) and (Field, Snead, Yamamoto, & Terrani, 2017).

Table 3-1. Major Parameters for the Generic BWR.

Value

(SI Unit)
Rated Thermal Power (MWth) 3,293
Number of Fuel Assemblies (Bundles) 764
Core Mass Flow Rate (Kg/s) 11510
RPV Dome Normal Operating Pressure (MPa) 7.02
Feedwater Mass Flow Rate (Kg/s) 1681.3
Recirculation pump flow (Kg/s) 4278.6
Core mass flow rate (Kg/s) 11065.1
Bypass flow (Kg/s) 1266.2
Steam mass flow rate (Kg/s) 1681.3
Feedwater Temperature (°K) 464.394
Feedwater Water Pressure (Mpa) 7.2
RPV Inner Diameter (m) 6.38
RCIC Rated Flow (Kg/s) 37.8




— - === ol
DRYWELL TORUS

Figure 3-1. Cutaway Drawing of a BWR Mark I Containment Showing the Configuration of RPV, Recirculation
Loop, Drywell, and Suppression Pool Torus (U.S. Nuclear Regulatory Commission, 2012).
The RELAPS5-3D model developed for analyzing transient events is based on an input-deck describing:
e RPV
e Main feedwater line
e Main steam line
e Jet pumps
e Recirculation loops
e Reactor core

e Steam separator

e Steam dryer
e Automatic depressurization system (ADS)
e SRVs
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e High pressure core injection (HPCI)

e RCIC

e Core spray (CS)

e Low pressure core injection (LPCI)

e Firchose injection

e Control rod drive hydraulic system (CRDHS)
e Standby liquid control system (SLCS)

e  Wetwell (WW)

e Drywell (DW)

e Vent lines from WW to DW
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(CST/PSP) ADS VENTLINE

550 k] j
565 VENTLINE

560 47
545 HPCIRCIC
TURBINE
(TO PSP)

FIREHOSE
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RECIRCULATION
PUMPS

MAIN STEAM
ISOLATION VALVE

T16,
SLCS

CONTROL
RODDRIVE 710
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800
DRYWELL

905
WETWELL

Figure 3-2. RELAP5-3D Nodalization Diagram.
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3.1 TH Components

The modeling of the RPV includes the downcomer, lower plenum, core, upper plenum, standpipes, separator,
dryer, and steam dome. The downcomer is modeled with a series of “Annulus” component. The steam separator
unit is modeled with the “Simple Separator” component. The recirculation loops are lumped into one loop and it
includes a jet pump, a recirculation pump with pipes from pump suction/discharge. The recirculation pumps and
jet pumps allow the operator to vary coolant flow through the core and hence change the power of the nuclear
reactor. The jet pump components are located in the region between the core shroud and the vessel wall,
submerged in coolant. In order to limit the number of penetrations into the reactor vessel, the recirculation loops
also serve as the residual heat removal (RHR) system. When the reactor is shut down, the core will continue to
generate decay heat, which is removed by bypassing the turbine and dumping the steam directly to the condenser.
RHR system provides shutdown cooling when pressure decreases to approximately 0.45 Mpa.

The main feedwater lines are lumped into one. The feedwater systems are modeled using a series of “Pipe”
components connected by junctions. The flow rates in the main feedwater line are controlled to maintain the
desired downcomer water level in the RPV. High pressure safety systems such as HPCI and RCIC will inject
coolant through the main feedwater line. Finally, the main steam lines are lumped into one from three original
steam lines. The main steam line has one main steam isolation valve (MSIV), turbine bypass valve (TBV), turbine
stop valve, with turbine modeled with boundary conditions (BCs).

The generic BWR model also includes a Mark I containment which consists of a dry well (DW), a wet well
(WW), and vacuum breakers. The WW represents the suppression pool (SP) and the vapor space above it, which
jointly form the torus in a typical BWR-4 design. The DW contains steam or liquid released from SBO, LOCA,
etc., and minimizes radioactive leakage.

The WW is essentially a large tank of water which resides within containment of some BWR designs.
WW refers to a pressure vessel which contains both a water pool and a non-condensable gas space. The WW
water pool is commonly referred to as an SP because excess steam is condensed into this pool in order to suppress
possible overpressure events. The SP is also called a suppression chamber or a pressure SP. It contains a large
volume of fresh water and serves as heat sink for SRV discharged steam and exhaust steam from turbines in the
high pressure safety systems (i.e., HPCI and RCIC). The WW plays a vital safety role in SBO and other BWR
accident scenarios in that it condenses released high-temperature steam vented from the DW to reduce
containment pressure and provides a backup source of water for safety injection systems (the initial default is
condensate storage tank [CST]). Steam can vent through the SRVs and/or the RCIC turbine exhaust into the WW
where it condenses. The RCIC pump suction line draws water near the bottom of the WW pool to supply makeup
water to the core. The steam injection and condensation taking place in the WW create momentum-induced
mixing and buoyancy-induced thermal stratification. These two opposing phenomena determine the
thermodynamic conditions of the WW and have a large effect on the overall performance of the RCIC System.

3.2 Safety Systems

The safety systems mainly involve coolant injection into RPV to prevent fuel damage under accident
conditions and they can be categorized into high-pressure and low-pressure safety systems. In a typical BWR/4
plant, high-pressure safety systems include HPCI, RCIC, and ADS. Low pressure safety systems include LPCI,
low pressure CS, Firewater, SLCS, and CRDHS.

The RCIC system, as shown in Figure 3-3, provides makeup water to the RPV for core cooling when it is
isolated from the secondary plant and the normal water supply to the RPV is lost, and as a standby system for safe
shutdown of the plant. It consists of a steam-driven turbine, turbine-driven pump, piping, and valves that are
necessary to deliver core makeup water to the RPV at operating and accident conditions. The RCIC turbine is
driven by high-pressure steam from the main steam lines and the exhaust is discharged to the SP. The RCIC pump
supplies makeup coolant from the CST, or alternatively from the SP once the CST is drained, to the reactor via
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the main feedwater lines. CST contains a large volume of fresh water that can be used to cool the core. The RCIC
system is nearly passive with the exception of requiring battery for control function. The functionality of RCIC is
determined by a combination of factors, including the availability of direct current (DC) power, heat capacity
temperature limits, RPV water level, and RPV pressures. When DC power is available, RCIC water injection is
initiated automatically with a low core water level signal or manually by the plant operator, and it is stopped
automatically with a high core water level signal or manually by the plant operator. When DC power is not
available, RCIC can also be blackstarted and blackrun.

After a normal reactor shutdown, the RCIC turbine is driven by decay heat-generated steam and exhausts to
the WW. The RCIC operates in this way until the vessel pressure and temperature are reduced sufficiently to the
point that the RHR system can come into operation. The RCIC system is actuated when: (1) The RPV is isolated
from the main turbine and condenser, (2) SBO occurs and other systems are not available, or (3) Feedwater flow
is disrupted, and high pressure prohibits shutdown cooling system action. The RCIC system operates for a wide
range of system pressures, from normal operating pressure (~1135 psig) down to 150 psig. It is noted that RCIC is
not considered as a part of the ECCS and does not have an LOCA function; however, it does play an important
safety role. LOCA accidents usually depressurize the RPV quickly, thereby disabling the RCIC system.

Containment/drywell

’g ?ijely relief valve

Main steam line .
To main turbine

Steam I
dryer

assembly ﬁ - Main feedwater line
— -

Steam
separator *

assembly

Condensate
storage tank

Recirculation loop
Reactor (Typical of 2)
core

‘ Recirculation
v o

:I}q}q—l

-—

Containment suppression chamber

Figure 3-3. Schematic Illustration of RCIC System (U.S. Nuclear Regulatory Commission, 2012).

The HPCI system works in a similar way with RCIC but it provides greater water injection rate (about 10
times greater than that of RCIC). It consists of a steam turbine-driven pump, valves and valve operators, and
associated piping, including that from the normal and alternate pump suction sources and the pump discharge up
to the penetration of the main feedwater line. It is a single-train system actuated by either a low reactor water level
or a high DW pressure. Just like RCIC, HPCI initially operates in an open loop mode, taking suction from the
CST. When the level in the CST reaches a low-level setpoint, the HPCI system is aligned to the SP. HPCI is an
independent ECCS system that requires no auxiliary alternating current (AC) power to provide makeup water to
the core under small to intermediate size LOCA accidents. The main difference between HPCI and RCIC is that
the operation of HPCI will rapidly depressurize the RPV due to its large steam release rate, while the steam-
driven turbines of HPCI rely on high pressure steam to operate.
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There are 13 SRVs connected on the steam exit pipe of the main steam line. SRVs can be manually controlled
with DC power to limit the RPV pressure in a prescribed range or obtain the controlled depressurization of the
reactor. Following a normal reactor shutdown, or reactor scram under accident scenarios, the decay heat continues
to generate steam, albeit at a reduced rate. The turbine bypass system diverts the steam to the condenser if the
RPV is not isolated from the secondary plant, or the steam will be vented to the SP through operation of the SRVs
when the RPV is isolated. Among the 13 SRVs, five valves also serve in the ADS which can be employed to
complete depressurizing the RPV in a short period of time. Once the RPV is completely depressurized by ADS,
no core cooling is available unless AC power is recovered.

Low-pressure ECCS systems such as LPSI, low-pressure core spray (LPCS), and firewater can be aligned to
the RPV to inject coolant to the core when AC power is available and the RPV is depressurized. LPCI is the
dominant mode of the RHR system. It takes water from the SP and discharges to the RPV to maintain the coolant
inventory at a relatively low pressure. LPCS is capable of pumping water from the SP and spray it on top of fuel
assemblies.

3.3 Reactor Core Modeling

The reactor core modeling consists of flow channels simulating the coolant flow within the fuel assembly
channel boxes and heat structures attached to flow channels simulating the heat transfer within the fuel rods.
There are two independent TH channels representing the coolant flow in the core—one hot channel and one
average channel. The hot channel represents the flow in the fuel assembly with highest power and the average
channel represents the flow for the remaining 763 fuel assemblies.

The fuel design used in the core modeling is a representation of state-of-the-art fuel design for BWRs based
on publicly available GE14 design data. Figure 3-4 shows the side view of the GE14 fuel assembly design. The
fuel assembly geometry is a 10x10 lattice. The cross-sectional view of the fuel assembly is shown in Figure 3-5.
The basic fuel rod is comprised of a column of right circular cylinder fuel pellets enclosed by a cladding tube and
sealed gas-tight by plugs inserted in each end of the cladding tube. The fuel pellets consist of sintered uranium-
dioxide (UO2) or UO2-gadolinia solid solution ((U,Gd)O2) with a ground cylindrical surface, flat ends, and
chamfered edges. Each full-length UO2 fuel rod may include natural enrichment UO2 pellets at each end of the
fuel pellet column. The fuel rod cladding tube is comprised of Zircaloy-2 with a metallurgically bonded inner
Zirconium layer. Each fuel rod includes a plenum at the top of the fuel rod to accommodate the release of gaseous
fission products from the fuel pellets. This gas plenum includes a compression spring to minimize fuel column
movement during fuel assembly shipping and handling operations while permitting fuel column axial expansion
during operation. The GE14 fuel assembly contains 14 fuel rods, which are reduced in length relative to the
remaining fuel rods. These rods are called part length rods. Fuel rods are internally pressurized with helium to
reduce the compressive hoop stress induced in the cladding tube by the coolant pressure and to improve the fuel to
cladding heat transfer. With the absence of known data, the fuel rod internal pressure is assumed to be 1 MPa.

Table 3-2. Fuel Parameters (Nuclear Engineering International, 2007)

Parameters Values
Bundle assembly lattice 10 x 10
Number of full-length rods 78
Number of part length rods 14
Number of water rods 2
Active fuel length (cm) 368.91
Part length rod length (cm) 213.36
Rod to rod pitch (cm) 1.295
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Since the reactor core has 764 fuel assemblies, with 92 fuel rods within each assembly, the total number of
fuel rods in the core is 70,288, which renders tracking individual fuel rods impractical in systems transient
analyses. Therefore, homogenization techniques would be used to lump fuel rods and flow channels into
manageable number. Different homogenization approaches are used for thermal fluid dynamics calculations for
the two-phase flow in the fuel assemblies than for the heat conduction and clad oxidation calculations in the fuel
rods. For the thermal fluid dynamics calculations, two flow channels dare built to simulate the active flow within
the fuel assemblies—the hot channel and the average channel. The hot channel represents the active flow within
the hot assembly and the average channel represents the active flow in the remaining assemblies of the core. Hot
assembly is the assembly with highest assembly power in the core.

For heat conduction and clad oxidation calculations, three sets of heat structures are built—one set represents
the hot rod (highest power rod) in the hot assembly, another set represents the remaining 91 fuel rods in the hot
assembly, and the third set represents the average of all the fuel rods in the remaining 763 fuel assemblies.

These homogenization approaches are reasonable as they: (1) greatly speedup the simulation time, and
(2) capture the flow behaviors in the hot channel as well as the temperature profiles and oxidation behaviors in the
hot rod. As a result, heat structures for the hot rod in the hot assembly and the heat structures for the remaining
fuel rods in the hot assembly are attached to the flow in the hot channel, as shown in Figure 3-6. Analogously, the
heat structures for all the fuel rods in the remaining 763 assemblies are lumped into one set and are attached to the
flow in the average channel, as shown in Figure 3-7.

A

Hot assembly
Hot rod

A,

Hot channel

Figure 3-6. Schematic Illustration of the Heat Structure Mapping for the Hot Assembly and its Hot Rod with the
Hot Channel.

Averagell Averagel
RodsHHeatR Channel
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Figure 3-7. Schematic Illustration of the Heat Structure Mapping for the Average Assemblies and the Average
Flow Channel.

16



The neutron energy spectrum can vary during an operation cycle to generate and utilize more plutonium from
the non-fissile U-238 by changing the void fraction in the core through control of the core coolant flow rate. This
operation method, which is called a spectral shift operation, is practiced in BWRs to save natural uranium. The
core power shapes, as a function of cycle burnup state, have significant impact on the temperature distributions in
the core. For a typical BWR core, the power shapes tend to be bottom peaked near the beginning of the cycle
(BOC). As the cycle depletion progresses, the power shapes gradually evolve into cosine shape near the middle of
the cycle (MOC). Toward the end of the cycle (EOC), the power shapes tend to be top peaked. In this analysis,
operating conditions, in the form of maximum power verses exposure envelopes for GE14 are postulated which
cover the conditions anticipated during normal steady-state operation and accident conditions. An example
power-exposure envelope is shown in Figure 3-8, which is reproduced from the Global Nuclear Fuel’s licensing
topical report for GE14 fuel rod thermal-mechanical design report (Global Nuclear Fuel, 2006). The power shapes
shown in Figure 3-8 represent the maximum power verses exposure envelopes that cover conditions anticipated
during normal steady-state operation and anticipated operational occurrences. The fuel rod axial power shape is
changed three times during each cycle, BOC, MOC, EOC, and simulates the distribution effects of burnup. The
three power shapes should provide bounding conditions for the evolving power shapes in the cycle.
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Figure 3-8. Core Axial Power Shapes Used in the RELAP5-3D Calculations (Global Nuclear Fuel, 2006).

3.4 Fuel Rod Geometry and Cladding Oxidation Kinetics

The specific fuel-rod parameters used are shown in Table 3-3. The Zircaloy cladding is the baseline fuel
design cladding. The outer radius of the fuel rod is identical for Zry and FeCrAl. For the Chromium-coated
cladding design, 15 microns in thickness of Cr-coating is applied to the outside surface of the baseline Zircaloy
cladding, therefore, the outer radius of the Cr-coated cladding is 0.015 mm thicker than that of Zry and FeCrAl.
Due to the higher neutron absorption rate of FeCrAl cladding, the thickness of FeCrAl cladding is reduced to half
of that of Zircaloy cladding. The pellet diameter is increased to keep the plenum gap size the same as that of the
baseline fuel design with Zircaloy cladding.
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Table 3-3. Fuel Rod Geometry for Reference and ATF Fuel Designs.

Cladding Type Pellet Outer Radius Cladding Inner Radius Cladding Outer Radius
(cm) (cm) (cm)
Zircaloy 0.438 0.45 0.513
Zircaloy + Cr-coating 0.438 0.45 0.5145
FeCrAl 0.4695 0.4815 0.513

The RELAPS5-3D input deck uses the special cards developed for simulating the oxidation kinetics of ATF
(both coated and non-coated clads). The ATF oxidation parameters were obtained from selected publications and
implemented in the RELAP5-3D input deck. The main parameters for the oxidation kinetics and the fuel pin
geometries are reported in Table 3-4.

For the FeCrAl clad, a transition temperature of 1773 K was selected. When the code calculates such
temperature, the oxidation kinetics parameters are switched to the stainless-steel oxidation parameter (i.e., rapid
oxidation). The failure criterion for both Chromium and FeCrAl is the PCT reaching 1804 K. Additional to
performing heat conduction and oxidation calculations in a fuel rod, RELAP5-3D performs a simplified clad
deformation calculation. The empirical model included in RELAP5-3D was taken from the FRAP-T6 code. The
purpose of the model is to consider a possible plastic deformation of the clad during an accident condition. The
model can inform the user of a possible cladding rupture and of a possible flow blockage due to the hydraulic
channel flow area reduction. Further investigation by specialized fuel pin mechanics codes, such as BISON, are
needed if extensive plastic deformation or rupture of the clad are detected.

Table 3-4. RELAP5-3D Parameters for the Cladding Oxidation Kinetics.

Cladding Type
Parameter

Zry Cr-coated FeCrAl
Reaction Rate Constant (m? Metal/s) 9.166E-7 1.409E-5 2.444E-5
Reaction Heat Release (J/Kg mole) 5.94E+8 6.48E+7 6.73E+7
Activation Energy (cal/mole) 35,890 66,890 82,218
Clad Density (kg/m®) 6,500 7,190 6,860
Clad Molecular Weight (kg/kg mole) 91.22 51.99 53.96
Ratio Molecular Weight Reactant/Clad | 0.042 0.058 0.112
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4. RISK-INFORMED ATF ANALYSIS OF BWR SBO SCENARIOS

The risk-informed analysis of near-term ATF designs for BWR SBO scenarios is presented in this section.
The BWR SBO PRA model and scenarios are presented in Section 4.1. The RELAP5-3D analyses of ATF
designs for the SBO scenarios are presented in Section 4.2. The results from sensitivity calculations are presented
in Section 4.3. The analysis results are summarized in Section 4.4.

4.1 BWR SBO PRA Model and Scenarios

The generic BWR SBO SAPHIRE model starts with the occurrence of a LOOP event. There are four different
LOOP categories: grid-related (GR), plant-centered (PC), switchyard-centered (SC), and weather-related or (WR)
(Eide, Gentillon, Wierman, & Rasmuson, 2005). These have been analyzed separately by splitting the LOOP ET
over these categories. Four LOOP ETs (LOOPGR, LOOPPC, LOOPSC, and LOOPWR) are developed in the
PRA model for the corresponding LOOP categories. The ET structure is the same for all four LOOP ETs. The
only differences are the initiating event frequencies and the AC power non-recovery probabilities.

The BWR SBO SAPHIRE model includes the LOOP-initiating ET (Figure 4-1), the SBO main ET (Figure
4-2), and three SBO sub-ETs: SBO-OP with AC power recovered and no SRV LOCA (Figure 4-3), SBO-
extended loss-of-AC power (ELAP) for sequences with no AC power recovery and no SRV LOCA (Figure 4-4),
and SBO-1 for sequences with one and only one SRV remains open (Figure 4-5). It should be noted that FLEX
for ELAP operation is modeled in the SBO-ELAP sub-ET but not credited in this ATF analysis.

The four LOOP ETs (LOOPGR, LOOPPC, LOOPSC, LOOPWR) were quantified with SAPHIRE 8 using a
truncation level of 1E-12. For each of the four LOOP ETs, there are 169 accident (or CD) sequences. 114 of the
169 LOOP accident sequences are SBO sequences in which onsite emergency diesel generators (EDGs) fail to
supply emergency power to vital buses for the safety equipment. The total LOOP CDF is 1.71E-6/year, with
LOOPGR, LOOPSC, and LOOPWR each contributes about 30%, and LOOPPC contributes less than 5% (see
Table 4-1). The total SBO CDF is 6.76E-7/year, which is about 40% of the LOOP CDF. The weather-related SBO
(SBOWR) contributes more than 50% of the total SBO CDF. The switchyard-centered SBO (SBOSC) and grid-
related SBO (SBOGR) each contributes about 20%, while the plant-centered SBO (SBOPC) contributes less than
2% of the total SBO CDF (see Table 4-2).

Table 4-1. BWR LOOP ETs Quantification Results.

LOOP ET Description Sequence Count CDF CDF%
LOOPGR | LOOP-GRID RELATED 169 4.97E-07 |29.1%
LOOPPC | LOOP-PLANT CENTERED 169 7.36E-08 | 4.3%
LOOPSC | LOOP-SWITCHYARD CENTERED 169 5.79E-07 | 33.8%
LOOPWR | LOOP-WEATHER RELATED 169 5.61E-07 | 32.8%
Total 676 1.71E-06 | 100.0%

Table 4-2. BWR SBO Sequences Quantification Results.

SBO Description Sequence Count CDF CDF%
SBOGR | SBO-GRID RELATED 114 1.46E-07 | 21.7%
SBOPC SBO-PLANT CENTERED 114 1.06E-08 | 1.6%
SBOSC SBO-SWITCHYARD CENTERED 114 1.51E-07 | 22.4%
SBOWR | SBO-WEATHER RELATED 114 3.67E-07 | 54.4%
Total 456 6.76E-07 | 100.0%
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Figure 4-4. Generic BWR SBO-ELAP Sub-Tree.
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Figure 4-5. Generic BWR SBO-1 Sub-Tree.
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A review of the 114 weather-related SBO accident sequences shows there are only 10 non-zero sequences (or
sequence CDF greater than 1E-12/year, which was set as the quantification truncation level). The total weather-
related SBO CDF is 3.67E-7/year. These 10 non-zero SBO sequences, as shown in Table 4-3, are described below
in the order of their significances:

e LOOPWR:37-03-17, with a CDF of 2.77E-7/year contributing about 75% of the total weather-related CDF. In
this SBO sequence, there is no SRV LOCA, no recirculation pump seal LOCA, RCIC is available, but no AC
power recovery in 4 hours when the DC batteries deplete. CD occurred with no extended operation of RCIC
or HPCI to remove the heat.

e LOOPWR:37-06-17, with a CDF of 4.10E-8/year contributing about 10% of the total weather-related SBO
CDF. This sequence is similar to the first one (LOOPWR:37-03-17), with the difference in that RCIC is not
available but HPCI is available to provide cooling water to the core before the batteries deplete.

e LOOPWR:37-11-3, with a CDF of 2.65E-8/year contributing about 7% of the total weather-related CDF. This
sequence is similar to the first one (LOOPWR:37-03-17), with the difference that there is one SRV remaining
open in the sequence.

e LOOPWR:37-09, with a CDF of 1.27E-8/year contributing about 3% of the total weather-related SBO CDF.
This is a short-term station blackout (STSBO) as neither RCIC nor HPCI is available to mitigate the SBO
event. There is no SRV LOCA in this sequence.

e LOOPWR:37-11-6, with a CDF of 3.80E-9/year contributing about 1% of the total weather-related CDF. This
sequence is similar to the second one (LOOPWR:37-06-17), with the difference that there is one SRV
remaining open in the sequence.

e LOOPWR:37-11-7, with a CDF of 3.44E-9/year contributing nearly 1% of the total weather-related SBO
CDF. This is another STSBO sequence that is similar to LOOPWR:37-09. However, there is one SRV kept
open through the event.

e LOOPWR:37-12, with a CDF of 2.85E-9/year contributing nearly 1% of the total weather-related SBO CDF.
Two or more SRVs are kept open through the event for which the PRA model assumes CD.

e LOOPWR:37-01-05, a non-risk significant sequence with a very small CDF of 2.22E-11/year. In this SBO
sequence, there is no SRV LOCA, no recirculation pump seal LOCA, RCIC is available, AC power is
recovered in 4 hours before the DC batteries deplete. However, the SP cooling is not available, and although
secondary side depressurization is success, the containment venting and late injection (LI) failed for long-term
water injection. CD is expected.

¢ LOOPWR:37-01-11, a non-risk significant sequence with a very small CDF of 3.15E-12/year. This sequence
is similar to the previous one (LOOPWR:37-01-05), with the difference in that both SP cooling and secondary
side depressurization are not available. CD is assumed.

e LOOPWR:37-07-23, a non-risk significant sequence with a very small CDF of 1.68E-12/year. This is also an
STSBO with neither RCIC nor HPCI being available before and after AC power recovery to mitigate the SBO
event. There is no SRV LOCA in this sequence.
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Table 4-3. BWR Non-Zero SBO Sequences.

None-Zero SBO Sequence CDF CDF% Cut Sets
LOOPWR:37-03-17 2.77E-07 75.4% 473
LOOPWR:37-06-17 4.10E-08 11.2% 709
LOOPWR:37-11-3 2.65E-08 7.2% 242
LOOPWR:37-09 1.27E-08 3.5% 933
LOOPWR:37-11-6 3.80E-09 1.0% 260
LOOPWR:37-11-7 3.44E-09 0.9% 374
LOOPWR:37-12 2.85E-09 0.8% 144
LOOPWR:37-01-05 2.22E-11 0.0% 6
LOOPWR:37-01-11 3.15E-12 0.0% 1
LOOPWR:37-07-23 1.68E-12 0.0% 1
Total 3.67E-07 100.0% 3143

Nine SBO scenarios were developed for RELAP5-3D analysis based on the above BWR SBO PRA

sequences, and were grouped into four categories:

1.
2.
3.
4.

Four long-term station blackout (LTSBO) with no AC power recovery scenarios, SBO-1 to SBO-1.3

Two STSBO with no RCIC/HPCI mitigation scenarios, SBO-2 and SBO-2.1

One SRV LOCA scenario, SBO-4

Two LTSBO with AC power recovery scenarios, SBO-4 and SBO-4.1, which are non-risk significant.
Table 4-4 shows the RELAP5-3D scenarios and their corresponding PRA sequences. Table 4-5 presents the

details of each RELAP5-3D scenario.

26



Table 4-4. BWR Weather-Related SBO Scenarios for RELAPS5-3D.

RELAPS._ 3D Scenario Description SBO PRA Sequence CDF
Scenario

No SRV Open, RCIC Success, but AC power not recovered )

SBO-1 in 4 hours, No RCIC/HPCI Black Run LOOPWR:37-03-17 | 2.77E-07
No SRV Open, HPCI Success, but AC power not recovered )

SBO-L1 in 4 hours, No RCIC/HPCI Black Run LOOPWR:37-06-17 | 4.10E-08

SBO-1.2 One SRV Qpen, RCIC Success, but AC power not LOOPWR:37-11-3 2 65E-08
recovered in 4 hours

SBO-1.3 One SRV Qpen, HPCI Success, but AC power not LOOPWR:37-11-6 3.80E-09
recovered in 4 hours

SBO-2 No SRV Open, No RCIC/HPCI -> STSBO LOOPWR:37-07-23 | 1.68E-12

SBO-2 No SRV Open, No RCIC/HPCI -> STSBO LOOPWR:37-09 1.27E-08

SBO-2.1 One SRV Open, No RCIC or HPCI -> STSBO LOOPWR:37-11-7 | 3.44E-09

SBO-3 Two or more SRV Open LOOPWR:37-12 2.85E-09
No SRV Open, RCIC Success, AC Power Recovered, SPC

SBO-4 Failed, DEP Success, containment venting system (CVS) LOOPWR:37-01-05 | 2.22E-11
failed, LI failed

SBO-4.1 No SRV Open, RCIC Success, AC Power Recovered, SPC LOOPWR:37-01-11 | 3.15E-12

Failed, DEP failed
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Table 4-5. SBO Scenarios for RELAP-5 3D Analysis.

RELAPS5 SBO Scenario

SBO Main ET & SBO-1

SBO-OP (AC Power Recovered)

SBO-ELAP

Description

Open
SRVs

RCIC
Available

HPCI
Available

SBO-1

No SRV Open, RCIC Success,
but AC power not recovered in 4
hours, No RCIC/HPCI Black Run

Yes

SBO-1.1

No SRV Open, HPCI Success, but
AC power not recovered in 4
hours, No RCIC/HPCI Black Run

No

SBO-1.2

One SRV Open, RCIC Success,
but AC power not recovered in 4
hours

Yes

SBO-1.3

One SRV Open, HPCI Success,
but AC power not recovered in 4
hours

SBO-2

No SRV Open, No RCIC/HPCI ->
STSBO

SBO-2.1

One SRV Open, No RCIC or
HPCI -> STSBO

SBO-3

Two or more SRV Open

SBO-4

No SRV Open, RCIC Success,
AC Power Recovered, SPC
Failed, DEP Success, CVS failed,
LI failed

SBO-4.1

No SRV Open, RCIC Success,
AC Power Recovered, SPC
Failed, DEP failed

RCIC/HPCI
Available
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SPC
Available

Depress.
Success

Containment
Venting

LI

Extended
RCIC/HPCI




4.2 BWR SBO RELAP5-3D Analysis

SBO scenarios are triggered by an initiating event (e.g., fire, flood, or seismic event) that causes the complete
loss of AC electric power to the essential and nonessential switchgear buses in an NPP. This happens with the loss
of the offsite electric power system concurrent with turbine trip and unavailability of the onsite emergency AC
power system. Because many safety systems required for reactor core cooling, decay heat removal, and
containment heat removal are dependent on AC power, the consequence of an SBO could be a severe CD
accident, as indicated in the PRA analysis presented in the previous subsection.

When an initiating event causes the loss of all onsite and offsite AC power, the reactor protection system
(RPS) would scram the reactor, tripping the turbines. The TBVs close. MSIVs close due to low RPV water level
and the RPV becomes isolated. Due to the loss of AC power, the recirculation pumps stop, and the main
feedwater pumps also stop pumping water into RPV. The LPCI mode of the RHR system and LPCS are not
available. Containment cooling and containment spray systems are also not available. Additionally, SLCS as well
as the CRHDS are not available.

In the SBO scenarios, SRVs are functioning because the valves can be lifted by steam to release steam from
RPV and reduce pressure in it. If the onsite DC power is available, the turbine-driven systems, such as RCIC and
HPCI, that rely on control power for their operations, would work until the DC power is exhausted. In the PRA
analysis shown in Section 4.1, it is assumed the DC power lasts for 4 hours before it is exhausted. The availability
of DC power delays the occurrence of CD and hence it is named as LTSBO.

Additionally, if the DC power is lost, it will result in the loss of turbine-driven systems (RCIC and HPCI) or
other safety systems that rely on control power. This scenario proceeds to CD more rapidly and hence it is named
as STSBO. An STSBO has a lower CDF (as shown in Table 4-4) because it requires a more severe initiating event
and more extensive system failures.

The following presents the RELAP5-3D analyses for each of the scenarios described in Table 4-5.
421 SBO-1: LTSBO with RCIC Available for 4 Hours

In this scenario, the station batteries are assumed to provide DC power for 4 hours before it is exhausted
following the loss of all AC power. Therefore, the RCIC system is available for 4 hours after the accident
initiation. The DC power-controlled components and systems can operate as required for this period, such as the
RPV water level instrumentation. As a result, RCIC operations can be controlled so that the RPV water level will
remain between12.0914 m and 14.7828 m. RCIC starts to inject water to RPV once water level falls below the
lower bound and stops once the water level rises above the upper bound. Once the station batteries are exhausted
at 4 hours, RCIC system will cease operation. It is also assumed that the RCIC system will not blackrun (manual
operation) once the DC power is exhausted after 4 hours. It is further assumed in this scenario that the AC power
is not recovered after 4 hours, and consequently all water injections to the RPV are lost after 4 hours and the core
proceeds to fuel failure and CD. Because the decay power is at a much lower level than that of an STSBO, the
accident progression would be slower, and time-to-core-damage would be longer.

The differences between calculations due to the different claddings were negligible prior to the onset of core
uncovery and were relatively small after the onset of core uncovery. The calculations were terminated when the
hottest cladding in each RELAPS5-3D run reached its failure temperature. The termination times varied by less
than 20 minutes. The calculated amount of hydrogen produced during the transients varied significantly between
claddings.

Figure 4-6 shows the RCIC mass flow rate to RPV. The RCIC works between 0 and 4 hours with the water
injection at rated mass flow rate. Figure 4-7 shows the collapsed water level in the RPV and it is shown that in the
first 4 hours, the RPV core water level is controlled to stay within a proper range due to the availability of core
water level monitoring and regulated water injection into the RPV by RCIC. The collapsed water level starts to
drop after RCIC stops injecting water to the RPV due to boil-off caused by decay heat. The RPV dome pressure is
maintained in a prescribed range as shown in Figure 4-8, with the automatic operations of SRV, as shown in
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Figure 4-9. The RCIC steam flow is shown in Figure 4-10 and the void fraction for one control volume in the hot
channel is shown in Figure 4-11. The void fraction is kept at a fairly low range in the first 4 hours when RCIC
water injection to the RPV is available. After RCIC stops injecting water, the water level starts to drop, and the
void fraction is going up and reaches dryout conditions. As SRVs releases high-pressure and high-temperature
steam into the SP, the suppression temperature goes up as shown in Figure 4-12. The PCT comparisons for Zry,
Cr-coating, and FeCrAl claddings are shown in Figure 4-13. It can be seen that the PCTs are kept low for 6 hours
until dryout starts to happen and the PCTs start to rise exponentially until the cladding reaches melting
temperature.
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Figure 4-6. RCIC Mass Flow Rate to RPV at BOC for SBO-1.
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Figure 4-7. Collapsed Water Level in the RPV at BOC for SBO-1.
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Figure 4-9. SRV Mass Flow Rate at BOC for SBO-1.
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Figure 4-10. RCIC Steam Mass Flow Rate at BOC for SBO-1.
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Figure 4-11. Void Fraction for One Element in the Hot Channel at BOC for SBO-1.
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Figure 4-13. PCT at BOC for SBO-1.
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422 SBO-1.1: LTSBO with HPCI Available for 4 Hours

In this scenario, the station batteries are assumed to provide DC power for 4 hours following the loss of all
AC power. It is further assumed that HPCI system is available for 4 hours while RCIC system is not available
after the accident initiation. Same as that in SBO-1, the DC power controlled components and systems can operate
as required for this period, such as the RPV water level instrumentation. As a result, HPCI operations can be
controlled so that the RPV water level will remain between 12.0914 m and 14.7828 m. HPCI starts to inject water
to RPV once water level falls below the lower bound and stops once the water level rises above the upper bound.
Once the station batteries are exhausted at 4 hours, HPCI system will cease operation. It is also assumed that the
HPCI (and RCIC) systems will not blackrun (manual operation) once the DC power is exhausted after 4 hours.
Just like that in SBO-1, it is further assumed in this scenario that the AC power is not recovered after 4 hours, and
consequently all water injections to the RPV are lost after 4 hours and the core proceeds to fuel failure and CD. In
this scenario, the decay heat power is at a much lower level compared to that of STSBO, the accident progression
would be slower, and time-to-core-damage would also be longer.

HPCI has much higher water injection rate than that of RCIC. Figure 4-14 shows the HPCI mass flow rate to
RPV, which is about nine times higher than that of RCIC as shown in Figure 4-6. The HPCI works between 0 and
4 hours. Figure 4-15 shows the collapsed water level in the first 4 hours and it is shown that the RPV core water
level is controlled to stay within a proper range due to the availability of core water level monitoring. The RPV
dome pressure is maintained in a prescribed range as shown in Figure 4-16, with the automatic operations of
SRV, as shown in Figure 4-17. The HPCI steam flow is shown in Figure 4-18 and the void fraction for one
control volume in the hot channel is shown in Figure 4-19. The void fraction is kept at a fairly low range in the
first 4 hours when RCIC water injection to the RPV is available. After HPCI stops injecting water, the water level
starts to drop, and the void fraction is going up and reaches dryout conditions. As SRVs releases high-pressure
and high-temperature steam into the SP, the suppression temperature goes up as shown in Figure 4-20. The PCT
comparisons for Zry, Cr-coating, and FeCrAl claddings are shown in Figure 4-21.
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Figure 4-14. HPCI Mass Flow Rate at BOC for SBO-1.1.
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Figure 4-16. Dome Pressure at BOC for SBO-1.1.
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Figure 4-18. Steam Mass Flow Rate for HPCI System at BOC for SBO-1.1.
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Figure 4-21. PCT at BOC for SBO-1.1.

42.3 SBO-1.2: LTSBO with RCIC Available for 4 Hours and One SRV Stuck Open

In this scenario, the station batteries are assumed to provide DC power for 4 hours following the loss of all
AC power. The RCIC system is available for 4 hours after the accident initiation. However, one SRV is assumed
to stick open once it is activated. Therefore, the RPV depressurizes rapidly. The DC-power-controlled
components and systems can operate as required for this period, such as the RPV water level instrumentation. As
a result, RCIC operation can be controlled so that the RPV water level will remain between 12.0914 m and
14.7828 m. RCIC starts to inject water to RPV once water level falls below the lower bound and stops once the
water level rises above the upper bound. Once the station batteries are exhausted at 4 hours, the RCIC system will
cease operation. It is also assumed that the RCIC system will not blackrun (manual operation) once the DC power
is exhausted after 4 hours. It is further assumed in this scenario that the AC power is not recovered after 4 hours,
and consequently all water injections to the RPV are lost after 4 hours and the core proceeds to fuel failure and
CD. Because the decay power is at a much lower level than that of STSBO, the accident progression would be
slower, and time-to-core-damage would be longer.

Figure 4-22 shows the RCIC mass flow rate to RPV. The RCIC works between 0 and 3 hours before the high
water level setpoint is reached even though the DC power is available for 4 hours. Figure 4-23 shows the
collapsed water level which is controlled to stay within a proper range when the core water level monitoring is
available in the first 4 hours. The water level drops initially due to the loss of the RPV inventory resulting from
the one SRV being stuck open. The water level starts to rise at about 1 hour due to the water injection from RCIC.
The RCIC water injection stops at slightly over 2.5 hours, when the water level reaches the upper bound. After
that, the water level drops continuously due to the steam release from a stuck-open SRV. Due to the continuous
release of steam from the one stuck-open SRV, the RPV pressure is depressurized rapidly in the first hour and
stays low for the remaining transient time, as shown in Figure 4-24. The SRV steam mass flow rate is shown in
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Figure 4-25. The RCIC steam flow is shown in Figure 4-26 and the void fraction for one control volume in the hot
channel is shown in Figure 4-27. The void fraction is kept at a fairly low range in the first 6 hours due to the
availability of RCIC water injection to the RPV in the first 4 hours. After 6 hours, the void fraction goes up
rapidly and reaches dryout conditions. As SRVs release high-pressure and high-temperature steam into the SP, the
suppression temperature goes up as shown in Figure 4-28. The PCT comparisons for Zry, Cr-coating, and FeCrAl
claddings are shown in Figure 4-29.
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Figure 4-22. RCIC Water Injection Mass Flow Rate at BOC for SBO-1.2.
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Figure 4-23. RPV Downcomer Collapsed Water Level at BOC for SBO-1.2.
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400 T T T T
300 -
@ e
[u]
Dgi —— Cr-coating
3200 FeCrAl
4
=
=
“ 100 ©
.. 3\‘ s ¥ - - — - o
0 I L I
0 2 4 6
Tirme thr)

Figure 4-25. SRV Mass Flow Rate at BOC for SBO-1.2.
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Figure 4-27. Void Fraction in One Element of the Hot Channel at BOC for SBO-1.2.
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Figure 4-29. PCT at BOC for SBO-1.2.
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424 SBO-1.3: LTSBO with HPCI Available for 4 Hours and One SRV Stuck Open

In this scenario, the station batteries are assumed to provide DC power for 4 hours following the loss of all
AC power. The HPCI system is available for 4 hours after the accident initiation. However, one SRV is assumed
to stick open once it is activated. Therefore, the RPV depressurizes rapidly. The DC power controlled components
and systems can operate as required for this period, such as the RPV water level instrumentation. As a result,
HPCI operation can be controlled so that the RPV water level will remain between 12.0914 m and 14.7828 m.
HPCI starts to inject water to RPV once water level falls below the lower bound and stops once the water level
rises above the upper bound. Once the station batteries are exhausted at 4 hours, HPCI system will cease
operation. It is also assumed that the HPCI system will not blackrun (manual operation) once the DC power is
exhausted after 4 hours. It is further assumed in this scenario that the AC power is not recovered after 4 hours, and
consequently all water injections to the RPV are lost after 4 hours and the core proceeds to fuel failure and CD.
Because the decay power is at a much lower level than that of STSBO, the accident progression would be slower,
and time-to-core-damage would be longer.

Figure 4-30 shows the HPCI mass flow rate to RPV. Due to the high mass flow rate of HPCI, the HPCI
system is turned on for a short period of time before it is turned off twice between 0 and 4 hours. Figure 4-31
shows the collapsed water level which is controlled to stay within a proper range due to the availability of HPCI
injection and core water level monitoring. The collapsed water level starts to drop continuously at about 6 hours.
The RPV dome pressure, as shown in Figure 4-32, decreases rapidly within the first half an hour of the transient
due to the stuck open of one SRV and stays at a low level for the remaining of the transient. The SRV steam flow
is shown in Figure 4-33. The steam mass flow rate through HPCI is shown in Figure 4-34. The void fraction for
one control volume in the hot channel is shown in Figure 4-35. The void fraction is kept at a fairly low range in
the first 8 hours due to the availability of HPCI water injection in the first 4 hours. After 8 hours, the void fraction
is going up and reaches dryout conditions. As SRVs releases high-pressure and high-temperature steam into the
SP, the suppression temperature goes up as shown in Figure 4-36. The PCT comparisons for Zry, Cr-coating, and
FeCrAl claddings are shown in Figure 4-37.
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Figure 4-30. HPCI Water Injection Mass Flow Rate at BOC for SBO-1.3.
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Figure 4-31. RPV Downcomer Collapsed Water Level at BOC for SBO-1.3.

8 T T T
=5 L i
(=}
=
w
5 A
§ — Cr-coating
[y _
i FeCraAl
=
o
s
£
(3]
a ]
A oL _

T EE gy
O 1 1 1
0 5 10 15

Time ¢hr)

Figure 4-32. RPV Dome Pressure at BOC for SBO-1.3.
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Figure 4-33. SRV Mass Flow Rate at BOC for SBO-1.3.
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Figure 4-34. Steam Mass Flow Rate for HPCI at BOC for SBO-1.3.
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Figure 4-35. Void Fraction in One Element of the Hot Channel at BOC for SBO-1.3.
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Figure 4-36. SP Water Temperature at BOC for SBO-1.3.
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Figure 4-37. PCT at BOC for SBO-1.3.

4.2.5 SBO-2: Short-Term Station Blackout

STSBO is initiated by the same spectrum of events that leads to LTSBO, but is more extensive in the damage
to plant equipment. Besides a total loss of offsite AC power from power grids and onsite AC power from diesel
generators (DGs), all onsite DC power from station batteries is also assumed to fail. All plant components
dependent on control or motive power for startup and operation are disabled, including steam-driven emergency
coolant makeup systems such as RCIC and HPCI. It is further assumed that manual control of reactor pressure
relief valves also fails. Plant operators will attempt to blackstart RCIC in STSBO condition. Several manual
actions are required to blackstart RCIC, including opening normally closed valves to admit steam from the main
steam lines to the steam-driven turbines of RCIC system and pump discharge valves so that water can be directed
to the RPV. However, in this scenario, it is assumed that RCIC blackstart is not successful. Consequently, all
coolant injections are lost so that the temperature of fuel and cladding will keep increasing until the cladding
melts.

Figure 4-38 shows the collapsed water level which decreases continuously following the initiation of the SBO
due the RPV keeping losing its coolant inventory by the opening/closing of the SRVs. The SRV total fluid mass
flow rate is shown in Figure 4-39. The RPV dome pressure is shown in Figure 4-40. The oscillations of the RPV
pressure are caused by the cycling of the SRVs. The SRVs open when the pressure of the main-line pipe where
the SRVs are connected reaches opening threshold values, and close when the pressure drops to closing threshold
values. In this way, the RPV pressure is kept in a safe range. The void fraction for one control volume in the hot
channel is shown in Figure 4-41. The void fraction is kept at a fairly low range in the first half hour, then goes up
fairly rapidly until dryout happens. As SRVs release high-pressure and high-temperature steam into the SP, the
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suppression temperature goes up, as shown in Figure 4-42. The PCT comparisons for Zry, Cr-coating, and FeCrAl
claddings are shown in Figure 4-43. The CD happens between 1.2 hour and 1.5 hours for these three types of
cladding materials.
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Figure 4-38. RPV Downcomer Collapsed Water Level at BOC for SBO-2.
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Figure 4-39. SRV Mass Flow Rate at BOC for SBO-2.

48



— Cr-coating
/ —— FeCrAl

| |{/|”|—Zr

: o
o))
: ; . : .

Il

Steam Dome Pressure (Mpa)
=~
s

7
Fo

i 1 i 1 i 1
0 0.5 1 1.5
Time (hr)
Figure 4-40. RPV Dome Pressure at BOC for SBO-2.
1 T T T
0.8 F
5 06F —
g — Cr-coating
& — FeCral
=
204+
)/
0.2
0 I 1 I 1 i 1
0 0.5 1 1.5
Time thr)

Figure 4-41. Void Fraction in One Element of the Hot Channel at BOC for SBO-2.
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42.6 SBO-2.1: STSBO with One SRV Open

This STSBO scenario is similar to the one described in SBO-2, with one major difference—one SRV sticks
open once it is activated. Similar to SBO-2, in this STSBO scenario, besides a total loss of offsite AC power from
power grids and onsite AC power from DGs, all onsite DC power from station batteries also fails. All plant
components dependent on control or motive power for startup and operation are disabled, including steam-driven
emergency coolant makeup systems (e.g., RCIC and HPCI), as well as manual control of reactor pressure relief
valves. Plant operators will attempt to blackstart RCIC in STSBO condition. Several manual actions are required
to blackstart RCIC, including opening normally closed valves to admit steam from the main steam lines to the
steam-driven turbines of RCIC system and pump discharge valves so that water can be directed to the RPV.
However, in this scenario, it is assumed that RCIC blackstart is not successful. Consequently, all coolant
injections are lost so that the temperature of fuel and cladding will keep increasing until the cladding melts.

Figure 4-44 shows the dome pressure in this scenario. One SRV is stuck open so the RPV pressure decreases
rapidly and continuously throughout the duration of the transient. The downcomer collapsed water level, as shown
in Figure 4-45, also decreases rapidly and continuously due to the loss of the coolant inventory in the RPV from
the stuck-open SRV. The SRV coolant mass flow rate is shown in Figure 4-46. As the RPV pressure decreases,
the coolant mass flow rate also decreases. The void fraction for one control volume in the hot channel is shown in
Figure 4-47. The void fraction is kept at a fairly low range in the first half hour and then goes up rapidly and
reaches dryout conditions. As SRVs releases high-pressure and high-temperature steam into the SP, the
suppression temperature goes up as shown in Figure 4-48. The PCT comparisons for Zry, Cr-coating, and FeCrAl
claddings are shown in Figure 4-49. The CD happens within less than 1 hour for these three types of cladding
materials. The stuck open one SRV induces more severe coolant loss from the RPV and hence core uncover
happens sooner than that of SBO-2. Consequently, the CD happens sooner than that of SBO-2.
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Figure 4-44. RPV Dome Pressure at BOC for SBO-2.1.
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Figure 4-45. RPV Downcomer Collapsed Water Level at BOC for SBO-2.1.
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Figure 4-46. SRV Mass Flow Rate at BOC for SBO-2.1.
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Figure 4-47. Void Fraction in One Element of the Hot Channel at BOC for SBO-2.1.
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Figure 4-48. SP Water Temperature at BOC for SBO-2.1.
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Figure 4-49. PCT at BOC for SBO-2.1.

427 SBO-3: STSBO with Two or More SRV Open

This SBO scenario is similar to that described in SBO-2.1 with one major difference, all the SRVs are
activated at the initiation of the SBO and stay open for the duration of the transient. It is assumed in this scenario
that with certain extreme external event such as fire coupled with simultaneous STSBO scenario caused all the
SR Vs stuck open. In this scenario, a total loss of offsite AC power from power grids and onsite AC power from
DGs happen, all onsite DC power from station batteries also fail. All plant components dependent on control or
motive power for startup and operation are disabled, including steam-driven emergency coolant makeup systems
(e.g., RCIC and HPCI), as well as manual control of reactor pressure relief valves. Plant operators will attempt to
blackstart RCIC in this STSBO condition. Several manual actions are required to blackstart RCIC, including
opening normally closed valves to admit steam from the main steam lines to the steam-driven turbines of RCIC
system and pump discharge valves so that water can be directed to the RPV. However, in this scenario, it is
assumed that RCIC blackstart is not successful. Consequently, all coolant injections are lost so that the
temperature of fuel and cladding will keep increasing until the cladding melts.

Figure 4-50 shows the RPV dome pressure. Due to stuck open of all the SRVs, the RPV pressure decreases
more rapidly than that in SBO-2.1. The coolant mass flow rate through all the SRVs is shown in Figure 4-51. The
RPV downcomer collapsed water level is shown in Figure 4-52. Due to the significant coolant loss through all the
stuck open SRVs, the water level drops more rapidly than that in SBO-2.1. The downcomer collapsed water level
is shown in Figure 4-52. Due to severe loss of the coolant inventory in the RPV, the void fraction goes up rapidly
quickly and reaches dryout conditions at about 0.2 hours. As SRVs release high-pressure and high-temperature
steam into the SP, the suppression temperature goes up as shown in Figure 4-53. The PCT comparisons for Zry,
Cr-coating, and FeCrAl claddings are shown in Figure 4-54. Among all the SBO scenarios analyzed, the time to
CD is shortest in this scenario. The CD happens in less than 0.6 hours for all three cladding materials.
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Figure 4-50. RPV Dome Pressure at BOC for SBO-3.
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Figure 4-51. SRV Mass Flow Rate at BOC for SBO-3.
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Figure 4-53. Void Fraction in One Element of the Hot Channel at BOC for SBO-3.
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Figure 4-55. PCT at BOC for SBO-3.
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428 SBO-4: LTSBO with AC Power Recovery

In this scenario, it is assumed that the RCIC operates successfully in the first 4 hours after the initiation of the
SBO. The AC power is successfully recovered after 4 hours and consequently RCIC can continue to inject water
to RPV after 4 hours in a regulated manner controlled by the high- and low-water-level setpoints. The SP cooling
is assumed to fail such that the pressure and temperature in the SP would rise continuously after the initiation of
SBO. It is further assumed that no SRVs are stuck open; however, five SRVs are manually opened to depressurize
the RPV when the net-positive suction head (NPSH) margin goes to zero for the RCIC turbopump. Under such a
condition, cavitation in the RCIC turbopump would occur and cause the turbopump to stop pumping water into
the RPV. Cavitation is the formation of vapor bubbles in a flowing fluid due to the local static pressure decrease
below the vapor pressure of the pumped liquid. The formation of this vapor and the following rapid condensation
can produce damage and adversely affect the operation of a centrifugal pump. Consequently, the RPV loses water
injection and the water level starts to drop continuously to cause fuel to uncover and eventually fuel failure. In
this scenario, it is assumed that when NPSH margin goes down to zero, the five SRVs that constitute ADS will be
manually opened to depressurize the RPV. It is further assumed no low pressure safety injection system works to
allow LI of water into the RPV.

NPSH, which is generally used to describe the concept of cavitation, represents the total (or stagnation)
pressure at the pump suction point relative to the vapor pressure of the liquid. The NPSH margin is defined as the
difference between available NPSH (NPSHA) and required NPSH (NPSHR).

NPSH Margin = NPSHA — NPSHR (4-1)

The NPSH margin should be no less than zero, otherwise, noise, cavitation erosion of the pump’s parts
(mainly the impeller) and pump performance degradation will occur. NPSHR is a property of the pump itself. It
corresponds to an acceptable level of pump cavitation, here we choose a conservative value as 8.114 m (26.62 ft)
(U.S. Nuclear Regulatory Commission, 2010) The NPSHA is the head difference available at the pump suction,
which can be determined by the following equation,

Zwater_surface p(z)gdz

P P z :
NPSHA = Hsuf — Hysuc + AH — Hyygs = UL _vsue + pump.fntet — Hipss (4'2)
’ Pavgd  Plsucd Plsucd

where, Hg,  represents the liquid surface head resulting from the pressure in the air space above (Pgys);
H,, ¢ c represents the vapor head determined by the saturated pressure of the water
temperature at the suction point (Py suc); Pavg 18 the averaging density of liquid; py g 1s the
liquid density at the suction point; AH is the elevation difference between the liquid surface in
the pool and the pump suction flange, (m); H;yss is the pressure loss in the flow path from
fluid suction point to pump suction flange, (m). Py, ¢ consists of noncondensible gas pressure
P, ¢ and the vapor pressure Py, g, f determined by the pool surface temperature, while P, g is
a function of liquid temperature at the suction point. When WW is simulated using a lumped
parameter model, then Py gurt = Py suc and pgpg = Py suc- And the above equation could be
re-written as,

NPSHA = :)ig + AH — Hipgs (4-3)
.

If strong thermal stratification exists in the SP, the surface temperature could be much higher than the liquid
temperature at the suction point, which greatly enlarges the difference between Py g,r¢ and P, g, and implies a
potential larger margin for NPSHA. It is demonstrated that about 30% of margin increase could be obtained when
thermal stratification is considered, which implies that detailed thermal stratification/mixing study should be
performed in the BWR Mark I containment SBO analysis in order to accurately simulate the scenarios. Thermal
stratification study of the SP is left for future work.
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The calculations were carried out using the power shapes at BOC, MOC, and EOC. The figures shown in the
following are for MOC only. Figure 4-56 shows the RCIC water injection mass flow rate at MOC. It can be seen
that the RCIC water injection continues after 4 hours when the AC power is recovered. The RCIC system stops
injecting water to the RPV when the NPSH margin goes down to zero as shown in Figure 4-57. The NPSH
margin is a function of the SP pressure (as shown in Figure 4-58), temperature (as shown in Figure 4-59) and
water density (as shown in Figure 4-60). The RPV collapsed water level is shown in Figure 4-61. The RPV water
level is kept between the low-water-level setpoint and the high water level setpoint when the RCIC is working
and it drops precipitously after RCIC stops injecting water to the RPV and the opening of ADS to depressurize the
RPV. The RPV dome pressure is shown in Figure 4-62. The reactor vessel pressure is kept within a tight range of
the operating pressure when RCIC is working. Once RCIC stops working and after the opening of the ADS, the
RPV dome pressure drops to low values rapidly within a short period of time. Figure 4-63 shows the SRV mass
flow rate during the transient. It can be seen the SRV mass flow rate took a significant jump when the ADS is
manually opened. Figure 4-64 shows the void fraction in one control volume of the hot channel during the
transient. Figure 4-65 shows the PCT comparison for the three types of cladding materials analyzed.
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Figure 4-56. RCIC Water Injection Mass Flow Rate at MOC for SBO-4.
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Figure 4-58. SP Water Pressure at MOC for SBO-4.
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Figure 4-59. SP Water Temperature at MOC for SBO-4.
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Figure 4-60. SP Water Density at MOC for SBO-4.
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Figure 4-61. RPV Downcomer Collapsed Water Level at MOC for SBO-4.
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Figure 4-62. RPV Dome Pressure at MOC for SBO-4.
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Figure 4-63. SRV Mass Flow Rate at MOC for SBO-4.
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Figure 4-64. Void Fraction for One Element in the Hot Channel at MOC for SBO-4.
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Figure 4-65. Comparison of PCT at MOC for SBO-4.

429 SBO0O-4.1: LTSBO with AC Power Recovery and Failure of Depressurization

In this scenario, it is assumed that the RCIC operates successfully in the first 4 hours after the initiation of the
SBO. The AC power is successfully recovered after 4 hours and consequently RCIC can continue to inject water
to RPV after 4 hours in a regulated manner controlled by the high- and low-water-level setpoints. The SP cooling
is assumed to fail so the pressure and temperature in the SP would rise continuously after the initiation of SBO. It
is further assumed that there are no SRVs stuck open and no SRVs are manually opened to depressurize the RPV
so its pressure is kept within an appropriate range by the automatic opening and closing of SRVs controlled by the
high- and low-pressure setpoints. As a result, the low-pressure safety systems such as core injection and core
spray systems are not activated. In the RELAP5-3D calculations for this scenario, it is assumed that when the
NPSH margin goes to zero, cavitation in the RCIC turbopump would occur and cause the turbopump to stop
pumping water into the RPV. Cavitation is the formation of vapor bubbles in a flowing fluid due to the local static
pressure decrease below the vapor pressure of the pumped liquid. The formation of this vapor and the following
rapid condensation can produce damage and adversely affect the operation of a centrifugal pump. Consequently,
the RPV loses water injection and the water level starts to drop continuously to cause fuel uncover and eventually
fuel failure. The major difference between this scenario and that in SBO-4 is that there is no RPV depressurization
in this scenario.

Figure 4-66 shows the RPV collapsed water level at MOC for SBO-4.1. It shows that RCIC system, with the
RCIC water injection mass flow rate shown in Figure 4-67, could keep the vessel liquid level in a safe range in
which the core can be fully covered while the RPV would not be flooded. The NPSH margin is shown in Figure
4-68. As the steam is condensed by water in the SP and leads to the increase of liquid temperature (as shown in
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Figure 4-69) and pressure (as shown in Figure 4-70) and the decrease of liquid density (as shown in Figure 4-71),
the NPSH margin decreases. When the NPSH margin decreases to zero at about 9 hours, the RCIC system fails.
Figure 4-72 shows the RPV dome pressure. It can be seen from the figure that the RPV dome pressure is kept
within a small range of the operating pressure with the automatic on and off of SRVs (as shown in Figure 4-73)
throughout the entire SBO transient. Figure 4-74 shows the void fraction for one element in the hot channel and it
shows that the void fraction is kept at a low value with the RCIC operations. When RCIC ceases operations, the
water level starts to decrease, the core becomes uncovered, and the void fraction starts to go up quickly. Figure
4-75 shows the comparison of the PCT.
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Figure 4-66. RPV Downcomer Collapsed Water Level at BOC for SBO-4.1.
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Figure 4-67. RCIC Water Injection Mass Flow Rate at BOC for SBO-4.1.
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Figure 4-68. NPSH Margin at BOC for SBO-4.1.
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Figure 4-69. SP Water Temperature at BOC for SBO-4.1.
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Figure 4-70. SP Water Pressure at BOC for SBO-4.1.
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Figure 4-71. SP Water Density at MOC for SBO-4.1.
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Figure 4-72. RPV Dome Pressure at BOC for SBO-4.1.
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Figure 4-73. SRV Mass Flow Rate at BOC for SBO-4.1.
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Figure 4-74. Void Fraction in One Element of the Hot Channel at BOC for SBO-4.1.
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Figure 4-75. PCT at MOC for SBO-4.1.

4.3 Sensitivity Analysis

One of the most important metrics to enhance the resiliency of an NPP is to increase its coping time. Within
the ERP Project, coping time is defined as “the available time for NPP operators to mitigate an event that has the
potential to result in significant CD or a large early release of radioactive materials to the environment” (Zhang,
Szilard, & Hess, 2018). The analysis results from the previous subsection indicate that the gain on coping time
from ATF alone is modest. However, the combination of ATF and other advanced nuclear technologies could
provide much longer coping time. In this subsection, sensitivity calculations are performed to demonstrate that the
combination of ATF and certain advanced technologies or operations can significantly postpone the time to CD
and increase the coping time. The sensitivity calculations include: (1) Increase RCIC operation time, (2) FLEX
equipment startup time, and (3) RCIC blackstart operations.

4.3.1 Increase RCIC Operation Time

Sensitivity analysis is performed for the SBO-1 scenario—“LTSBO with RCIC Available for 4 Hours.” In the
calculations performed in the previous subsection, it is assumed that RCIC is available for 4 hours after the
initiation of an SBO accident. However, in a real NPP, the actual time available for RCIC operations depends on
the capacity of the onsite battery. In order to analyze the effect on varying battery capacity, sensitivity
calculations are performed with RCIC operation time ranges from 4 hours to 10 hours. Specifically, six
calculations are performed for RCIC operations of 5, 6, 7, 8, 9, and 10 hours, respectively. The calculations are
performed at BOC only. It is further assumed in the calculations that the AC power is not recovered after RCIC
ceases operations, and consequently all water injections to the RPV are lost after RCIC stops working and the
core proceeds to fuel failure and CD. The time to CD versus the RCIC operation time from these calculations is
plotted in Figure 4-76.
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Figure 4-76. Time to CD vs. RCIC Operation Time for LTSBO Scenario.

It is found that the prolonged operations of RCIC can delay the time to CD. Hence, the extended RCIC
operation provides longer coping time for operators to mitigate the SBO accident. Figure 4-76 shows that the
relationship between the time to CD and RCIC operation time is almost linear, which indicates that the time to
extend the RCIC operations is directly attributable to the gain on coping time. Therefore, extending the operation
time and band of RCIC is one area that would contribute to enhancing the resilience of BWRs. One area is to
increase the capacity of onsite battery. The increased battery capacity provides longer DC power time to control
the RCIC operations. The other area is to better understand the true operating limits of the RCIC system. An
accompanying project called “Enhanced Operation Strategies for System Components” within the RISA Pathway
of the LWRS Program is collaborating with the U.S. nuclear industry and universities to perform experimental
and simulation work to understand the true operating limits of Terry turbine systems and the “self-regulating”
mode of operation of RCIC observed in the Fukushima Daiichi Unit 2 accident in order to credit RCIC in accident
management. The self-regulating mode of operation of RCIC provides much longer operation time for RCIC to
mitigate SBO accidents.

4.3.2 Effect of FLEX Equipment Startup Time

In this analysis, it is assumed that a FLEX portable generator is engaged to maintain a long-term supply of
control power. Using the RPV water level information, which is available by use of a FLEX portable generator,
operators can either position, align and start FLEX portable pump to replace RCIC as the water injection source,
or manually control RCIC to maintain a stable water level in the RPV. It is assumed that FLEX portable pump is
used to replace RCIC in this analysis. A series of RELAP5-3D calculations are performed to estimate the time
required to get FLEX portable generator and pump started before the fuel experiences damage. The scenario
studied is based on the SBO-1 scenario with which RCIC are available for 4 hours. After the RCIC system
operates for 4 hours, it is assumed that FLEX equipment will be brought into service to replace the function of
RCIC. The sensitivity calculations are performed with the assumption that the FLEX equipment can be started
from 4 hours to longer time.

The calculations are performed at BOC only and the results show that if the FLEX generator and pump can be
started within 6.9 hours after the initiation of an SBO, the SBO accident can be successfully mitigated. Figure
4-77 shows the PCT comparisons for the case with FLEX equipment started at 6.9 hours after the initiation of an
SBO. The results indicate that even though the PCT rises rapidly after 6 hours, the FLEX injection is able to stop
the PCT rise and turn it around before it reaches the clad failure temperature.
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Figure 4-77. PCT Comparisons with FLEX Injection Starts at 6.9 Hours for LTSBO
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Figure 4-78. PCT Comparisons with FLEX Injection Starts at 7 Hours for LTSBO.

Figure 4-78 shows the PCT comparisons with FLEX generator and pump started at 7 hours. The Zircaloy
cladding would experience fuel failure; however, both the Cr-coated and FeCrAl ATF cladding materials would
survive the SBO accident. The slower temperature rise of the ATF cladding provides the time needed for FLEX
injection to stop the cladding temperature rise and to cool the fuel in the core.

Figure 4-79 shows the PCT comparisons with FLEX generator and pump started at 7.2 hours. The results
show that both Zircaloy and Chromium-coated cladding would experience failure during the SBO. However, the
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FeCrAl cladding would survive the SBO accident given its slower temperature rise than that of Zircaloy and
Chromium-coated claddings.

Figure 4-80 shows the PCT comparisons with FLEX generator and pump started at 7.3 hours. The results
show that the FLEX water injection is brought on too late and all three cladding materials would experience fuel
failure. Additional calculations for the FLEX startup time greater than 7.3 hours all indicate cladding failure for
all the three cladding materials.

The sensitivity calculations indicate the FLEX startup time has significant effect on the SBO mitigation. The
sooner the FLEX equipment can be brought online the higher the probability to mitigate an SBO. The additional
coping time came with the ATF cladding materials can prevent the “cliff-edge” effect under certain circumstances
as shown in Figure 4-78 and Figure 4-79. The analysis shows the benefit of combining FLEX and ATF to
mitigate an SBO accident.
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Figure 4-79. PCT Comparisons with FLEX Injection Starts at 7.2 Hours for LTSBO.
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Figure 4-80. PCT Comparisons with FLEX Injection Starts at 7.3 Hours for LTSBO.

4.3.3 STSBO with RCIC Blackstart

In an STSBO, it is assumed that DC power fails immediately fails after the initiation of the SBO. This in turn
significantly reduces the time available for operator intervention and accelerates the progression time to CD. The
plant operators will attempt to start and operate the RCIC system without AC or DC control power. This is known
as “RCIC blackstart.” The STSBO scenario SBO-2 described in the previous section is used in the RCIC
blackstart calculations here. The calculations were performed at BOC only. Similar to the analysis performed in
(Wu & Shirvan, 2019), it is assumed that the attempt to blackstart RCIC is successful in 40 minutes rather than
the 1 hour assumed in State-of-the-Art Reactor Consequence Analyses (U.S. Nuclear Regulatory Commission,
2012) after the initiation of the STSBO. Since the onsite DC power is assumed unavailable, the RPV water level
measurement device is not functional and the steam flow into the RCIC Terry turbine is not regulated. As a result,
RCIC system is assumed to operate at a rated capacity of 37.8 kg/s, which is higher than the rate required to make
up for water boil-off losses. The RPV water level will rise above its nominal valve and eventually overfill the
RPV. It is further assumed that once the main steam lines are flooded with the water from RPV overfilling, the
RCIC system is disabled and ceases injecting water to the RPV. The calculations are performed at BOC only.
Figure 4-81 shows the water mass flow rate to the RPV supplied by the RCIC system after it is successfully
blackstarted. Figure 4-82 shows the collapsed water level in the RPV downcomer during the SBO scenario. It can
be seen that before RCIC is blackstarted, the water level keeps dropping due to boil-off-driven decay heat and the
absence of makeup water. With the successful blackstart of RCIC, the water level starts to rise until it reaches the
main steam line level and RCIC ceases operating. After that, the water level starts to decrease until the cladding
melts. Figure 4-83 shows the PCT for STSBO with RCIC blackstart scenario. Table 4-6 shows the comparison of
time to CD for STSBO with and without RCIC blackstart. The simulation results show that with the successful
blackstart of RCIC, the time to CD for all three cladding types is delayed by 4 hours. Additionally, compared to
the baseline Zr cladding, the Chromium-coated and FeCrAl ATF cladding materials added 14 minutes and 24
minutes, respectively, to the time to CD. It can be concluded that the combination of RCIC blackstart and ATF
provides a much longer coping time for plant operators to mitigate an STSBO accident.
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Table 4-6. Time to CD Comparisons at BOC for STSBO Scenarios with ATF Designs and with and without RCIC
Blackstart

Time to CD tcp (hh:mm)

Scenario Scenario Description Cr- FeCr
21y coated At 21y Al At

SBO-2 No SRV stuck open, RCIC/HPCI not
) Available, AC power not recovered in 4 hrs | 1:14 1:19 0:05 1:14 | 1:24

SBO-2- No SRV stuck open, RCIC Blackstart,

0:10

RCIC- HPCI not Available, AC power not
Blackstart | recovered in 4 hrs 5:09 5:23 0:14 5:09 | 5:33 0:24
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Figure 4-81. RCIC Water Injection Mass Flow Rate at BOC for STSBO with RCIC Blackstart.
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Figure 4-82. RPV Collapsed Water Level at BOC for STSBO with RCIC Blackstart.
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Figure 4-83. PCT at BOC for STSBO with RCIC Blackstart.
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4.4 Summary of SBO Analyses

441 RELAP5-3D Results

Table 4-7 through Table 4-9 compare the times to CD for ATF designs (FeCrAl and Cr-coated) with those for
existing Zircaloy clad design in different SBO scenarios at BOC, MOC, and EOC, respectively. The tables show
that the gain of coping time, or the delay of time to CD, is less than or equal to 20 minutes for most scenarios. At
BOC, for FeCrAl, eight of the nine analyzed SBO scenarios have a gain of coping time from 4 to 20 minutes. The
other scenario has a gain of coping time of 50 minutes. For Chromium-coated cladding, eight of the nine analyzed
SBO scenarios have a gain of coping time from 1 to 15 minutes, with the other scenario a gain of coping time of
42 minutes. The coping time gains at MOC and EOC are a bit less that those at BOC.

However, the RELAP5-3D simulation results show the clear benefit in adopting the ATF with much less
hydrogen produced at the time of CD. Table 4-10 through Table 4-12 compare the hydrogen production for ATF
designs (FeCrAl and Cr-coated) with that for existing Zircaloy clad design in different SBO scenarios at BOC,
MOC, and EOC respectively. The tables show the hydrogen production can be a few times lower for the Cr-
coated cladding, and up to two orders of magnitude lower for FeCrAl cladding than that with Zircaloy cladding
cases.

Table 4-7. Time to CD Comparisons at BOC for SBO Scenarios with ATF Designs.

Time to CD tcp (hh:mm) | Time to CD tcp (hh:mm)

Scenario Scenario Description 7 Cr- At 7 FeCrAl At
4 coated 4 et
AC power not
SBO-1 | No SRV 1 RCIC HPCInot |\ overedin | 6:59 | 7:11 | 0:12 | 6:59 | 7:19 | 0:20

stuck open | available Available 4 hrs

AC power not
SBO-1-1 | NOSRV | RCIC not | HPCI recoveredin | 8:21 830 |0:00 |821 [849 |08
stuck open | available Available

4 hrs
AC power not
sBO-12 | One SRV | RCIC HPCInot | 1 coveredin | 7:31 738 | 0:07 | 7:31 | 747 | 0:16
stuck open | available Available 4 hrs
AC power not

SBO-1.3 | One SRV RCICnot | HPCI recoveredin | 10:37 10:52 | 0:15 | 10:37 | 10:53 | 0:16
stuck open | available Available 4 hrs

AC power not
sBo-2 | NoSRV | RCICnot | HPCInot oo i [ 114 |19 |0:05 | 114 | 124 | 0:10
stuck open | available Available 4 hrs

AC power not
sBo-2.1 | OneSRV | RCICnot | HPCInot 1 voeqin | 102 [ 107 [005 | 1:02 [ 111 | 0:09
stuck open | available Available 4 hrs

AC power not
sBo-3 | AlISRVs - RCICnot - HPCInot 1) o Veredin | 031 032 |0:01 | 031 |035 | 0:04
stuck open | available Available

4 hrs
RCIC
No SRV available AC power DEP Success
SBO-4 recovered ] 10:20 10:21 0:01 10:20 | 10:33 0:13
stuck open | HPCInot | ; 4y | SPC Failed
available
RCIC
No SRV available | ACPOWEr | DEp Fajled
SBO-4-1 recovered . 11:56 12:38 | 0:42 11:56 | 12:46 0:50
stuck open | HPCInOt | & 4 hrs SPC Failed
available
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Table 4-8. Time to CD Comparisons at MOC for SBO Scenarios with ATF Designs.

Time to CD tcp (hh:mm) | Time to CD tcp (hh:mm)
Scenario Scenario Description 7 Cr- A 7 FeCrAl A
Ty coated t y et t
AC power not
sBo-1 | NoSRV | RCIC HPCInot |\ o Veredin4 | 6:54 | 7:03 | 0:09 | 6:54 |7:09 | 0:15
stuck open | available available hrs
AC power not
SBO-1-1 | NOSRV | RCIC not | HPCI recoveredin4 | 8:16 | 829 | 0:13 | 816 |834 | 0:18
stuck open | available available hrs
AC power not
SBO-1-2 One SRV RCI.C HP(.:I not recoveredin4 | 7:22 7:33 0:11 | 7:22 7:41 0:19
stuck open | available available hrs
AC power not
SBO-1-3 | One SRV | RCIC not | HPCI recoveredin4 | 10:41 | 10:44 | 0:03 | 10:41 | 10:45 | 0:04
stuck open | available available hrs
AC power not
sBo2 | NoSRV | RCICnot | HPCInot | "0 qina [ 110 | 114 | 0:04 | 1:10 | 1:18 | 0:08
stuck open | available available hrs
AC power not
SBO-2-1 | One SRV [ RCICnot | HPCInot | o/ o oqina [ 1:00 | 1:04 | 0:04 | 1:00 | 1:09 0:09
stuck open | available available hrs
AC power not
sBo-3 | AlISRVs | RCICnot | HPCInot | 00 qing [ 029 | 031 | 002 | 029 |0:33 0:04
stuck open | available available hrs
RCIC
No SRV available AC power | ppp success
SBO-4 recovered ] 10:08 10:20 0:12 | 10:08 | 10:24 0:16
stuck open | HPCI not | ; SPC failed
- in 4 hrs
available
RCIC
No SRV | available | ACPOWEr | DEP failed
SBO-4-1 recovered . 11:51 12:02 0:11 | 11:51 | 12:11 0:20
stuck open | HPCInot | ;s p o SPC failed
available
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Table 4-9. Time to CD Comparisons at EOC for SBO Scenarios with ATF Designs.

Time to CD tcp (hh:mm) | Time to CD tcp (hh:mm)

Scenario | Scenario Description 7 Cr- A 7 FeCrAl | A
Yy coated t Y eLr t
AC power not
SBO-1 No SRV RCI.C HP.CI not recovered in4 | 6:51 6:56 0:05 | 6:51 7:04 0:13
stuck open | available available hrs
AC power not

SBO-1-1 No SRV RCI.CHOt HP(.:I recovered in4 | 8:11 8:14 0:03 | 8:11 8:27 0:16
stuck open | available available

hrs
AC power not
sBO-1.2 | One SRV | RCIC HPCInot | o overedin4 | 7:18 | 721 | 0:03 | 7:18 |7:35 | 0:17
stuck open | available available hrs

AC power not
$BO-1.3 | One SRV | RCIC not | HPCI recoveredin4 | 10:13 | 1021 | 0:08 | 10:13 | 10:33 | 0:20
stuck open | available available hrs

AC power not
spo2 | NOSRV | RCICnot | HPCInot 10 oveeqing | 1208 | 1:10 | 0:02 | 1:08 | 115 | 0:07
stuck open | available available hrs

AC power not
sBO-2-1 | One SRV | RCIC not | HPCInot 1 oveoqing | 056 | 100 | 0:04 | 0:56 | 1:05 | 0:09
stuck open | available available hrs

AC power not
so-3 | AlISRVs | RCICnot | HPCInot | oo oqing 027|027 |0:00 |027 |0:31 | 0:04
stuck open | available available

hrs
RCIC
No SRV available | ACPOWET | DEp guccess | 10:11 | 10:17 | 0:06 | 10:11 | 1023 | 0:12
SBO-4 tuck recovered ]
stuck open HPCI not in 4 hrs SPC failed
available
RCIC
No SRV available | ACPOWEr | DEP filed 11:41 | 11:48 | 0:07 | 11:41 | 12:02 | 0:21
SBO-4-1 tuck N recovered ]
Stuck ope HPCI not in 4 hrs SPC failed
available
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Table 4-10. Hydrogen Production Comparisons at BOC for SBO Scenarios with ATF Designs.

Total H2 (kg) H2 %
Scenario Scenario Description - -
P Zry . FeCrAl Cr FeCrAl
coated coated
No SRV AC power not
SBO-1 | stuck | RCIC o PHPCIROU o oereding [ 3102|605 055|195 |18
available available
open hrs
No SRV AC power not
SBO-1-1 | stuck RCIC not | HPCI recoveredin4 | 3224 | 623 | 0.65 193 |20
available available
open hrs
One SRV AC power not
SBO-1-2 | stuck RCIC HPCInot | 0 Veredin4 |2635 | 1111 [033 |422 |13
available available
open hrs
One SRV AC power not
SBO-1-3 | stuck RCIC not | HPCI recoveredin4 | 2620 | 519 | 041 198 |16
available available
open hrs
No SRV AC power not
SBO-2 | stuck RCICnot | HPCInot | "\ qind | 2408 | 4.11 0.30 171 |12
available available
open hrs
One SRV AC power not
SBO-2-1 | stuck RCICnot | HPCImot | /"o qind | 4625 | 5.44 0.44 118 |10
available available
open hrs
All SRVs AC power not
SBO-3 | stuck RCIC not | HPCInot 1/ U0 edin4 | 1030 | 112 | 007 109 |07
available available
open hrs
RCIC
No SRV available AC power DEP success
SBO-4 stuck recovered ] 13.07 1.91 0.13 14.6 1.0
open HPCI not in 4 hrs SPC failed
available
RCIC
No SRV | ovailable | ACPOWEr | pEp fajled
SBO-4-1 stuck recovered ] 34.05 7.25 1.10 21.3 32
open HPCI not | i 4 hrs SPC failed
available
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Table 4-11. Hydrogen Production Comparisons at MOC for SBO Scenarios with ATF Designs.

Total H, (k ) H, %
Scenario Scenario Description - -
P Zry Cr FeCrAl Cr FeCrAl
coated coated
NoSRV | RCIC HPCInot | AC power not
SBO-1 . . recoveredin4 | 26.69 5.04 0.38 18.9 14

stuck open | available available hrs

AC power not

sBO-1-1 | NOSRV | RCIC not | HPCI recoveredind | 2627 | 513 040 | 195 |15
stuck open | available available

hrs
AC power not
sBO-12 | One SRV | RCIC HPCInot | o overedin4 |25.88 |540 |029 |209 |11
stuck open | available available hrs

AC power not
SBO-1-3 | One SRV 1 RCIC not | HPCL recoveredin4 | 33.14 | 566 | 036 | 171 |11
stuck open | available available hrs

AC power not
spo2 | NOSRV JRCICnot | HPCInot 0 0oreqing | 1845 [3.05 022 [165 |12
stuck open | available available hrs

AC power not
spo-2-1 | OneSRV [ RCICnot | HPCInot 0 0oeqing | 4045 |613  |067  [152 |17
stuck open | available available hrs

AC power not
sBo-3 | AllSRVs JRCICnot | HPCInot 1o fovooqing | 1195 | 206  |031  [172 |26
stuck open | available available

hrs
RCIC AC
ilabl pOwWer | pgp
SBO-4 No SRV avatiable 1 Vered SUCCESS 1 957 | 2.05 0.11 214 |11
stuck open | HPCI not | - SPC failed
- in 4 hrs
available
RCIC
No SRV | available | ACPOWEr | KED failed
SBO-4-1 recovered ] 31.46 5.51 0.46 17.5 1.5
stuck open | HPCI not | - SPC failed
- in 4 hrs
available

81




Table 4-12.

Hydrogen Production Comparisons at EOC for SBO Scenarios with ATF Designs.

Total H, (kg) H; %
Scenario Scenario Description - -
P Zry Cr- | pecral | & FeCrAl
coated coated
AC power
sBo-1 | NOSRV | RCIC HPCInot | not 12058 |407 [030 |19 1.5
stuck open | available available recovered in
4 hrs
AC power
$BO-1-1 | NOSRV | RCIC not | HPCI not 2441|457 o032 |187 1.3
stuck open | available available recovered in
4 hrs
AC power
sBO-12 | One SRV | RCIC HPCInot fnot — 1y958 423 |029 | 144 1.0
stuck open | available available recovered in
4 hrs
AC power
SBO-1-3 | One SRV | RCIC not | HPCI not 2569 433 026 | 169 1.0
stuck open | available available recovered in
4 hrs
AC power
sBo-2 | NOSRV | RCICnot ) HPCInot | not 1873|248 017|132 0.9
stuck open | available available recovered in
4 hrs
AC power
$BO-2-1 | Ome SRV | RCICnot | HPCInot | mot | 3500 | gh3 | 550 |73 6.1
stuck open | available available recovered in
4 hrs
AC power
sBo-3 | AlISRVs | RCIC not ) HPCI not | not 1120 | 151 0.08 | 135 0.7
stuck open | available available recovered in
4 hrs
RCIC
No SRV available AC power DEP success
SBO-4 recovered ) 18.15 1.96 0.10 10.8 0.6
stuck open | HPCI not | - SPC failed
; in 4 hrs
available
RCIC
No SRV | available | ACPOWEr | DEp failed
SBO-4-1 recovered . 28.43 5.06 0.38 17.8 1.4
stuck open | HPCI not . SPC failed
: in 4 hrs
available
4.4.2 Risk Impact Evaluation

With only a marginal increase of the time-to-core-damage with FeCrAl and Cr-coated against the
conventional Zry cladding design based on the RELAPS5-3D simulation results (see Table 4-7 through Table 4-9),

the risk-benefit on behalf of the CDF as the risk metrics would be very small. The less than an hour time

difference does not warrant a change of the PRA SBO model (ET, FT, success criteria, or human reliability
analysis). Instead, a simplified approach proposed in (Ma et al., 2018) using a multiplication factor, called coping
time factor For(m/n), is adopted in this report to estimate the risk impact of the ATF design with the small
increase of coping time. If an SBO sequence that includes top events of AC power recovery (either offsite power

82




recovery or DG recovery) within n hours has a base case CDF of CDF,, with the increase of coping time for m
hours with the ATF design, the time-to-core-damage is delayed by m hours, and the base case top events of AC
power recovery within n hours become as AC power recovery within (m + n) hours. The failure probability for
operator to recover AC power is thus smaller which would lead to a reduced CDF of CDF’, by the factor of
Fer(m/n):

CDF' = Fcr(m/n) * CDF, (4-4)

The coping time factor Fcr(m/n) can be estimated from the ratio of the probabilities of operator fails to
recover AC power within different time periods. The probability of operator fails to recover AC power within ¢
hours, Pycr (1), is calculated as:

Pacr(t) = Popr(t) - Ppgr(t) (4-5)
where:
Popr(t) = Probability of operator failing to recover offsite power within ¢ hours
Ppoer(t) = Probability of operator failing to recover DGs within t hours
The recovery human error probabilities (HEPs), Pypr and Pp.g, can be estimated based on :
Popr(t) = 1 — o[04 (4:6)
Poo(®) = e #° (4-7)
wherel:
U, o = Lognormal distribution parameters, ¢ = —0.45, ¢ = 1.51 (LOOPPC), 4 = 0.17,
o = 1.50 (LOOPSC), u = 0.80, 0 = 1.17 (LOOPGR), u = 1.63, ¢ = 2.05 (LOOPWR)
a, B = Weibull distribution parameters, « = 0.70, = 20.77

Table 4-13 shows the calculated values of Pypgr and Ppgr within specified time periods from 1 hour to 9
hours. The column of P(n+1)/P(n) in the table presents the ratio of P4-g within n+1 hours to that of within n hours.
The last two columns present the ratios if the coping time is increased by 0.5 hours or 0.25 hours. The coping time
factor For(m/n) is estimated by rounding up these ratios with the results presented in

Table 4-14. The factor For(m/n) can then be applied to the PRA SBO sequence results.

Table 4-15 through Table 4-20 show the estimated CDF for the analyzed SBO sequences with FeCrAl and
Cr-coated cladding designs at BOC, MOC, and EOC, respectively. The results show that the marginal coping time
increase brought by the FeCrAl and Cr-coated designs would lead to about ~3—-5% and ~1-3% reductions in CDF
led by weather-related LOOP, respectively. For both ATF designs, the CDF reductions vary during the fuel cycle,
exhibiting the greatest reduction at BOC and lowest reduction at EOC.

It is to be noted that, for three out of 10 scenarios (i.e., SBO-2.0 corresponding to PRA sequence
LOOPWR:37-07-23, SBO-4 corresponding to PRA sequence LOOPWR:37-01-05, and SBO-4.1 corresponding to
PRA sequence LOOPWR:37-01-11), their CDF' values are higher than the CDF, values. This is because the three
scenarios involve successful recovery actions: the introduction of ATF designs provides coping time extension,
which reduces the probability of recovery failure and increases the probability of recovery success. Also, for two
out of 10 scenarios (i.e., SBO-2.1 corresponding to PRA sequence LOOPWR:37-11-7 and SBO-3 corresponding
to PRA sequence LOOPWR:37-12), their CDF' values are the same as the CDF, values, since these two scenarios

1. These distribution parameter values were the latest versions when the generic BWR PRA model was developed. Please
note that these values are being updated annually. As of September 2020, the most recent versions are provided in
INL/EXT-19-54699, “Analysis of Loss-of-Offsite-Power Events: 1987-2018” (Johnson & Ma, 2019), and INL/EXT-19-
54609, “Enhanced Component Performance Study: Emergency Diesel Generators 1998-2018” (Ma Z. , 2019).
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do not involve recovery actions. Even though, the impact of CDF reduction overwhelms the impact of CDF
increase and the total CDF led by weather-related LOOP shows a decreasing trend.

Although the CDF reductions seem trivial, this should not be misinterpreted to suggest ATF brings no risk
benefits since there are observed clear benefits from ATF slowing down the hydrogen production. As stated in
Section 4.4.1, the hydrogen production can be a few times lower for the Cr-coated cladding, and up to two orders
of magnitude lower for FeCrAl cladding than with Zircaloy cladding cases.

Table 4-13. Failure Probabilities for Operator to Recover AC Power.

Operator Action Popr Ppgr Pycr P(n+1)/P(n) | P(n+0.5)/P(n) | P(n+0.25)/P(n)
Operator Fails to Recover inn =1 hr 7.87E-01 8.87E-01 | 6.98E-01 | 80% 90% 95%
Operator Fails to Recover inn =2 hrs 6.76E-01 8.24E-01 | 5.57E-01 | 84% 92% 96%
Operator Fails to Recover in n =3 hrs 6.02E-01 7.73E-01 | 4.65E-01 | 86% 93% 96%
Operator Fails to Recover in n =4 hrs 5.47E-01 7.30E-01 | 3.99E-01 | 87% 94% 97%
Operator Fails to Recover inn =5 hrs 5.04E-01 6.92E-01 | 3.49E-01 | 88% 94% 97%
Operator Fails to Recover in n = 6 hrs 4.69E-01 6.58E-01 | 3.08E-01 | 89% 95% 97%
Operator Fails to Recover in n =7 hrs 4.39E-01 6.27E-01 | 2.75E-01 | 90% 95% 97%
Operator Fails to Recover in n = § hrs 4.13E-01 5.99E-01 | 2.48E-01 | 91% 95% 98%
Operator Fails to Recover in n =9 hrs 3.91E-01 5.73E-01 | 2.24E-01
Table 4-14. Estimated Coping Time Factor.

Coping Time Factor For(1.0/n) Fc7(0.5/n) For(0.25/n)

Operator Fails to Mitigate Accidentinn=1 hr 0.80 0.90 0.95

Operator Fails to Mitigate Accident in n =2 hrs 0.85 0.95 1.00

Operator Fails to Mitigate Accident in n =3 hrs 0.90 0.95 1.00

Operator Fails to Mitigate Accident in n = 4 hrs 0.90 0.95 1.00

Operator Fails to Mitigate Accident in n =5 hrs 0.90 0.95 1.00

Operator Fails to Mitigate Accident in n = 6 hrs 0.90 0.95 1.00

Operator Fails to Mitigate Accident in n =7 hrs 0.90 0.95 1.00

Operator Fails to Mitigate Accident in n = § hrs 0.95 0.95 1.00
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Table 4-15. CDF Estimation for FeCrAl at BOC.

Time to CD tep (hhmm) | Power CDF, | Foy | CDF’ ACDF | ACDF%
Zr FeCrAl | At Recovery
SBO-1 6:59 7:19 0:20 4hrs No 2.77E-07 | 0.95 2.64E-07 | -1.27E-08 | -5%
SBO-1.1 | 8:21 8:49 0:28 4hrs No 4.10E-08 | 0.94 3.84E-08 | -2.59E-09 | -6%
SBO-1.2 | 7:31 7:47 0:16 4hrs No 2.65E-08 | 0.96 2.55E-08 | -9.81E-10 | -4%
SBO-1.3 | 10:37 | 10:53 0:16 4hrs No 3.80E-09 | 0.96 3.66E-09 | -1.40E-10 | -4%
SBO-2° 1:14 1:24 0:10 0.5hrs Yes | 1.68E-12 | 0.96 2.09E-12 | 4.15E-13 | 25%
SBO-2° 1:14 1:24 0:10 0.5hrs No 1.27E-08 | 0.95 1.20E-08 | -6.62E-10 | -5%
SBO-2.1 1:02 1:11 0:09 -- 3.44E-09 | -- 3.44E-09 | 0.00E+00 | 0%
SBO-3 0:31 0:35 0:04 -- 2.85E-09 | -- 2.85E-09 | 0.00E+00 | 0%
SBO-4 10:20 | 10:33 0:13 4hrs Yes 2.22E-11 | 0.98 2.27E-11 | 5.00E-13 | 2%
SBO-4.1 11:56 | 12:46 0:50 4hrs Yes 3.15E-12 | 0.93 3.40E-12 | 2.55E-13 | 8%
Total 3.67E-07 3.50E-07 | -1.71E-08 | -5%
a Corresponds to PRA sequence LOOPWR:37-07-23
b Corresponds to PRA sequence LOOPWR:37-09
Table 4-16. CDF Estimation for Cr-Coated at BOC
Time to €D tep (hhumm) | Power CDF, | Fe | CDF' ACDF | ACDF%
Zr Cr-coated | At | Recovery
SBO-1 6:59 | 7:11 0:12 | 4hrs No 2.77E-07 | 0.97 2.69E-07 | -7.75E-09 | -3%
SBO-1.1 | 8:21 | 8:30 0:09 | 4hrs No 4.10E-08 | 0.98 4.01E-08 | -8.66E-10 | -2%
SBO-1.2 | 7:31 | 7:38 0:07 | 4hrs No 2.65E-08 | 0.98 2.61E-08 | -4.37E-10 | -2%
SBO-1.3 | 10:37 | 10:52 0:15 | 4hrs No 3.80E-09 | 0.97 3.67E-09 | -1.32E-10 | -3%
SBO-2* | 1:14 | 1:19 0:05 | 0.5hrs Yes | 1.68E-12 | 0.98 1.89E-12 | 2.14E-13 | 13%
SBO-2° | 1:14 | 1:19 0:05 | 0.5hrs No 1.27E-08 | 0.97 1.23E-08 | -3.43E-10 | -3%
SBO-2.1 | 1:02 | 1:07 0:05 | -- 3.44E-09 | -- 3.44E-09 | 0.00E+00 | 0%
SBO-3 0:31 | 0:32 0:01 | -- 2.85E-09 | -- 2.85E-09 | 0.00E+00 | 0%
SBO-4 10:20 | 10:21 0:01 | 4hrs Yes 2.22E-11 | 1.00 2.22E-11 | 3.94E-14 | 0%
SBO-4.1 | 11:56 | 12:38 0:42 | 4hrs Yes 3.15E-12 | 0.94 3.36E-12 | 2.17E-13 | 7%
Total 3.67E-07 3.58E-07 | -9.52E-09 | -3%
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Table 4-17. CDF Estimation for FeCrAl at MOC

Time to CD tep (hhimm) | Power CDF, | Fo | CDF’ ACDF | ACDF%
Zr FeCrAl | At Recovery
SBO-1 | 6:54 |7:09 | 0:15 |4hrsNo | 2.77E-07 | 0.97 | 2.67B-07 | -9.62E-09 | -3%
SBO-1.1 |8:16 |834 |0:18 |4hrsNo | 4.10E-08 | 0.96 | 3.93E-08 | -1.70E-09 | -4%
SBO-12 [7:22 | 7:41 | 0:19 |4hrsNo | 2.65E-08 | 0.96 | 2.54E-08 | -1.16E-09 | -4%
SBO-13 | 10:41 | 1045 |0:04 |4hrsNo | 3.80E-09 | 0.99 | 3.76B-09 | -3.60E-11 |-1%
SBO-2* | 1:10 | 1:18 | 0:08 | 0.5hrsYes | 1.68E-12 | 0.97 | 2.01E-12 | 3.36B-13 | 20%
SBO-2® |1:10 | 1:18 | 0:08 |05hrsNo | 1.27E-08 | 0.96 | 1.21E-08 | -5.37E-10 | -4%
SBO-2.1 [ 1:00 |1:09 |0:09 | - 3.44E-09 | —- 3.44E-09 | 0.00E+00 | 0%
SBO3 | 029 |033 | 0:04 | - 2.85E-09 | —- 2.85E-09 | 0.00E+00 | 0%
SBO-4 | 10:08 | 1024 | 0:16 | 4hrsYes | 2.22B-11]098 | 2.28E-11 | 6.12E-13 | 3%
SBO-4.1 | 11:51 | 12:11 | 0:20 | 4hrs Yes | 3.15E-12 | 0.97 | 3.25E-12 | 1.08E-13 | 3%
Total 3.67E-07 3.54E-07 | -1.31E-08 | -4%
Table 4-18. CDF Estimation for Cr-Coated at MOC
Time to CD tep (hhimm) | Power CDFy | Fep | CDF' ACDF | ACDF%)
Zr Cr-coated | At Recovery
SBO-1 | 6:54 | 7:03 0:09 | 4hrsNo | 2.77E-07 | 0.98 | 2.71E-07 | -5.85E-09 | 2%
SBO-1.1 | 8:16 | 8:29 0:13 | 4hrsNo | 4.10E-08 | 097 | 3.98E-08 | -1.24E-09 | -3%
SBO-12 | 7:22 | 7:33 0:11 | 4hrsNo | 2.65E-08 | 0.97 | 2.58E-08 | -6.81E-10 | -3%
SBO-1.3 | 10:41 | 10:44 0:03 | 4hrsNo | 3.80E-09 | 0.99 | 3.77E-09 | -2.71E-11 | -1%
SBO-2* | 1:10 | 1:14 0:04 | 0.5hrs Yes | 1.68E-12 | 0.98 | 1.85E-12 | 1.73E-13 | 10%
SBO-2* | 1:10 | 1:14 0:04 | 0.5hrs No | 1.27E-08 | 0.98 | 1.24E-08 | -2.77E-10 | 2%
SBO-2.1 | 1:00 | 1:04 0:04 | - 3.44E-09 | - 3.44E-09 | 0.00E+00 | 0%
SBO-3 | 0:29 | 0:31 0:02 | - 2.85E-09 | -- 2.85E-09 | 0.00E+00 | 0%
SBO-4 | 10:08 | 10:20 0:12 | 4hrs Yes | 2.22E-11 | 098 | 2.27B-11 | 4.63E-13 | 2%
SBO-4.1 | 11:51 | 12:02 0:11 | 4hrs Yes | 3.15E-12 | 098 | 3.21E-12 | 6.03E-14 | 2%
Total 3.67E-07 3.59E-07 | -8.07E-09 | -2%
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Table 4-19. CDF Estimation for FeCrAl at EOC

Time to CD t;p (hh:mm)

Power

CDFy | Fqr CDF' ACDF | ACDF%

Zr FeCrAl | At Recovery
SBO-1 6:51 7:04 0:13 4hrs No 2.77E-07 | 0.97 2.69E-07 | -8.37E-09 | -3%
SBO-1.1 | 8:11 8:27 0:16 4hrs No 4.10E-08 | 0.96 3.95E-08 | -1.52E-09 | -4%
SBO-1.2 | 7:18 7:35 0:17 4hrs No 2.65E-08 | 0.96 2.55E-08 | -1.04E-09 | -4%
SBO-1.3 | 10:13 | 10:33 0:20 4hrs No 3.80E-09 | 0.95 3.62E-09 | -1.74E-10 | -5%
SBO-22 1:08 1:15 0:07 0.5hrs Yes | 1.68E-12 | 0.97 1.97E-12 | 2.96E-13 18%
SBO-2° 1:08 1:15 0:07 0.5hrs No 1.27E-08 | 0.96 1.22E-08 | -4.73E-10 | -4%
SBO-2.1 | 0:56 1:05 0:09 -- 3.44E-09 | -- 3.44E-09 | 0.00E+00 | 0%
SBO-3 0:27 0:31 0:04 -- 2.85E-09 | -- 2.85E-09 | 0.00E+00 | 0%
SBO-4 10:11 | 10:23 0:12 4hrs Yes 2.22E-11 | 0.98 2.27E-11 | 4.63E-13 2%
SBO-4.1 | 11:41 | 12:02 0:21 4hrs Yes 3.15E-12 | 0.97 3.26E-12 | 1.13E-13 4%
Total 3.67E-07 3.56E-07 | -1.16E-08 | -3%

Table 4-20. CDF Estimation for Cr-Coated at EOC

Time to €D tep (hhimm) | Power CDF, | Fs | CDF' | ACDF | ACDF

Zr Cr-coated | At | Recovery
SBO-1 6:51 | 6:56 0:05 | 4hrs No 2.77E-07 | 0.99 2.74E-07 | -3.28E-09 | -1%
SBO-1.1 | 8:11 | 8:14 0:03 | 4hrs No 4.10E-08 | 0.99 4.07E-08 | -2.92E-10 | -1%
SBO-1.2 | 7:18 | 7:21 0:03 | 4hrs No 2.65E-08 | 0.99 2.63E-08 | -1.89E-10 | -1%
SBO-1.3 | 10:13 | 10:21 0:08 | 4hrs No 3.80E-09 | 0.98 3.73E-09 | -7.14E-11 | -2%
SBO-2?2 1:08 | 1:10 0:02 | 0.5hrs Yes | 1.68E-12 | 0.99 1.76E-12 | 8.76E-14 | 5%
SBO-2° 1:08 | 1:10 0:02 | 0.5hrs No 1.27E-08 | 0.99 1.25E-08 | -1.41E-10 | -1%
SBO-2.1 | 0:56 | 1:00 0:04 | -- 3.44E-09 | -- 3.44E-09 | 0.00E+00 | 0%
SBO-3 0:27 | 0:27 0:00 | -- 2.85E-09 | -- 2.85E-09 | 0.00E+00 | 0%
SBO-4 10:11 | 10:17 0:06 | 4hrs Yes 2.22E-11 | 0.99 2.24E-11 | 2.34E-13 1%
SBO-4.1 | 11:41 | 11:48 0:07 | 4hrs Yes 3.15E-12 | 0.99 3.19E-12 | 3.87E-14 1%
Total 3.67E-07 3.63E-07 | -3.97E-09 | -1%

87



5. RISK-INFORMED ATF ANALYSIS OF MLOCA SCENARIOS

The risk-informed analysis for ATF under MLOCA scenarios is performed in this section. Section 5.1
presents the PRA model and scenarios for a BWR MLOCA accident. Section 5.2 presents the RELAP5-3D
analysis of the baseline fuel and ATF under MLOCA scenarios and Section 5.3 presents the summary of the
analysis results.

5.1 BWR MLOCA PRA Model and Scenarios
The generic BWR MLOCA ET is shown in Figure 5-1. The ET includes the following top events:
e RPS: success or failure of the RPS to shut down the reactor by inserting control rods
e VSS: success or failure of vapor suppression

e HCIO2: success or failure of the HPCI system to inject flow from both the SP and the CST to the reactor
vessel

e DEP: success or failure of manual depressurization with ADS valves for low pressure injection

e LPI: success or failure of low pressure injection, either by core spray system or RHR system

e VA: success or failure of the alternate low pressure injection through RHR service water booster pump
e SPC: success or failure of the SP cooling mode of RHR

e CSS: success or failure of the containment spray mode of RHR

e PCSR: success or failure of main condenser recovery

e CVS: success or failure of containment venting

e LI: success or failure of LI through control rod drive, condensate, or RHR service water system.

The MLOCA ET was quantified with SAPHIRE 8 using a truncation level of 1E-12. There are 13 MLOCA
accident (or CD) sequences. The total MLOCA CDF is 1.43E-7/year (see Table 5-1).

Table 5-1. BWR MLOCA ETs Quantification Results.

Name CDF CDF%
MLOCA:31 1.30E-07 90.45%
MLOCA:30 9.07E-09 6.32%
MLOCA:32 4.07E-0