
fO Program Management Office
-0 'ý Q/ 1ý14350 Northern Pike

Monroeville, Pennsylvania 15146

/ ,*

July3,20/7 ,Project No. 694
July 3,07

OG-07-3'60
Y7

/
Documaent Control Desk
U. S. Nuclear Regulatory Commission
Washington, DC 20555-0001

Subject: Pressurized Water Reactor Owners Group
Program to Establish Consistent Criteria for Post Loss-of-Coolant (LOCA)
Calculations: Draft Report WCAP-16745-NP. Rev. 0. "Boric Acid Reactor Vessel
Mixing/Transport Phenomena Identification and Ranking Table (PIRT)"

References:
1. NRC Letter (ML062690017), "Summary of August 23, 2006 Meeting with the Pressurized

Water Reactor Owners Group (PWROG) to Discuss the Status Of Program to Establish
Consistent Criteria for Post Loss-Of-Coolant (LOCA) Calculations," October 3, 2006.

PWROG representatives met with the NRC staff on August 23, 2006 to discuss Post-LOCA
(Loss-of-Coolant-Accident) boric acid precipitation analysis methodology. The purpose of the
meeting was to present the status of the PWROG program to establish a consistent methodology
and criteria for calculating an appropriate post-LOCA hot leg recirculation switchover time
and/or other actions to preclude post-LOCA boric acid precipitation. One of the planned
activities discussed at this meeting was the development of a boric acid reactor vessel
mixing/transport PIRT (Phenomena Identification and Ranking Table). During this discussion,
the NRC staff requested the opportunity to comment on the draft PIRT report when it became
available.

Enclosed is a draft copy of WCAP-16745-NP, Rev. 0, "Boric Acid Reactor Vessel
Mixing/Transport Phenomena Identification and Ranking Table (PIRT)". Although it is being
provided for information only, feedback from the NRC staff is welcome. The PWROG does not
request NRC review and approval, nor are NRC review fee invoices expected. The draft report
is the product of a panel of 'internal' vendor/industry experts. After a review by 'external'
academic/industry experts, the final report will be issued. Consistent with intentions reported in
the August 23, 2006 meeting with the NRC staff, this initial draft PIRT addresses only low levels
of pass-through containment sump debris and chemicals. A follow-up initiative is in progress to
consider the effect of moderate-to-severe levels of pass-through containment sump chemical and
particulate debris on the draft PIRT scenarios, figure-of-merit, and phenomena
identification/rankings.



U.S. NRC Document Control Desk July 3, 2007
OG-07-300 Page 2

The PWROG will continue to periodically report the status of this program to the NRC staff as
specific tasks are completed. If you require further information, please contact Mr. Ken Vavrek
in the PWR Owners Group Program Management Office at 412-374-4302 or Mr. David Fink at
the Westinghouse Systems and Safety Analysis Department at 412-374-4912.

If you have any questions concerning this matter, please feel free to call Christine DiMuzio at
412-374-5680.

Sincerely yours,

edien P. "Ted" Schiffley, II, Chairman
tres ized Water Reactor Owners Group

FPS:KJV:mjl

Enclosure

cc: PWROG Steering Committee
PWROG Analysis Subcommittee
PWROG Project Management Office
R. Landry, USNRC
S. Peters, USNRC
J. Nakoski, USNRC
L. Ward, USNRC
R. Schomaker, AREVA NP
C. Boyd, Westinghouse
J. Cleary, Westinghouse
D. Fink, Westinghouse
C. B. Brinkman, Westinghouse
J. A. Gresham, Westinghouse

/



Westinghouse Non-Proprietary Class 3

WCAP-16745-NP
Revision 0-DRAFT

April 2007

Boric Acid Reactor Vessel
Mixing/Transport Phenomena
Identification and Ranking
Table (PIRT)



WESTINGHOUSE NON-PROPRIETARY CLASS 3

WCAP-16745-NP
Revision 0-DRAFT

Boric Acid Reactor Vessel Mixing/Transport Pheno mena
Identification and Ranking Table (PIRT)

W. L Brown

D. J. Fink
B. E. Kellerman

LOCA Integrated Services II

April 2007

Approved: C. H. Boyd*
I Manager, LOCA Integrated Services II

Approved: Gordon C. Bischoff*
PWROG Program Management Office

Westinghouse Electric Company LLC
P.O. Box 355.

Pittsburgh, PA 15230-0355

© 2007 Westinghouse Electric Company LLC
All Rights Reserved

WCAP- 16745-NP DRAFT.doc-070307



This work was performed under PWR Owners Group Project Number PA-ASC-0264 Rev. I

*Electronically approved records are authenticated in the electronic document management system.

/ " , ;

'I



LEGAL NOTICE

This report was prepared as an account of work performed by Westinghouse Electric Company LLC.
Neither Westinghouse Electric Company LLC, nor any person acting on its behalf:

A. Makes any warranty or representation, express or implied including the warranties of
fitness for a particular purpose or merchantability, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report•may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damagesoresulting from the use of,
any information, apparatus, method, or process disclosed in this report.

COPYRIGHT NOTICE

This report has been prepared by Westinghouse Electric Company LLC and bears a
Westinghouse Electric Company copyright notice. As a member of the PWR Owners Group, you are
permitted to copy and redistribute all or portions of the report within your organization; however all
copies made by you must include the copyright notice in all instances.

DISTRIBUTION NOTICE

This report was prepared for the PWR Owners Group. This Distribution Notice is intended to establish
guidance for access to this information. This report (including proprietary and non-proprietary versions)
is not to be provided to any indihidu al or organization outside of the PWR Owners Group program
participants without prior written approval of the PWR Owners Group Program Management Office.
However, prior written approval is riot!required for program participants to provide copies of Class 3
Non-Proprietary reports to third parties that are supporting implementation at their plant, and for
submittals to the NRC.
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1-1I

1 EXECUTIVE SUMMARY

All three US Pressurized Water Reactor (PWR) designs use boron as a core reactivity control method and
are subject to concerns regarding potential boric acid precipitation in the core for scenarios that preclude
direct Safety Injection (SI) flow through the core for extended periods following a Loss-of-Coolant
Accident (LOCA). All three plant designs have Emergency Core Cooling System (ECCS) features that
include an active core dilution mechanism to prevent the core region boric acid concentration fr6m
reaching the precipitation point. The common approach for demonstrating adequate boric acid dilution in
a post-LOCA scenario includes the use of simplified methods with conservativeiboiindary, conditions and
assumptions. These simplified methods are used with limiting scenarios in calculations ftha•determine the
time at which appropriate operator action must be taken to initiate an active btric acid diltio• flow path
or alternately, to show that boric acid precipitation will not occur. Simplified nmethods require,'
assumptions regarding mixing in the reactor vessel. These assumptions affect the calculated rate ofboric -
acid build-up in the core and the potential for boric acid precipitation. It is common to use assumptions,
that credit complete mixing in some areas (e.g., the core regnoi and partil iixing in some regions,
(e.g., the lower plenum) while ignoring the effect of mixin'g in other reigioniýhut leg piping).

Improved boric acid precipitation analysis methodologies require insightson the phenomena that effect
transport and mixing in the reactor vessel after a LOCA. A Phenomena Identification -and Ranking Table
(PIRT) is useful in identifying and ranking such phenomena and can be used as guidance when
developing new evaluation models. Specifically the PIRT'can be used to provide a basis for developing
analytical mixing models and can support scaled testing itt•il ,kiiteyaluation model development.

Section 2 provides brief background information on boric.acid precipitation analysis methodology issues
for US PWRs. Section 3 provides information on Westinghouse, Combustion Engineering (CE), and
Babcock and Wilcox (B&) planrt designs and typical boric acid precipitation analysis methodology.
Sections 4 through 9 present the PIRT process and resultsý Section 10 provides a high-level assessment of
how containment sump debrls and GSI-l 91 issues may impact the PIRT rankings. Section 11 presents the
high-ranked phenomena importantto boric acid mixing and transport within a reactor vessel following
LOCAs. Section 12 makes 'recommenrd'ati6hns f0bpractical use of the PIRT and suggests future areas of
focus.
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2 INTRODUCTION

All three US PWR designs (Westinghouse, CE, and B&W) use boron as a core reactivity control method
and are subject to concerns regarding potential boric acid precipitation in the core for scenarios that
preclude direct S1 flow through the core for extended periods following a LOCA. All three plant designs
have ECCS features that include an active core dilution mechanism to prevent the core regqn boric acid
concentration from reaching the precipitation point. These dilution mechanisms may or'ihay not require
operator action. The common approach for demonstrating adequate boric acid dilution in a post-LOCA
scenario includes the use of simplified methods with conservative boundary conditions and assumptions.
These simplified methods are used with limiting scenarios in calculations that determine the time at which
appropriate operator action must be taken to initiate an active boric acid dilutio6n flow path o6raiternately,

to show that boric acid precipitation will not occur. The three US PWR demsigns§have differenti ECCS
designs, different procedures for preventing boric acid precipitation;, and different methodologies f6or
evaluating the potential for boric acid precipitation. Nevertheless, there are common approaches,
assumptions and simplifications that have been used in virtu~aly •allI PWR calculations that address the
potential for boric acid precipitation. Recent Extended Power Uprates,(EPUgs) have provided the
opportunity for the Nuclear Regulatory Commission (NRC) to challenge some of these common
approaches, assumptions and simplifications with regard to regulatorycompliance and technical
justification. In November 2005, the NRC issued a letter (Reference 1) to the Westinghouse Owners
Group (WOQ now Pressurized Water Reactor Owners Group (PWROG)) requesting that the Owners
Group members confirm that they have sufficient safety margin to core cooling requirements to support
continued operation. The PWROG responded to tlhe NRC in Rcfkrence 2. lnwReference 1, the NRC also
asked that future methodologies justify the mixing assumptions useW!d i pretdicting the build-up of boric
acid in the reactor vessel after a LOCA. Throughout thI US PWR fleet, it is common to find boric acid
precipitation Analysis of Record (AOR) calculations that use simplifying assumptions regarding mixing
in the reactor vessel after aLOCA• Such assumptions bave typically credited complete mixing in some
areas while ignoring the effect of mixing in other regions.

WA17- April 2007,!4.
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3-1

3 BACKGROUND ON POST-LOCA BORIC ACID PRECIPITATION
ANALYSIS METHODOLOGY

For typical plant designs (Westinghouse 2-loop Upper Plenum Injection (UPI) plants excluded) the
limiting scenario for boric acid precipitation is a large cold leg (pump discharge) break where the
downcomer is eventually filled and the excess SI flows out the break. The SI flow into thai-ore region is
largely limited to that quantity boiled off in the core to remove the decay heat. The steam generated in the
core travels around the intact hot leg(s) (or through the internals Reactor Vessel Vent Valves (RVVVs) in
the B&W-designed plants) to exit the break. Boric acid left behind accumulates'in the core region and the
boric acid concentration in the core region increases. The calculated rate of increase in b5oric acid
concentration in the core region after a LOCA is directly affected by the asstimed liquid volurne •During
this time, the core and upper plenum are filled with a two-phase mixtureimwhose liquid content is
dependent on the degree of voiding in the core and upper plenum region. The degree of voiding is a

function of the core decay heat and Reactor Coolant System (RCS) pressure, and the pressure drop around
the loop (or through the RVVVs) as it affects the hydrostatic balance betwee the downcomer headeand
the collapsed liquid level in the core. At low RCS pressures and'high decay'ieat levels, the boiling in the
core is vigorous, and the volume of liquid in the core region is smaller. As the decay heat drops off, the
boiling becomes less vigorous and more liquid is retained in the core region.,

Westinghouse US 2-loop plants differ from typiealPWR designs in that they utilize low pressure upper
plenum safety injection (or UPI). For these plants, thliiiting large break LOCA boric acid precipitation
scenario is a hot leg break where the cold leg higlrpyessure SInmay be terminated at or prior to sump
recirculation. This scenario is relevant only with the \ ývery conservati)\&assumption that all UPI flow in
excess of core boil-off bypasses the core region and slowsdirectly outithe break (i.e., no mixing in the
core and upper plenum).

For Westinghouse-designed and CEF designed plants boric acid precipitation calculations are used to
determine the appropi atei-tme to sw itch to some or all thIe ECCS sump recirculation flow to the hot leg or
to otherwise show" thaftric acid pi(cipitation will not 0ccur. For B&W-designed plants, boric acid
precipitation calculations are usedto_*i•ijstit• plaijint-specific active boric acid dilution methods or
limitations on the dilution methods (e.g., plant specific auxiliary pressurizer spray flows, protection of the
sump screens, prevention of potentialwater-hammer scenarios in the decay heat piping, challenges to Net
Positive Suction HeIad(NPSH) limits1fiisrLow Pressure Injection (LPI) pumps, hot and cold fluid mixing
limits, prevention of boric -icid precipitatLion inside the decay heat cooler, etc.).

Thie cold leg break post-L)CA boric acid precipitation scenario is represented in Figures 3-1 through 3-3.

3.1 WESTINGHOUSE PWR PLANT DESIGN POST-LOCA BORIC ACID
PRECIPITATION MIXING VOLUME ASSUMPTIONS

For Westinghoise-designed PWRs under Westinghouse cognizance, the post-LOCA boric acid
precipitation ciiculations have typically used the following simplifying assumptions in regard to liquid
mixing volume:

Volume does not include any portion of the lower plenum.
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Volume in the core equal to the collapsed liquid volume calculated assuming a hydrostatic
balance between the core and the downcomer with the downcomer filled with saturated liquid up
to the bottom elevation of the hot leg piping. The loop pressure drop is assumed to be small and
is ignored.

Volume does not include the vessel volume above the bottom of hot leg elevation,.

Volume does not include any portion of the hot leg volume.

Volume does not include any portion of the bypass regions (thimble tubes, barrel/affle regions).

Volume does not include any portion of the downcomer.

Mixing in the core region is complete.

In addition, some plants credit the small increase in core v6 e that would rsult from an increased
downcomer level that is represented by the "weir height" of the liquidiflpking out the break. This credit
is commonly referred to as "downcomer overfill" and represents a small volume as compared to the total
mixing volume.

Recent analyses for EPU programs have revised the traditional assumptions above in order to address
some of the NRC concerns cited in Reference 1. Most notably,•'•the calculation of liquid volume in the
core region explicitly considers core voiding and partial mixing iD eI•• rplenum is assumed.

A reactor vessel outline drawing for the Westinghouse PWR design is provided as Figure 3-4.

3.2 CE PWR PLANT DESIGN POST-LOCA BORIC ACID PRECIPITATION
MIXING 0OLUME ASSUMPTIONS r

For CE-designed PWRs under WestinghouLse;cognizance, the post-LOCA boric acid precipitation
calculations have typically iViUd the following simplifying assumptions in regard to liquid mixing volume:

/ 100% of the volume of the lower plenum.

* Volume in the core equal to tle collapsed liquid volume calculated assuming a hydrostatic
balance between the core and the downcomer with the downcomer filled with saturated liquid up
to the bottom elevation of the Reactor Coolant Pump (RCP) discharge legs and with the core
collapsed liquid ývolume further decreased by the differential pressure required to depress the
liquiin the downsides of the RCP loop seals to the elevation of the top of the horizontal portion
of the loop seal piping.

Volume inside the Control Element Assembly (CEA) guide tubes up to the elevation credited for
the core volume.

* Volume in the core barrel/baffle region up to the elevation credited for the core volume.
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0 Mixing in the core region is complete.

Recent analyses for the Waterford EPU program have revised the traditional assumptions above in order
to address some of the NRC concerns cited in Reference 1. Most notably, the calculation of liquid
volume in the core region explicitly considers core voiding and only partial mixing in the lower plenum is
assumed.

A reactor vessel outline drawing for the CE PWR design is provided as Figure 3-5.1.

3.3 B&W PWR PLANT DESIGN POST-LOCA BORIC ACID PRECIPITATION
MIXING VOLUME ASSUMPTIONS

For most B&W-designed PWRs under Areva cognizance, the post-LOCA , boric acid precipitation
calculations have used the following assumptions in regard to liquid mixing volume:

* The core liquid mixing volume was assumed to bea constant depending on break size,
conservatively determined using applicable LOCA thermal-hydratilic codes modeled for the
B&W-designed plants. For at least one plant the core liquid hixin'g -volume varies as a function
of decay heat levels and system pressure.

* Mixing volume includes the liquid in the core, core bypass, core baffeK region, core upper
plenum, and outlet annulus.

0 The steam void fraction in these regions reduces the available mixing volume.

* Liquid in the core,lower pK'eiwm and the horizontal runs of the hot legs was not credited.

0 The effects of boiling and core inlet subcooling were included.

0 Mixing in the core regionm 1, C0ipI4e~te.;'

The analyses froneplant differed from above in that a simple constant core liquid mixing volume was
used. The mixing-voiinlume included the core, core bypass, core baffle region, and core lower plenum.
Liquid in the reactor vessel (RV) abovetthe top of core was not credited. No core voiding was considered
although the effects of boiling were credited for providing the internal circulation necessary to give a
homogeneous boric acid concentration in the mixing volume.

A reactor vessel outline drawing for the B&W PWR design is provided as Figure 3-6.
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4 PIRT PROCESS

The PIRT was developed following the approach outlined in Reference 8. First, a list of plausible
phenomena was prepared. Next, phenomena were ranked for importance through the various periods
identified for the transient and the state of knowledge was assessed based upon the diverse experience of

the PIRT review team. For phenomena that were ranked low and/or N/A for all transient periods, the state
of knowledge was not assessed.

Relative rankings of the phenomena in the PIRT were assigned using the following cri&teria:

I- = The phenomenon is considered to have high importance. Modeling of the phenomenon
during the particular period is considered to be crucial to obtain the correct or conservative
prediction of the transient. ,>

M = The phenomenon is considered to have medium importance. The phenomenon must be
modeled with sufficient detail to obtain accuracy 'inthe simulationfi however, the
phenomenon is expected to have less impact on the overall results than those ranked
high..

L - The phenomenon is not considered to be very important during the transient. The
phenomenon needs to be modeled 1in the code (or accounted for i n ihe methodology), but
inaccuracies in modeling these phenomenon are not considered likely to have a significant
impact on the overall transient results. .

N/A The phenomenon is considered insignificant, or does not occur at all. This phenomenon
need not be modeled or be taken into consideration astit has an insignificant impact on
results.

The state of knowledge rankings in, the PIRT were assigned using the following criteria:

H = The state of knowledge ofthe phenomenfon is considered to be high. Relevant test data
exists and atur calculatomethodsexist. There is sufficient understanding of these
phenomena suchI that they could be treated in a conservative or bounding manner in a
model and no new testing or model development is needed to predict these phenomena.

M The state of knowledg(e of the phenomenon is considered to be medium. Test data and/or
calculation rinthods thAt exist may not be directly applicable to the scenario or geometry
under consideration. There is sufficient understanding of these phenomena such that they
may be treated in a conservative or bounding manner in a model although additional tests
or model development will likely be necessary to properly account for these phenomena if
the phenomena are high ranked.

L - Th&estate of knowledge of the phenomenon is considered to be low. Little or no relevant
test data exists and calculation methods that may exist have not been applied to the
scenario or geometry under consideration. There is insufficient understanding of these
phenomena such that they cannot be treated in a conservative or bounding manner in a
model so tests and/or model development will be necessary to properly account for these
phenomena if the phenomena are high ranked.
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Tables 7-1, 7-3, 7-5, 7-7, 7-9, 7-11, 7-13, 7-15, 7-17, and 7-19 summarize the plausible phenomena,
relative rankings, and state of knowledge assessments. Tables 7-2, 7-4, 7-6, 7-8, 7-10, 7-12, 7-14, 7-16,

7-18, and 7-20 provide the rationale for the ranking assigned to phenomena. The high-ranked phenomena

are summarized in Table 8-1 and detailed discussion of these high-ranked phenomena is provided in

Section 9.
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Identify Figure(s) of Merit

Specify Scenarios and Plant Applications

Define Phases and Periods of Scenarios

~~Identify Plausible Phenomena .

•_.Identify Parameters that Impact P~henormena•

R•Rank Phenomena with respect to Figure(s) of
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Provide Ranking Rationale and State of
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Figure 4-1 PIRT Process
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Figure 4-2 PIRT Review Process
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5 PIRT REVIEW TEAM

5.1 INTERNAL EXPERTS

William L. Brown

William L. Brown is a Fellow Engineer at Westinghouse Electric Company's Monroeville, Pennsylvania,
office with 27 years of experience in thermal-hydraulic engineering. He obtained his B.A.E. degree from
Penn State University and M.S. degree in Mechanical Engineering from the University ofPittsburgh. He
spent several years in thermal-hydraulic-acoustic design, analysis, and testing f6r U.S. Naval nuclear
submarines such as the Seawolf, Trident, and Los Angeles class submarines." 4He successfullyled PIRT,
scaling, testing, and analysis work to support the development and licensing, of new passive commercial
nuclear power plants such as the AP600, SPWR, EP1000, IRIS, and APIOOO1 He received several George
Westinghouse Signature Awards for his work in new plant designs including the company's highest level
honor in 2001 for AP 1000. More recently, Mr. Brown has focised on analysis and testing related tor"
ultrasonic flow meters and turbulent flow phenomena in reactor vessels Mr. Brown has been an invited
lecturer at several universities, an adjunct instructor of engineering me'chanics at Penn State University,
published several technical papers, and serves as a reviewer of technical papers for Nuclear Technology
journal. He is a registered professional engineer licensed in the state of Pennsylvania and a member of
ASME.

Joseph M. Cleary

Joseph M. Cleary is a Principal Engineer at Westinghouse Electric Company's Windsor, Connecticut,
office and has 30+ years in LOCA safety analysis. He obtained his M.S. in Nuclear Engineering from
University of New Mexico6:. He •has '"expertise in large break LOCA, small break LOCA and post-LOCA
long-term cooling safety ,analysis Hiprimary expertise is in the application of Appendix K ECCS
performance evaluation models to Combustion Engineering PWRs for standard licensing analyses and
non-standard applications .He has also been involved in model development, training, and special
projects. Mr. Cleary has held various 6positions within his organization including supervisor of LOCA
safety analysis group and certified project manager.

Milorad B. Dzodzo.

Dr".Milorad B. Dzodzo is a Fellow Engineer in the Thermal, Fluid and Nuclear Engineering Group at the
Westinghouse Science and Technology Department and is currently working in support of ongoing
operations at Westinghouseniuclear divisions and development of advanced nuclear systems. He obtained
a B.S. injMechanical Engineering, M.S. and Ph.D. from University of Belgrade, Serbia. From 1977 to
1978 he was-in -Energoproject- Engineering and Consulting Company" and from 1979 to 1992 at the
University of Belgrade, Serbia. He was British Council Fellow (1985/1986 school year) and research
associate (September 1986 - February 1987) at Imperial College, Computational Fluid Dynamic Unit,
London, England. From 1992 to 1996 he was research associate and visiting assistant professor at The
University of Akron, Ohio, USA. He has worked at the Westinghouse Science and Technology Center in
Pittsburgh, Pennsylvania, USA since 1996.
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Dr. Dzodzo works in the thermal-hydraulic area. His expertise covers the entire range, from analytical
approach (like scaling, development of heat transfer correlations, or applying analytical methods for heat
transfer and hydraulic problems) to numerical (by developing new and/or improving existing numerical
models, or utilizing commercial CFD codes) and experimental (developing new test facilities, modifying
existing ones, developing test plans, organizing and performing measurements). His areas of expertise
are analysis, numerical modeling and experimental testing in a variety of fields such as: Heit Transfer
(natural and forced convection, heat exchangers, stratification and natural circulation inside pasSive
cooled containments of nuclear reactors, heat transfer in the nuclear reactor core), detaiiled experimental
scaling using NRC-approved methodology [applied to the International Reactor Inherently Safe (IRIS)
project for Small Break Loss-of-Coolant Accident (SBLOCA) testing], Computational Fluid iDynamics
(development of the CFD codes, implementation of higher order numerical schemes in thie existing
general purpose CFD program, application of NASA developed codes, and application ofcommnercial
CFD codes as TascFlow, Star-CD and CFX), Flow Visualization, Tribology, Turbomachinery,
Thermodynamics, Heating, Ventilation and Air Condition and Solar Energy conversion.

Michael Epstein

Michael Epstein is Vice President of Consulting Services at Fauske & Associates, LLC. He received his
Ph.D. degree in Mechanical Engineering from the Polytechnic Institute of Brooklyn in 1970. He joined
Fauske & Associates in 1980 after nine years of,riesearch experience at Argdnne Natiional Laboratory,
where he was Manager of the Post Accident Heat Remoival Section in the Reactor:-Analysis and Safety
Division. He served as a consultant to various industries'and bmonseveral government (NRC &
DOE)/industrial review panels.

Dr. Epstein has published over 100 (archival) journaldarticles in the areas of fluid mechanics, convective
energy and mass transportT j)4Se transformations, aerosol phenomena, and chemical reaction
mechanisms. In 1984,.he received a National Science Foundation Award to conduct fundamental research
on density-driven natural convection. In 1987, he was c64e'cipient of the William H. Doyle Award for the
best paper at the New Orleans Loss Prevention Symposium. He has also participated as an invited
speaker and lecturer at several uni' uritierstand technical symposia and he has served as an advisor to
graduate students at several universities. He was a Technical Editor of the ASME Journal of Heat
Transfer (1979-1985) and was Chairman of the AIChE's Committee on Safety of Chemical Processes and
Hazardous Materials (1988-1991 ).A: < ,

Cesare Frepoli

Cesare.eFrepoli is a Fellow Engineer at Westinghouse Electric Company's Monroeville, Pennsylvania
office. "He has 15 years experience in the nuclear industry and 27 years in the area of experience in
thermal-hydiiulic engineering. He received a Ph.D. in Nuclear Engineering from Penn State University
and an M.E. in Nuclear Engineering from the Politecnico di Milano. Dr. Frepoli is a recognized expert in
the area ofthernial-hydraulic, fluid-dynamics, numerical methods and physical models for computer
simulation of nuclear reactors. He has led various development programs and teams within the industry
and authored several publications in the area. He is cognizant of the various licensing and regulatory
aspects of safety analyses methodologies, operation and maintenance of PWRs, as well as design
certification and safety analysis for new generation nuclear power plants (AP600/AP 1000, IRIS, APWR,
APR 1400).
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Brett E. Kellerman

Brett E. Kellerman is a Senior Engineer at Westinghouse Electric Company's Monroeville, Pennsylvania,
office. He has been on the Westinghouse staff for 9 years. He obtained his B.S. degree in Nuclear

Engineering from Penn State University. Prior to joining Westinghouse, he spent several years working in
laboratories primarily involved in radiation measurement and metallurgy. At Westinghouse, he has

performed the full range of licensing basis LOCA safety analyses including Appendix K and Best

Estimate large break LOCA ECCS performance, Appendix K small break LOCA ECCS performance,
LOCA blowdown forces, and long term cooling with a particular emphasis on Westinghouse 2-loop upper
plenum injection plant designs. For the last several years he has primarily been involved in long term

cooling methodology development in support of extended power upratings.

John A. Klingenfus .

John A. Klingenfus an Advisory Engineer at AREVA NP's Lynchburg, Virginia],ýoffice. He obtained his
B.S. and M.E. Degrees in Engineering Physics with specialties i n the:thermal and nuclear sciences from

the University of Louisville and began work in 1980 in the Babcoclkaiid Wilcox nuclear division in

Lynchburg, VA. He has been on the AREVA NP staff (formally B&W as well as various other names) for

26 years in various engineering, teaching, and supervisory roles with the primary focus on LOCA analysis
code and methods development. He has been responsible for system thermal-hydraulic code benchmarks

and performed numerous code development activitiesfoý various codes including CRAFT2 and

RELAP5/MOD2-B&W system thermal-hydraulic codes. ills has led or participated in numerous

SBLOCA, LBLOCA, and non-LOCA model and method development tasks"'for applications on B&W,
Westinghouse, CE, and the new US EPR plants. He•Ied the development effort and authored the

RELAP5/MOD2-B&W-based LOCA deterministic evaluation model for B&W-designed plants. He also
provides regular consultation to the Emergency Operating and Inadequate Core Cooling procedure writers

and has developed andsupported methods for LOCA mass and energy release and Appendix R analysis
efforts. In addition, hlehas developed methods for demonrsirating compliance to the coolable core

geometry and long-termii core cooling criteria of 10 CFR 50.46. This work included development of the

current generic post-LOCA, boric acid precipitation methods for small and large LOCA events for the
B&W-designed plants.

Mitchell E. Nissley,

Mitchell E. Nissley is a Fellow Engirieer at Westinghouse Electric Company's Monroeville, Pennsylvania,
ofi~ce. He obtained his B.S;and M.E. Degrees in Nuclear Engineering from Rensselaer Polytechnic
Institute. He has worked for Westinghouse Electric Company for 26 years, and has led or consulted with

the teamS• responsible for the development, licensing and application of the various realistic large break

LOCA analysis codes and methodologies employed by Westinghouse. His contributions to the nuclear

industry include the development and licensing of critical heat flux correlations for advanced PWR and

VVER (Vodo-Vodni Energiini Reqktor, also known as Water-Water Energy Reactor) fuel designs, and the

development and licensing of realistic large break LOCA evaluation models for Westinghouse PWR
designs (cold leg injection, upper plenum injection, AP600/AP 1000, and Combustion Engineering

designs). He was an Electric Power Research Institute (EPRI)-nominated member of the NRC's High

Bum-up Fuel PIRT Panel for the PWR Loss-of-Coolant Accident, and actively participates on the EPRI
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Fuel Reliability Program's interactions with the NRC regarding high burn-up LOCA testing results. He

has several journal and conference publications.

Katsuhiro Ohkawa

Katsuhiro Ohkawa is a Fellow Engineer at Westinghouse Electric Company's Monroeville,;Pennsylvania,

office. He has 24 years experience in the nuclear industry. He received a B.S. degree ir Physics from

Sophia University in Tokyo, Japan and M.S. and Ph.D. degrees in Nuclear Science and Engineering from

Rensselaer Polytechnic Institute. His experience at Westinghouse includes the developmment of Advanced

Liquid Metal Nuclear Plants, BWR and PWR safety methods and the real time thermai-hydraulic systems

code. Since 1990, he has been involved in the development of Best Estimate LOCA Analysis Methods.

Currently he is leading the development efforts for the Best Estimate F ullSpectrumn LOCA Methodlology.
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6 PIRT PURPOSE/SCOPE, FIGURE OF MERIT AND SCENARIO
DISCUSSION

6.1 PURPOSE AND SCOPE OF BORIC ACID TRANSPORT AND MIXING PIRT

The primary purpose and scope of this PIRT is to identify and rank phenomena that impact bo6ric acid

transport and mixing in the reactor vessel prior to precipitation as initiation of active b6ric acid dilution
measures during post-LOCA long-term cooling is expected to preclude precipitation. 0 The PIRT process
will identify high-ranked phenomena that must be addressed in plant boric acid evaiuationmethodologies
and models. The PIRT process will also identify any high-ranked phenomena'with a low st~ate of
knowledge that must be addressed via conservative or bounding analytical treatment and/or appropriately

scaled tests. It should be stressed that the scope of this PIRT does not~c6ver boric acid precipitation,,
phenomena or thermal mixing as related to the solubility limit of boric acid. This PIRT addresses-.,,

temperature distribution and thermal mixing only in the context of its impacton boric acid transporta•d
mixing prior to precipitation (i.e., initiation of active boric acidodilution measuies).

6.2 FIGURE OF MERIT

FIGURE OF MERIT

Boric Acid Concentration in the Reactor VesseliquLid Mixing Volume

PIRT rankings reflect relative'importance of mixing and transport phenomena with respect to their impact

on the figure of merit; that being, boric acid concentration in the reactor vessel liquid mixing volume. It
is not the intent of this PIRT to idenrtify and rank phenomena that impact the solubility limit of boric acid.

This is an important distinction. For example, thle flashing of liquid to vapor during small break LOCAs
would likely be ranked With high importance withi respect to the solubility limit of boric acid since the

solubility limit is a strong function of saturation temperature/pressure. However, with respect to the
impact on concentration, flashing is ranked low since the make-up coolant provided by the ECCS will

replace the amount-of, liquid that flashes tosteam and maintain the system liquid inventory by offsetting
the shrinkage as the saturated liquid specific volume decreases with system pressure.

6.3 PIRT FOR BORIC ACID TRANSPORT AND MIXING PRIOR TO
PRECIPITATION DURING POST-LOCA LONG-TERM COOLING

In the PIRT d•velopmenit process, it is useful to divide the scenario into several periods to better identify

and rank the phnonmena. Many phenomena will be important during one period but may become
insignificant or •evn non-existent during other periods. In order to successfully predict the entire

evolution of the scenario, it is necessary to accurately predict the phenomena during their period of
importance. Many of the PIRTs developed to date have looked at scenarios that are fairly well
understood, e.g., the short-term small and large break LOCAs, and for which abundant amounts of
experimental data exists. Long-term cooling has not received the same level of attention in terms of
regulatory scrutiny and, consequently, experimental study, as the short-term transients for peak clad
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temperature, embrittlement, and hydrogen generation. Given that relatively little is understood about the
scenario, it is imperative to rank not just the importance of the phenomenon itself but also the state of
knowledge (SOK). This two-part ranking process will better serve to identify the key areas of focus for

scaling, testing, and analytical methodology/analytical tool selection.

In reviewing the available information from the BACCHUS facility (Reference 4) tests, the'data suggests
that the long-term cooling scenario prior to initiating active boric acid dilution measures is characterized
by three periods during which boric acid concentration levels increase in the reactorvessel and some
passive boric acid dilution is achieved via phenomena such as turbulent convection in the core region
associated with boiling and density-driven convection between core and lower vessel regions. The three
periods are the core boric acid accumulation period, transition period, and convection transportdommated

period. A fourth period, active boric acid dilution period, follows the concentration periods after 'active
boric acid dilution measures are initiated. These periods are described'in thefollowing sections; •owever,
the active boric acid dilution period is not addressed in the current PIRT. But first, it is necessary to
define when the long-term cooling phase begins, for the full spectrum of break sizes, as it relates toithe
accumulation of boric acid in the reactor vessel prior to precipitation,

6.4 BEGINNING OF LONG-TERM COOLING - ACCUMULATION OF
BORIC ACID

For Large Break LOCA (LBLOCA), this phase of the transient begins when the core begins to reflood
after the accumulators have refilled the lower plenum following the initial blowdown of the RCS. For
Small Break LOCA (SBLOCA), this phase of the transient begins once twok-phase natural circulation
(with continuous liquid phase flow regime in loop piping) breaks down (e.g., annular (countercurrent) or
dispersed droplet flow regime in intact loop steam generators) thereby degrading the mechanism for
transporting boric acid through theRCS and eventuallyout the break.

6.5 BORIC ACID ACCUMULATION AND PASSIVE DILUTION PHASE

6.5.1 CORE BORIC ACID ACCUMULATION PERIOD

The decay heat is at its highest during this period. To satisfy decay heat removal, flow from the
downcomer, throuighthe lower plenum, core, and upper plenum, then out of the reactor vessel will
initially be significant but will decrease as the core decay heat diminishes. This high flow will generate
(tirbulence as the coolant 4passes through the complex geometries of the reactor vessel internals.
Theirefore, turbulent dispersion will be the primary mixing mechanism. This turbulent mixing is expected
to create reasonably well-mixed sub-regions within the reactor vessel but global mixing of boric acid
throughout the reactor vessel would not occur. The experiments (References 4 and 5) show that the
downcomer and.lower plenum region boric acid concentration remain relatively close to the source
(Refueling Water Storage Tank (RWST) or containment sump) concentration; whereas, the core and upper
plenum regions 4are initially relatively close to the source concentration but continuously increase as the
coolant boils away leaving behind the boric acid. The expected boric acid concentration distribution is
depicted in Figure 6-2 along with a summary of high-ranked phenomena.
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6.5.2 TRANSITION PERIOD

During this period, the coolant flow required to provide make-up for core decay heat boil-off diminishes.
As such, the turbulent dispersion mixing mechanism correspondingly diminishes as the flow transitions
from turbulent toward laminar. The flow may intermittently cycle between turbulent and laminar with

decreasing frequency as the flow becomes more nearly laminar. As the turbulent dispersion of boric acid

diminishes, both axial and radial concentration gradients will form thereby effectivelyj:ifmixing' the

sub-regions (particularly in the core region) that were previously reasonably well mix'. Concentration
gradients between the regions will be such that molecular diffusion will provideqs6rei•sfiall amount of

boric acid transport between regions. The expected boric acid concentration distribution isldepicted in
Figure 6-3 along with a summary of high-ranked phenomena.

6.5.3 CONVECTION TRANSPORT DOMINATED PERIOD

As the decay heat further diminishes, flow to satisfy core cooling may becom'e less turbulent and, with
continued boil-off, this would produce concentration gradients in the reactor Vessel. The boric acid

gradient would primarily increase through the reactor vessel while the temiperature gradient would
decrease due to decay heat. Opposing concentration and temperature gradients can lead to stratification-
type instability and hence convection.

If the boric acid concentration gradient is large enough so that the net density gradient in the rector vessel
is unstable then convection due to fluid density instability (i.e.,denser fluid over top of less dense fluid)

certainly could occur analogous to Rayleigh-B1nard convection iin'singlbcomponent convection.

The expected boric acid concentration distribution is'depicted in Figure 6-4 along with a summary of

high-ranked phenomena. Th is period ends when recirculation coolant flows are realigned prior to
reaching the boric acid solubility limit in any region of the reactor vessel.

6.6 ACTIVE BORIC ACID DILUTION PHASE

At some point following a LOCA, the Emergency Operating Procedures (EOPs) typically instruct
operators to tike iaction to initiate a means of actively diluting the concentrated boric acid solution that
would be present in thL reactor vessel after, a cold leg break. The action may involve switching some or

all of the pumped safety i.j.ection from cold leg injection to hot leg injection (either directly or through
pressurizer spray lines). IHlot leg injection flow will force liquid flow through the core and out the break

on the cold leg. Alternately;-hot leg letdown lines may be opened to discharge RCS inventory to the sump

thus allowing positive liquid flow through the core. In either case, forced liquid flow through the core
(well i exicess of decay heat boil-off), or "flushing flow" has been recognized as a highly effective means
of diluting thie boric acid in the reactor vessel. Since active boric acid dilution mechanisms are highly

plant specifcn• Ldnsince the effectiveness of flushing flow on dilution has not been challenged in the

regulatory arena, this phase is not being addressed in the current PIRT.
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Boric Acid Accumulation and Passive ! - Active Boric Acid
Dilution Phase Addressed in Current PIRT ,Dilution Phase
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Initiate Passive Dilution Via Convection

Between Core and Lower Plenum

I
Active Boric

- Acid Dilution
Measures Initiated
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Figure 6-1 Primary Phases and Periods of Post-LOCA Boric Acid Mixing/Transport in Reactor
Vessel
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Low

NJ

Figure 6-2 Expected Boric Acid Concentration Distribution and Summary of High-Ranked
Phenomena During the Core Boric Acid Accumulation Period
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Upper Plenum

* Transport due to
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between upper plenum and
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* Accumulation due to decay heat boil-off

* Turbulent transport/mixing due to void
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* Circulation/transport between core and
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Figure 6-3 Expected Boric Acid Concentration Distribution and Summary of High-Ranked
Phenomena During the Transition Period
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F* Accumulation due to decay heat boil-off

* Turbulent transport/mixing due to void
motion

* Circulation/transport between core and
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* Natural convection transport berween
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(analogous to Rayleigh-Benard)
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(analogous to Rayleigh-Benard
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* Turbulent transport (dispersion)

* Natural convection transport between
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(analogous to Rayleigh-Benard
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* Turbulent transport (dispersion)
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regions due to concentration gradient
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Figure 6-4 Expected Boric Acid Concentration Distribution and Summary of High-Ranked
Phenomena During the Convection Transport Dominated Period
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7 PIRT WITH RANKINGS AND RATIONALE

Table 7-1 Rankings for Core - Boiling (Decay Heat) Region

Convection
Core Boric Acid Transport
Accumulation Transition Dominated

Period Period Period

Phenomena Description Rank SOK Rank SOK Rank SOK

1. Total accumulation of boric acid in liquid H 1H H
mixing volume due to decay heat boil-off of
liquid mixing volume.

a. Impact of radial/axial power and void L H.. L H L H
distribution on boil-off if high void
fraction or steam cooling occurs in core.

b. Impact of liquid mixing volume size on H M H L H L
accumulation of boric acid.

c. Impact of boric acid propertieson latent L M L M L M
heat of vaporization.

d. Impact of boric acid miscibility in steam or L M L M L M
vapor phase.

2. Turbulent transport/mixing 7 H ' : H H
(convection/dispersion) of boric acidliquid due
to void (i.e., vapor phase) motion within core
boiling region. .

a. Impact of two-phase flo• reginme H M H M H M
associated ýwith void motion.

b. Impact of decay heat boiling on void H M H M H M
j:', generation, size, and population:

c. Iimpact of boric acid properties (density, L M L M L M
iscosity, surface tension).

d. Impact of radial/axial power distribution M M M M M M
on void distribution.

e. Impact of interfacial drag between void M H M H M H
and boric acid liquid solution on transport
of boric acid liquid.
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Table 7-1 Rankings for Core - Boiling (Decay Heat) Region (cont.)

Convection
Core Boric Acid Transport

Accumulation Transition Dominated
Period Period I Period

Phenomena Description Rank SOK Rank SOK Rank SOK

f. Impact of geometry such as fuel lattices or M M M M M M
fuel assembly gaps on void motion
induced mixing/circulation.

g. Impact of turbulent mixing generated in M M M M M M
wake region of moving void.

h. Impact of turbulence generated from H M H M H M
chaotic boiling.

i. Impact of turbulence generated from flow H M H M H M
across fuel assemblies and associated ,
structures such as grids (vortex shedding,
shear flow instability, flow separation).

3. Transport of boric acid due to HH H
circulation/communication between core and
upper plenum regions of liquid mixing volume.

a. Impact of liquid entiriamient/de- H M H M H M
entrainment including, pool type liquid
entrainment andhliquld film-type
entrainment iroimsolid surfaces.

b. Impact of two-phase mixture level swell. H H H H H H

c. Impact of fldoding/Counter Current Flow H M L M L M
Limitation (CCFL) at upper core plate on
liquid circulatioj/communication:

&d.< Impact of boric acid•p•operties (density, L M L M L M
viscosity, surface tension) on iquid

Kentramnmentvae-entralnment.

e. Impact itf chimney effect" from hot M M M M M M
power chianel on circulation pattern.

f. Impact of two-phase flow regime on H M H M H M
circulation/communication.
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Table 7-1 Rankings for Core - Boiling (Decay Heat) Region (cont.)

Convection
Core Boric Acid Transport

Accumulation Transition Dominated
Period Period ,' Period

Phenomena Description Rank SOK Rank SOK Rank SOK

4. Molecular diffusion transport of boric acid L L L
between liquid and vapor phases.

5. Transport/mixing of boric acid between core L L,- . L,
region and other reactor vessel regions due to
double diffusive convection.

6. Molecular diffusion transport of boric acid L . L L
within liquid mixing volume of core boiling
region.

7. Molecular diffusion transport of boric acid L L L
from core boiling region to barrel/baffle regionD.

8. Natural convection transport of higher L -M
concentration boric acid from core region to
other regions of reactor vessel where boric acid
concentration is lower (fluid density instability
type convection driven by boric acid
concentration gradient in reactor vessel
analogous to RayleighlBenard convection).

a. Impact oflnyaraulihcresistance. L H M H M H

b. Impact of convectionrpatterr or regime L L M L H L
(steadyrll cell, unsteady or intermittent

c. Impact of reactor, vessel concenftrition L L L L L L

gradient relative to temperature gradient
,on fluid density instability driven

~jconvection.

9. Transport/mixing of boic acid within core L L L
region due to secondary flows induced by non-
uniform wall turbulence or flow separation.
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Table 7-1 Rankings for Core - Boiling (Decay Heat) Region (cont.)

Convection
Core Boric Acid Transport
Accumulation Transition Dominated

Period Period Period

Phenomena Description Rank SOK Rank SOK Rank SOK

10. Pseudo-turbulent transport of boric acid within L L L
core region from oscillatory or unsteady mean.
flow in reactor vessel (two-phase manometer
type instability or flow separation typeinstability). • ]: ii . .

11. Accumulation of boric acid due to boiling from L N/A N/A
metal heat and stored energy in the fuel.

12. Accumulation of boric acid due to flashing L lL

(SBLOCA depressurization).

ev
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Table 7-2 Rationale for Core - Boiling (Decay Heat) Region

1. Decay heat boil-off is high ranked overall as decay heat boiling is the primary phenomenon that leads to
boric acid concentration increase in the liquid mixing volume as boric acid is not very miscible in steam.

a. Total accumulation/generation of boric acid is not expected to be significantly affected by
axial/radial power distribution unless substantial core uncovery or dry-out Occurs.

b. The concentration of boric acid is directly related to the size of the liquid -nixing volume.

c. The presence of boric acid is not expected to significantly affect latent heat of vaporization
(relative to pure water) (refer to Full Length Emergency Core Heat Transfer (FLECHT) data for
2000 ppm borated coolant - Section 4.1.9 of Reference 6)• :"""'"

d. Not important due to very low miscibility of boric acid in steam/vapor (refer to Section 6 of
Reference 7).

2. Turbulent transport/mixing (convection/dispersion) due to void (i.e., vapor) motion within the core region
is ranked high overall as it represents the primary phenomena responsible for transport/mixing of boric acid
liquid within the core boiling region.

a. Two-phase flow regime (i.e., bubbly, slug, churn, etc.) is directly related to motion of void.

b. Important since decay heat drives boilng process which impacts void0formation and motion.

c. The presence of boric acid is not expected to significantly affect solution properties relative to
pure water. ,, .

d. Moderate importance due to impact of voiddistribution on'hlquid flow pattern (i.e., increased void
generation at lower elevation influences rmoire of the liquid circulation region as opposed to a top-
skewed powe eii di siibtion).

e. Moderate importanceýu(ie to influence of interfacial drag (between liquid and vapor phases) on
distribution of boric acid in liquid mixing volume (i.e., interfacial drag of lower concentration
liquidto region of hi ýr ,concentration asr oid moves upward in core boiling region).

f. Moderate'iptai diiý to (,I geometry on void motion as it influences circulation and
distribution of i b•oricacid.

Mo'g.•Mderate importance is turbulence generated in wake of void induces mixing and circulation of
bdric acid.~

h. Important since high tuibulence levels can be generated from vortex shedding, flow separation,
and shear flow instability.

i. Chaotic motion of void expected to enhance turbulent dispersion/mixing in liquid mixing volume.
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Table 7-2 Rationale for Core - Boiling (Decay Heat) Region (cont.)

3. Transport of boric acid due to circulation/communication between core and upper plenum regions of liquid
mixing volume is considered a high-ranked phenomenon since it is the primary phenomenon by which
higher concentration boric acid from core region liquid mixing volume is "diluted" with liquid mixing
volume in upper plenum region.

a. High importance as liquid entrainment provides primary means of communication between core
and upper plenum liquid mixing volumes when two-phase mixture leveli is low or high void
fraction exists in upper region of core.

b. Two-phase mixture level swell is important as it impacts liquid mixing1- volume ini core, and upper
plenum regions.

c. Counter current flow at upper core plate is expected to have ,In important impact on boric acid
liquid flow back into core region early as steam velocity is high; low importance later as steam
velocity decreases with decay heat level. ,

d. The presence of boric acid is not expected to significantly affect solution properties relative to
pure water.

e. "Chimney effect" is expected to have some effect on circul ation pattern on flow to and from core
region but not as much impact as two-phase flow regime, mixture level, or entrainment/de-
entrainment.

f. Two-phase flow regime is ranked high sinFe flow path between core and upper plenum liquid
mixing volumes is two-phase. \>.. .

4. Low importance since boric acid is not very miscible in 1wea.

5. Low importance due to v eaker transport/mixing inuchanism compared to Rayleigh-Benard type density-
driven convection m

6. Low importance due to extremely weak transport/mijig mechanism compared to boiling/bubble motion,
turbulence,, entrainment, and density-driven convection mechanisms.

7. Low importance due to exiiremely weak transportimixing mechanism compared to density-driven
convection mechanisms.

8.>" Natural convectin 6driven by boric acid concentration (analogous to Rayleigh-Benard convection) is
; ranked high as it isexpected to have important impact on transport of boric acid in reactor vessel liquid

mixing volume. <S,'

a. lmportancý,.of hydraulic resistance increases as boric acid concentration gradient increases.

b. ConvectioA pattern is important as it impacts effectiveness of transport/mixing.

c. :Concentiation gradient relative to temperature gradient is of low importance in core region as
temperature difference is small in boiling region (saturated conditions).

9. Low ranking as secondary flow not as effective as turbulent mixing and mixing is usually confined to
secondary flow region itself whereas turbulence is expected to diffuse beyond region of turbulence
generation.

10. Low importancesince large oscillations or unsteady mean flow are not expected to occur.
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Table 7-2 Rationale for Core - Boiling (Decay Heat) Region (cont.)

11. Low importance early as metal heat from structures and stored energy from fuel may cause localized
boiling hence accumulation/build-up of boric acid; N/A later on because metal heat and stored energy from
fuel has been released.

12. Low importance as make-up coolant provided by the EGGS will replace the liquid flashing to steam and
maintain (or potentially increase) liquid mass inventory by offsetting the shrinkage,due to the saturated
liquid specific volume decreasing with system pressure.

K

I
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Table 7-3 Rankings for Core - Non-Boiling Region

Convection
Core Boric Acid Transport

Accumulation Transition Dotminated
Period Period Period

Phenomena Description Rank SOK Rank SOKK Rank SOK

1. Natural circulation transport of boric acid H H H
within core region due to "chimney effect" of
hot power channel. . .

a. Impact of hydraulic resistance. H M.. H M H M

b. Impact of circulation pattern. H L H• *H L H L

2. Natural convection transport of higher L M { ' H
concentration boric acid from core region to
other regions of reactor vessel where boric acid' -
concentration is lower (fluid density instability a",

type convection driven by boric acid
concentration gradient in reactor vessel
analogous to Rayleigh-Benard convection). <' '.

a. Impact of hydraulic resistance.%ý. L M M M H M

b. Impact of convection pattern or regime L L M L H L
(steady roll cell, unst(ýteady or inermittent
roll cell, turbule6i•t.

c. Impact of reactor vessel concentration L L M L H L
Ogadient relative to temperature gradient
on fluid densityinstability dri•ieni,

4' convection.

-3<•• Turbulent transport (di&sprs ion) of boric acid H H H
within core region.

a. Impact of turbulence' generated from flow H M H M H M
(vortex shedding, ,hear instability, flow
separation) across fuel assemblies and
associated structures such as grids.
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Table 7-3 Rankings for Core - Non-Boiling Region (cont.)

Convection
Core Boric Acid ,,Transport
Accumulation Transition . Dominated

Period Period Period

Phenomena Description Rank SOK Rank 0SK W nk S0K

4. Transport/mixing of boric acid within core M M NI
region due to secondary flows induced by non-
uniform wall turbulence or flow separation.

a. Impact of non-axisymmetrical fuel M \ M M M • M
assembly geometry on wall turbulence and
hence secondary flows.

5. Double diffusive convection transport of boric L L L
acid between non-boiling region of core and
other regions of reactor vessel.

6. Molecular diffusion transport of boric acid L L L
from boiling region of core to non-boiling
region.

7. Molecular diffusion transportAof•boric acid I L L
from non-boiling core region to barrel/baffle
region.

8. Pseudo-turbulent transjp oi I oriL acid within L L L
core region from osciltorunsteady mean
flow in reactor vessel.

9. Accumulation of boric acid due to,•oling from L N/A N/A
metal heat and stored energy in the fcIel.1

10. Accumulation of boric acid due to flashing L L L
' (SBLOCA depressurizattin).
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Table 7-4 Rationale for Core - Non-Boiling Region

I. "Chimney effect" is important as it is expected to have important impact on natural circulation transport in
non-boiling region of core.

a. High importance since drag/resistance impacts convection velocity.

b. High importance since pattern determines extent of convection transport.

2. Natural convection driven by boric acid concentration impact on fluid density increases in importance as
the concentration gradients increase within the core region.

a. Becomes more important as concentration-driven convection increases in importance.

b. Flow regime determines strength of convection translpd rt. Its importance increases as the
concentration increases later in time and this modc ofconvection becomes stronger.

c. Becomes more important as concentration-dri'ven conection increases in importance.

3. Turbulence is important as is it is very highly effective mixing/transport phenomenon.

a. High importance due to level of turbulence intensity expected from turbulent flow through
complex core geometry.

4. Secondary flows are given a moderate ranking as they arie not qUite as effective as turbulent mixing and
mixing is usually confined to secondary flow region itself whereas turbulence is expected to diffuse beyond
region of turbulence generation. ,

a. Moderate importance since secondary flows are expected to be produced in fuel assembly
geometry wh-en lowIs'turbulent.

5. Low importanceclue to weaker transport/mixing mechanism compared to Rayleigh-Benard type density-
driven convection mechanisms,

6. Low importance due to- extremely weak trainsportmixing mechanism compared to turbulence and density-
driven convection mechanisms.

7. '. Low importance duie to extremely weak transport/mixing mechanism compared to turbulence and density-
'<• driven convection mechanisms.

Low importance sinc, large oscillations or unsteady mean flow are not expected to occur or produce
'significant turbulence:t:

9. Low importance early as metal heat from structures and stored energy from fuel may cause some localized
boiling ennaccumulation/build-up of boric acid; N/A later on because metal heat and stored energy from
fuel has bee released.

10. Low importance as make-up coolant provided by the ECCS will replace the liquid flashing to steam and
maintain (or potentially increase) liquid mass inventory by offsetting the shrinkage due to the saturated
liquid specific volume decreasing with system pressure.
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Table 7-5 Rankings for Core Support Region (Bottom of Active Fuel to Bottom of Core Support Plate)

Convection
Core Boric Acid < ETransport
Accumulation Transition - Dominated

Period Period • Period

Phenomena Description Rank SOK Rank 9;SOK Rank SOK

I Molecular diffusion transport between core and L
lower plenum regions.

2. Natural convection (due to concentration driven L M , H
fluid density in stability analogous to Rayleigh-
Benard convection) transport of higher
concentration boric acid between core region
and lower head region liquid mixing volume
where boric acid concentration is lower.

a. Impact of lower core support plate hole I L M L9 H L
geometry.

b. Impact of reactor vessel concentration LL L H L
gradient relative to temperature gradient on "
fluid density instability driven convection.

3. Double diffusive convection transportmixing L L L
of boric acid between core and lower head
regions.

4. Accumulation of boric aciddue to bhoiling- M H N/A N/A
(metal heat release) from structures.

5. Accumuiation ofboric acid due to flashinmg, L L L
(SBLOCA depressurization).

6 6'.Turbulent transport (dspersion) of boric acid L M H

Withi core support region o a

a. imapact of turbulence generated from flow L M M M H M
(v •tex sheddingý,shear instability) across
structtire,ý.
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Table 7-6 Rationale for Core Support Region (Bottom of Active Fuel to Bottom of Core Support Plate)

1. Low importance early due to low concentration difference in reactor vessel. Low importance later due to
molecular diffusion being a weak transport/mixing mechanism compared to turbulence and density-driven
convection phenomena.

2. Natural convection driven by boric acid concentration impact on fluid density increases in importance as
the concentration gradients increase within the core support region.

a. Low importance early due to low concentration difference; more important later astoncentration
increases leading to density-driven convection as hole geometry•influences convectiln pattern.

b. Low importance early due to low concentration difference , more important later as concentrationm
increases.

3. Low importance early on as concentration gradient is low; Iowlater as double diffusive is weaker
compared to transport/mixing mechanism compared to concentration-driven convection analogous to
Rayleigh-Benard type convection.

4. Moderate importance early as metal heat from structures may cause localized boilinghence
accumulation/build-up of boric acid; N/A later on because heat already removFed.>

5. Low importance as make-up coolant provided by the ECCS will replace the liquid flashing to steam and
maintain (or potentially increase) liquid mass inventory by offsetting the shrinkage due to the saturated
liquid specific volume decreasing with system pressure"

6. Turbulence becomes highranked as concentration tof boric acid increases in this region and it is very highly
effective mixing/tran spohrtenomenon.

a. L w imp=••£. >•,4, .. e

a. Low importance early asg low boric acid conrentration in this region; becomes more important as
boric acid concentration increases later in transient.
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Table 7-7 Rankings for Lower Head Region

-Convection
Core Boric Acid Transport

Accumulation Transition Dominated
Period Period Period

Phenomena Description Rank SOK Rank SOK Rank •0K

Natural convection (due to concentration L NH
driven fluid density instability analogous to
Rayleigh-Benard convection) transport of
higher concentration boric acid from core
support region to lower head region liquid
mixing volume. • "

a. Impact of lower head structures on L M M M H M
hydraulic resistance.

b. Impact of reactor vessel concentration L L M L< l:t' H L
gradient relative to temperature gradient
on fluid density instability driven
convection.

2. Turbulent transport (dispersion) of boric acid 1 , ' M H
within lower head region.

a. Impact of turbulence generated4from flow L . M M M H M
(vortex shedding, shear instabilty) across
lower plenum structures such assupport .
columns, instrumentatin tubes and 'low" v j

skirts.

b. lImpact ofdowncomer flow (velocity L M L M L M
distribution and turbulence level) on
turbulence withinthe lower head region.

3. Transport of boric acid within lower plenum L L L
"due to secondary flow platterns generated
within the lower head region.

4. Molecularidiffusioni transport of boric acid L L L
from core support to lower head region.

5. Accumulation of boric acid due to boiling L N/A N/A
(metal heat release) from lower head structures.
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Table 7-7 Rankings for Lower Head Region (cont.)

Convection
Core Boric Acid Transport
Accumulation Transition Dominated

Period Period Period

Phenomena Description Rank SOK Rank •. SOK Rank SOK

6. Accumulation of boric acid due to flashing L L
(SBLOCA depressurization).

7. Double diffusive convection transport/mixing L L L
of boric acid from core support region to lower
hlead region of lower plenum.
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Table 7-8 Rationale for Lower Head Region

1. Natural convection (analogous to Rayleigh-Benard convection) driven by boric acid concentration
increases in importance as the concentration gradients increase within the reactor vessel.

a. Low importance early due to low concentration difference; more important later as concentration
increases leading to density-driven convection as lower head structure geometn y influences
convection pattern.

b. Low importance early due to small concentration gradient; importance increases as boric acid
concentration gradient increases relative to temperature gradient and density instability leads to
boric acid transport via natural convection analogous to Rayleigh-Benard convection.

2. Turbulence becomes high ranked as concentration of boric acid increases in this region and it is very:;
highly effective mixing/transport phenomenon.

a. Low importance early due to low concentrati&n; inmporiance increases as boric acid transported
from core and support region to lower head region.

b. Low importance as lower head structure geometry influences flow pattern.

3. Low importance due to expected dominance of-concentration-driven convection and turbulent dispersion.

4. Low importance as concentration-driven convection (ana~lgqtS to, Rayleigh-Benard convection) and
turbulent dispersion transport will dominate over molecular diffusion.K

5. Low importance early as metal heat from structures that may cause localized boiling and hence
accumulation/build-upp oftboic acid is less important than that occurring in core region; N/A later on
because metal heat hsbeen released.

6. Low importance as make-up coolant provided by theECCS will replace the liquid flashing to steam and
maintain (or potentially increase) liquid mass inventory by offsetting the shrinkage due to the saturated
liquid specific volume decreasing with system pressure.

7. Low importance early on as concentration gradient is low; low later on as double diffusive convection is
weaker compared to concentraation-driven convection.
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Table 7-9 Rankings for Barrel/Baffle Region

Convection
Core Boric Acid Transport

Accumulation Transition Dominated
Period Period Period

Phenomena Description Rank SOK Rank S0K Rank 0S:OIK

I. Natural convection transport of boric acid due M H, 1H1
to concentration gradient from core region to
barrel/baffle region via top, intermediate (at ,
pressure relief holes), or bottom flow gaps.

a. Impact of presence of holes. M H , H 'H H H

b. Impact of gap/hole/former hydraulic M H H H H H
resistance.

c. Impact of fluid temperature gradient on L L L L L L
concentration-driven convection. :

2. Turbulent transport/mixing of boric acid I L L
between former elevations.

3. Molecular diffusion transport of boric acid L L
within barrel/baffle region or between the core
and barrel/baffle regions.

4. Double diffusive convecon tranSpotm.ixg'- L L L

of boric acid within barrel/baffle reion or
between the core and barrel/baffle regions.

5. ,Accumulation of boric acid due toboilingEfrom L N/A N/A
, metal heat. :, ,

6. Accumulation of boric acidi due to flashing L L L
"(SBLOCA depressurizationr).
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Table 7-10 Rationale for Barrel/Baffle Region

1. Density-driven natural convection due to concentration impact on density is ranked medium to high as
boric acid concentration increases in core region.

a. High importance as the presence of holes is required for circulation transport of boric acid
to/from this region. Importance is moderate in early phase as the concentration gradient is not
large to drive strong convection.

b. Important as hydraulic resistance impacts the circulation rate and hence the transpoirt<of boric
acid.

c. Low importance as convection gradient is expected to dominate over temperature gradient'"with
respect to convection.

2. Low importance as circulation velocities and therefore turbulence is expected to be low. ,

3. Low importance as transport by molecular diffusion is expected to:be very weak compared to density-
driven circulation.

4. Low importance as transport by double difftisive convection is expected to be domirated by density-driven
convection.

5. Low importance early as metal heat from structures that"p•i'y c<aiuse"localized boiling and hence
accumulation/build-up of boric acid is less impoitant than that occurring in core region; N/A later on
because metal heat has been released. .

6. Low importance asmnakeiup coolant provided by the ECCS will replace the liquid flashing to steam and
maintain (or potenitially inc&rease) liquid mass inventory by offsetting the shrinkage due to the saturated
liquid specific volume decreasing with system pressure.

At>

"• ;{7@•7/A ft
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Table 7-11 Rankings for Upper Plenum Region

Convection
Core Boric Acid Transport

Accumulation Transition Dominated
Period Period o Period

Phenomena Description Rank SOK Rank . SOK Rank SOK

I Transport of boric acid due to H H ; H
circulation/communication between upper
plenum and hot leg regions of liquid mixing
volume.

a. Impact of liquid entrainment including H M . HM H M
pool type liquid entrainment (when two- ,

phase mixture level is in upper plenum or
liquid pool exists).

b. Impact of upper plenum structures such as\ • M M M M M
guide tubes on de-entrainment of liquid.

c. Impact of boric acid properties (density, L . L:•4 M L M
viscosity, surface tension) on liquid
entrainment/de-entrainment.

d. Impact of two-phase flow regimeion H' M H M H M
circulation/communication. ':

e. Impact oftwo-phasemixture level swell. H M H M H M

2. Molecular diffusion transport of boric acid L L L
between liquid and vapor phases.

3., Turbulent transport/miximg of boric acid within M M M M M M
tupper plenum region 'due to steam sparging and
turbulence generated frum upper plenum

:>•ftucture such as guide iubes.

4. Accumulation of boric acid due to boiling off L N/A N/A
of upper plenum structures.

5. Accumulation of boric acid due to flashing L L L
(SBLOCA depressurization).

6. Net liquid entrainment transport of boric acid L L L
above two-phase mixture level in upper
plenum/hot leg regions.
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Table 7-12 Rationale for Upper Plenum Region

I. High importance is given to transport of boric acid between upper plenum and hot leg region due to
circulation and mixing. :

a. High importance early due to decay higher steam velocity to entrain liquid. High importance
later when 2-phase mixture level in upper plenum as entrainment of liquidis more likely.

b. Moderate importance as tests (Dallman & Kirchner) shows significant de-entrainment across
(several) guide tubes. ,

c. The presence of boric acid is not expected to significantly affect solution properties relative to
pure water.

d. Important as two-phase flow regime impacts level swell (direct communication) and
entrainment/de-entrainment (indirect communication).

e. Important as two-phase mixture level provides direct co0mi1munication When mixture level is above
bottom of hot leg and impacts entrainment when mixture level is below bottom of hot leg.

2. Low importance since boric acid is not very miscible in steam.

3. Moderate importance as steam velocity in upper plenum and turbulence levels are expected to be lower
than core region. , .

4. Low importance since most metal heat already removed&(post quench)$.N/A later on because metal heat
already removed.

5. Low importance as inake-Up coolant provided by the ECCS will replace the liquid flashing to steam and
maintain (or potentially increase) liquid mass inventory by offsetting the shrinkage due to the saturated
liquid specificVYolume decreasimg with system pressure.:.'

6. Low importance as tihe amount: olf'.ntined liquitddroplets above two-phase mixture level is expected to
be small.
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Table 7-13 Rankings for Downcomer Region

Convection
Core Boric Acid ITransport

Accumulation Transition Dominated
Period Period Period

Phenomena Description Rank SOK Rank «50oK Rank SOK

Transport of lower concentration boric acid M M 1H-
liquid (in excess of make-up for boil-off) from
downcomer to inner reactor vessel liquid
mixing volume regions.

a. Impact of downcomer gravity head on M H I M .H M H
supplying liquid mixing volume. -<>

b. Impact of Boric Acid Makeup Tank M M N/A N/A
(BAMT) injection (CE only).

2. Accumulation of boric acid in liquid phase due M H N/A N/A
to downcomer boiling.

3. Accumulation of boric acid due to flashing L L L
(SBLOCA depressurization).

4. Transport and generatitn of turbulence in L L L
downcomer region. as related to boric acid
turbulent transpo0rt/mixing within lomver
plenum/core regions., .

5. Transport and generation of secondary flow L L L
patterns generated within downcorner as related
to mixing in lower plenum/core iegions.

:7# . • A

4> 1: /4•
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Table 7-14 Rationale for Downcomer Region

I. The boric acid concentration of the make-up flow is initially higher for some ECCS designs. As the boric
acid concentration increases in the lower plenum/core regions, the inflow of more dilute make-up flow
from the downcomer promotes density-driven convection due to the concentration gradient in tihe reactor
vessel. Excess make-up flow increases the liquid mixing volume in the inner reactorivessel.

a. Moderate importance as it influences rate at which make-up flow is triinsported to the core region.

b. Moderately important early as this high concentration/low flow rate source will mix with lower
concentration/high flow rate sources which provide make-up. flow; N/A later since-the BAMT
will have emptied.

2. Moderate importance early as metal heat from structures that mray cause localized boiling and hence&<>
accumulation/build-up of boric acid is less important than .that occurring in core region; N/A later oin
because metal heat has been released. . -\

3. Low importance as make-up coolant provided by the ECCS will replace the liquid flashing to steam and

maintain (or potentially increase) liquid mass inventory by offsetting the shrinkage due to the saturated
liquid specific volume decreasing with system pressure.

4. Low importance as turbulence level resultingfrom lower plenum structures is expected to be much more
dominant relative to downcomer region.

5. Low importance due to expected dominance of lowerinternals structUres and turbulent dispersion relative
to downcomer induced secondary flows on mixing/transport in reactor vessel liquid mixing volume.

• ; :: .,, , .... ' .4:

>'
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Table 7-15 Rankings for Hot Leg Region

Convection
Core Boric Acid Transport
Accumulation Transition Dominated

Period Period Period

Phenomena Description Rank SOK Rank , •9SOK Rank S0K

Transport of boric acid due to H H H
circulation/communication between upper
plenum and liquid mixing volume hot leg
region.

a. Impact of two-phase flow regime. H NM H M H M

b. Impact of boric acid properties (density, L M LI' .. M L M
viscosity, surface tension) on liquid
entrainment/de-entrainment.

c. Impact of gravity drain back to upper H > M H , M H M
plenum when mixture level in upper
plenum is low. .

d- Impact of two-phase mixture level swell. Hr" M H M H M

e. Impact of liquid entrainment/de-:'. H ' M H M H M
entrainment.

2. Natural circulation of higher concentration I L M H
boric acid from upper plenum/h.t leg to other
regions suchas downcomerregion via hot leg
nozzle gap and/or RVVVs for B&W plants.

"a. Impact of differentia•expansionon hot leg L H M H H H
gap flow path dimentsion.

I•Impact of gap hydraulic resistance. L H M H H H

3. Net liquid entrainment transport of boric acid L L L
above tw•-phase mixture level in the hot leg.

.,'I
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Table 7-16 Rationale for Hot Leg Region

I. Once the liquid flow between upper plenum and hot leg is no longer counter current flow limited, the
liquid volume in the hot leg will communicate with the upper plenum thus expanding the liquid volume
available for mixing. The communication can occur via two-phase mixture level swell or liquid
entrainment/de-entrainment.

a. High importance as flow regime impacts two-phase mixture level and entrainment/de-
entrainment.

b. The presence of boric acid is not expected to significantly affect solution properties relative to
pure water.

c. High importance as de-entrained high concentration boric acid solution drains back toward core,.

d. Important as two-phase mixture level impacts liquicdentrainment (indirect communication) Nhen
level is below hot leg and provides direct communication when level'is above bottom of hot leg.

e. Important as entrainment/de-entrainment is primary means of communication between liquid
mixing volume of core/upper plenum region and liquid mixing volume of hot leg when two-phase
mixture level is below hot leg elevation.

2. Higher concentration boric acid solution ca'nbe transported out of the upper pleuniu/core region after the
mixture level reaches the hot leg and/or RVVV elevatiyn;.,,,

a. Low importance early as the concentration is l6w;ý, importance increases as the concentration
increases. This is the primary mechanism for removinigborciacid from liquid mixing volume.

b. Low importance early as the concentration is low; importance increases as the concentration
increases.

3. Low importance as the amountof entrained liquid droplets above two-phase mixture level is expected to
be small.
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Table 7-17 Rankings for Steam Generator Region

. Convection
Core Boric Acid Transport
Accumulation Transition 7' Dominated

Period Period Period

Phenomena Description Rank SOK Rank 50K Rank SOK

I Impact of plate-out of boric acid on steam L L
generator tubes.

2. Impact of boric acid droplet carryover through L L L
steam generator.

Table 7-18 Rationale for Steam Generator Region

1. Low importance as boric acid deposited as a thin film on the tubes (large surface area) will have a
negligible impact on pressure drop or more localized deposition on tube sheet/tube entrance not expected
to result in sufficient blockage to significantly impact pressure drop diue to the large flow area in the tube
region.

2. Low importance as boricacid droplets expected to de-entrain in steam generator tubes and as decay heat
level decreases droplet carryover into steam generator decreases.

t 7::{•?.%•A

A S<., .
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Table 7-19 Rankings for Cold Leg/Pump Region

Convection
Core Boric Acid Transport
Accumulation Transition Dominated

Period Period Period

Phenomena Description Rank SOK Rank 9SOK Rank S0K

Transport of liquid to loop seal causing M M M M M M
refilling and potential level depression in the
inner reactor vessel and reducing liquid mixing
volume in inner reactor vessel.

2. Transport and generation of turbulence L L L
associated with cold leg discharge as related to
boric acid turbulent transport/mixing with
lower plenum/core regions.

3. Transport and generation of secondary flow L L L
patterns generated within cold legs as related to
mixing in lower plenum/core regions.

Table 7-20 Rationale for ColdLeg/Pump Region

1. Moderate importance as refilling the loop seal piping could impact the core region liquid mixing volume
due to mixture level depression; not ranked high as level swell phenomena as expected to be more
important in determining two-phase inixture level.

2. Low importance as turbulence level is expected to be lower due to less complex geometry compared to
lower plenum/core region.

3. Low importance as convection and turbulence mechanisms in the lower plenum/core regions are expected
S. to be more important. .

KK.4
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8 SUMMARY OF HIGH-RANKED PHENOMENA

Table 8-1 Summary Table of High-Ranked Phenomena

Convection
Core Boric Acid Transport

Accumulation Transifif.'- Dominated
Period Period Period

Phenomena Description Rank 0K ,Rank, 0K Ranko SK

Core - Boiling (Decay Heat) Region

1. Total accumulation of boric acid in liquid H . H H
mixing volume due to decay heat boil-off of
liquid mixing volume.

a. Impact of radial/axial power and void L H L H L H
distribution on boil-off if high void fraction. .

or steam cooling occurs in core.

b. Impact of liquid mixing volume size on H M H L H L
accumulation of boric acid.

2. Turbulent transport/mixing, : H H H
(convection/dispersion)dofboric acid liquid due
to void (i.e., vapor phase) motion within core
boiling region.

a. Impact of two-phase flow regime associated H M H M H M
with void motion.

b., Impactof•deca yheat boiling on :void H M H M H M
generation, size, and,population.

c. Impact of interfacial dag between void and M H M H M H
, boric acid liquid solutikn on transport of

b ýoric acid liquid. ,

d. impact ofturbulen5&e generated from chaotic H M H M H M
boiling.

e. Impact of0 urbulence generated from flow H M H M H M
across fuel assemblies and associated
structures such as grids (vortex shedding,
shear flow instability, flow separation).
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Table 8-1 Summary Table of High-Ranked Phenomena
(cont.)

Convection
Core Boric Acid Transport

Accumulation Transition "Dominated
Period Period / Period

Phenomena Description Rank SOK Rank SOK Rank SOK

3. Transport of boric acid due to H H H
circulation/communication between core and
upper plenum regions of liquid mixing volume.

a. Impact of liquid entrainment/de-entrainment H M. H M H M
including pool type liquid entrainment and
liquid film-type entrainment from solid
surfaces.

b. Impact of two-phase mixture level swell. H H H H H H

c. Impact of flooding/CCFL at upper core H M L M L M
plate on liquid circulation/communication.

d. Impact of two-phase flow regime on H M H M H M
circulation/communication.

4. Natural convection transport of higher L M H
concentration boric acid from core region to
other regions of reactor vessel where boric acid
concentration is 6lwer,(fluid density instability
type convection dr ieinby boric acid,
concentration gradientin reactor vessel
analogous to Rayleigh-Benard convection).

a,! Impat.;Lac t of tulic resistance. L H M H H H

1b. Impact of convect:niopattern or regime L L M L H L
(steady roll cell, unsteady or intermittent
roll cell, turbulent).'

Core - Non-Boiling Region

1. Natural circulation transport of boric acid within H H H
core region due to "chimney effect" of hot
power channel.

a. Impact of hydraulic resistance. H M H M H M

b. Impact of circulation pattern. H L H L H L
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Table 8-1 Summary Table of High-Ranked Phenomena
(cont.)

Convection
Core Boric Acid Transport

Accumulation Transition ,Dominated
Period Period Period

Phenomena Description Rank SOK Rank SOK_ Rank SOK

2. Natural convection transport of higher L M :'H
concentration boric acid from core region to
other regions of reactor vessel where boric acid
concentration is lower (fluid density instability
type convection driven by boric acid
concentration gradient in reactor vessel
analogous to Rayleigh-Benard convection).

a. Impact of hydraulic resistance. L M M M H M

b. Impact of convection pattern or regime L L M L H L
(steady roll cell, unsteady or intermittent
roll cell, turbulent).

c. Impact of reactor vessel concentration L ,L M, L H L
gradient relative to temperature gradient on
fluid density instability driven convection.

3. Turbulent transport (dispersion) of boric acid H H H
within core region.

a. Impact o •tU lenegenerated fom flow H M H M H M
(vortex shedding, shear. instability,4flow
separation) across fuel assemblies and
associated structures su'ch as grids.

Core Support Region(Bottom of Active Fuel to Bottom of Core Support Plate)

I Natural convection (due'to concentration driven L M H
fluid density in stability analogous to Rayleigh-
Beiiard convection) transport of higher
concentration boric acid between core region
and lower head region liquid mixing volume
where boric acid concentration is lower.

a. Impact oflower core support plate hole L L M L H L
geometc).

b. Impact of reactor vessel concentration L L M L H L
gradient relative to temperature gradient on
fluid density instability driven convection.
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Table 8-1 Summary Table of High-Ranked Phenomena
(cont.)

Convection
Core Boric Acid Transport
Accumulation Transition Dominated

Period Period "Period

Phenomena Description Rank SOK Rank SOK Rank SOK

2. Turbulent transport (dispersion) of boric acid LM H
within core support region.

a. Impact of turbulence generated from flow L M M M H M
(vortex shedding, shear instability) across
structures.

Lower Head Region

I. Natural convection (due to concentration driven L M H
fluid density instability analogous to Rayleigh-
Benard convection) transport of higher
concentration boric acid from core support .
region to lower head region liquid mixing
volume.

a. Impact of lower head structures on L M M M H M
hydraulic resistance.

b. Impact of reactor'vessel concentration L L M L H L
gradient relative to temperature gradient on
fluid density instability driven convection.

2. Turbulent transport (dispersion) of boric acid L M H
within o•ehad region.

A. Impact ofturbulenceogenerated fromnflow L M M M H M
(vortex shedding; sheiar instability) across

.<.,.> lower plenum structures such as support
• columns, instrumentation tubes and flow

skirts.

6- 6*'/ -Barrel/Baffle Region

Natural convection transport of boric acid due to M H H
concentration gradient from core region to
barrel/baffle region via top, intermediate (at
pressure relief holes), or bottom flow gaps.

a. Impact of presence of holes. M H H H H H
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Table 8-1 Summary Table of High-Ranked Phenomena
(cont.)

Convection
Core Boric Acid Transport

Accumulation Transition Dominated
Period Period Period

Phenomena Description Rank SOK Rank SOK' Rank SOK

b. Impact of gap/hole/former hydraulic M H H-, H -H. H
resistance.

Upper Plenum Region

I. Transport of boric acid due to H H H
circulation/communication between upper
plenum and hot leg regions of liquid mixing
volume.

a. Impact of liquid entrainment including pool H M H M H M
type liquid entrainment (when two-phase "
mixture level is in upper plenum or liquid ,
pool exists).

b. Impact of two-phase flow regime on H M H M H M
circulation/communication.

c. Impact of two-phase mixtureILh:%l swell. H17 M H M H M

•: Downcomer Region

I. Transport of lower concentration boric acid M M H
liquid (in excess of make-up for boil-off) from
downcorinetoiiiher reactor v/esselliquid mixing
volume regions. :

ýa. Impact of downcomic gravity head on M H M H H H
supplying, iquid mixing volume.

Hot Leg Region

1. Transport ofboric acid due to H H H
circulation/communication between upper.
plenum and Iiquid mixing volume hot leg
region.

a. Impact of two-phase flow regime. H M H M H M
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Table 8-1 Summary Table of High-Ranked Phenomena
(cont.)

Convection
Core Boric Acid Transport

Accumulation Transition Dominated
Period Period :•" Period

Phenomena Description Rank SOK Rank SOK I Rank SOK

b. Impact of gravity drain back to upper H M H M "i H M

plenum when mixture level in upper plenum .
is low. •"

c. Impact of two-phase mixture level swell. H M H M H M

d. Impact of liquid entrainment/de- H M H M H M
entrainment.

2. Natural circulation of higher concentration boric L M i,:H
acid from upper plenum/hot leg to other region s>•i
such as downcomer region via hot leg nozzle •••
gap and/or RVVVs for B&W plants. •,i•<: ... '" •

a. Impact of differential expansion on hot leg i!': L ,:AHi: : • : M.:" H H H
gap flow path dimension. • A' .... :,•'':,:

b. Impact of gap hydraulic resstance. L H M H H H

". :4 .gX~s.. .
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9 DISCUSSION OF HIGH-RANKED PHENOMENA

9.1 TOTAL ACCUMULATION OF BORIC ACID IN LIQUID MIXING VOLUME
DUE TO DECAY HEAT BOIL-OFF

Accumulation of boric acid in the liquid mixing volume occurs as a consequence of decay heiat boil-off of
the liquid inventory coupled with low miscibility of boric acid in the vapor phase (i.e., steam). As a
result, accumulation of boric acid due to decay heat boil-off is considered a high-ranked phenomenon
throughout all phases of boric acid mixing and transport. It is the primary phenomeno'n'by which boric
acid concentrates in the liquid phase inventory in the reactor vessel.

The size of the liquid mixing volume is ranked important to the total accumulation of boric acid as it
impacts the bulk or average concentration of boric acid resulting from 'decay heat boil-off.

Based upon results obtained from FLECHT reflood heat transfer tests (Reference 3) with dilute
concentrations of boric acid, it is expected that the thermalýhydrauiic properties and core heat transfer

associated with the presence of boric acid will have a low impact on'accu'mulation of boric acid within the
liquid mixing volume. FLECHT tests with boric acid (4% by weight)showed a two percent increase in

core heat transfer relative to that obtained with, pure demineralized water.,

Accumulation of boric acid due to stored energy related (from reactor vessel structures) boil-off was not

considered to have a significant impact (relative to decay heat boil-off) on boric acid accumulation
especially in the later phases of boric acid mixing ard transport when stored energy has long been

removed. Y
)¢!/

9.2 TURBULENT TRANSPORT/MIXING OF BORIC ACID
(CONVECTION/DISP.RSION) DUE TONVOID MOTION WITHIN BOILING
REGION OF CORE

Void (i.e., vapor) motion itnhe booiliig region of the core is a phenomenon that causes turbulent agitation
and mixing (i.e., dispersion) of the liquid inventory. The chaotic motion of the voids pushes and drags
liquid as-tie vooids circulate through the core region. The two-phase flow regime is considered to have a
verv important impa(: I othe void motion phenomenon. For example, chum-turbulent two-phase flow

re'ginme intecr elnwudb xpected to provide more effective vigorous void motion and
therefore turbulent mixing of boric acid in the liquid inventory relative to the bubby flow regime which is
less turbulent.

As void inion significainty contributes to mixing and transport of boric acid within the core region of
the liquid mixing volume it is considered a high-ranked phenomenon throughout all phases of boric acid
mixing and transport. Even though the two-phase flow pattern or veracity of boiling-induced void motion
may change with decay heat level or safety system design or alignment, boiling and associated turbulent

transport/mixing will always be present in the core region.
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9.3 NATURAL CONVECTION TRANSPORT OF HIGHER CONCENTRATION
BORIC ACID FROM CORE REGION TO OTHER REGIONS WHERE BORIC
ACID CONCENTRATION IS LOWER SUCH AS CORE SUPPORT,
BARREL/BAFFLE, AND LOWER HEAD REGIONS

Natural convection mixing and transport within the core region and between the core regioni and other
regions is a high-ranked phenomenon for many phases of boric acid mixing and transport'. Natural
convection is a fluid density instability phenomenon driven by density gradients in the fluid. In the
reactor vessel there are three primary driving mechanisms behind these density gradients that cause
natural convection, namely, temperature, void fraction, and boric acid concentration gradients.

* Convection associated with the temperature and void fraction gradients within the core region are
high-ranked phenomena throughout all phases of boric acidqmixing and transport as core decay
heating is always present to establish a temperature or void'fraction gradient. The temperature
and void fraction gradients which increase from the c6reinlet toward the core exit region have the
effect of causing the fluid density to decrease with elevationf through the "core region.

* Convection associated with the concentration gradients of boric acid between the core and other
regions becomes more important as the boric acid concentration difference increases due to decay
heat boil-off. Consequently, concentration-driven convection is a high-ranked phenomenon in the
later phase of boric acid mixing and tranisporti. The concentration gradient which increases from
the lower regions of the reactor vessel toward theLupper regions has the effect of increasing the
fluid density with elevation in opposition to the temrpraturpeand xv~id fraction gradient impact on
fluid density.

9.4 TURBULENT MIXING (DISPERSION) AND TRANSPORT OF BORIC ACID
WITHIN NON-BOILING REGION OF CORE, CORE SUPPORT REGION, AND
LOWER HEAD REGION.

Turbulent mixing or moreisýecfically•,turbulent dispersion phenomena occurs throughout the liquid
mixing volume in the reacto:r vessel as turbulence is generated from flow across numerous complex
hydraulic stricturesuchý asC1 ' fuel1 assemblies and grids, core support plates, and lower internals structures.
Flow across these siructmire generates turbulence via flow separation, vortex shedding, and shear flow
instability.

Another possible mechamnsm or route for turbulence generation is that associated with shear instability
from convection phenomrna. For instance, at low Rayleigh numbers, laminar rotating convection cells
may be establshed. As Rayleigh number increases due to increase in density difference (due to
concentrationi 6r temperaiture difference), chaotic convection cell patterns may occur. With further
increase in Raly Ignumber, convection pattern may transition to turbulent pattern.

In the boiling region of the core, turbulence is also imparted to the liquid mixing volume due to chaotic
boiling and void motion. It is expected that high turbulence intensity levels will result from boiling and
void motion coupled with turbulence generated from flow across fuel assemblies and grids. Therefore
turbulence is considered a high-ranked phenomenon in the core region during all phases of boric acid
mixing and transport.
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Turbulence is not considered a high-ranked phenomenon in other regions of the reactor vessel such as the

core support region or lower head regions in the early phase not because turbulence levels are insufficient
for mixing but rather there is not significant accumulation of boric acid until later phases when convection
processes transport higher concentration boric acid from core region to regions such as the core support
region and lower head regions. Consequently, as boric acid is transported from the core region to lower
reactor vessel regions during later phases, turbulence becomes more important as it contributes to mixing
and transport of boric acid within those regions.

9.5 TRANSPORT OF BORIC ACID DUE TO CIRCULATION/COMMUNICATION
BETWEEN CORE, UPPER PLENUM AND HOT LEG REGIONS OFLIQUID
MIXING VOLUME

Higher concentration boric acid in the core region may be circulatedc(diluted) with the liquid volumes in
the upper plenum and hot leg. The phenomena that allows this cAM`munication may be more direct via"',"
two-phase mixture level swell into upper plenum or hot leg regions. Or it may be indirect communication
via liquid entrainment from the core region to the upper plenu m/hot leg where liquid de-entrains, mixes
with liquid mixing volume in those regions and liquid returns backl6toward core region.

9.6 NATURAL CIRCULATION TRANSPORT OF BORIC ACID WITHIN CORE
NON-BOILING REGION DUE TO "CHIMNEY EFFECT" ,-OEHOT POWER

CHANNEL

The "chimney effect" of the hot power channel produces natural circulation of boric acid within the core
non-boiling region. The hot power channel increases local buoyancy of the fluid (relative to nearby fluid
channels) and induces a secondary flow circulation paterm that enhances mixing of boric acid liquid.
Although this "chimney effect",'phieniormenon may occunin the boiling region as well it is not ranked as
high as in the non-boiling region 'of the core since turbulent transport/mixing associated with boiling and
void motion dominates in the boiling region of the core. Therefore, the "chimney effect" of the hot power
channel is ranked&high for the non-boiling region of the core.

9.7 TRANSPORT OF LOWER CONCENTRATION BORIC ACID LIQUID (IN
•EXCESSOF• MAKE-UP FOR BOIL-OFF) FROM DOWNCOMER TO INNER

< REACTORVlESSEL LIQUID MIXING VOLUME REGIONS

AsAOhe boric acid concentration increases in the core support and lower head regions, the inflow of lower
cofLccntration boric acid to make up for core boil-off promotes a boric acid dilution effect in these
regic5is. <This phenomenon contributes to promoting density-driven convection of boric acid from the
core region toward the lower reactor vessel regions and contributes to maintaining/increasing liquid
mixing volume.

9.8 NATURAL CIRCULATION TRANSPORT OF HIGHER CONCENTRATION
BORIC ACID FROM UPPER PLENUM/CORE TO DOWNCOMER VIA HOT
LEG NOZZLE GAP AND/OR RVVVS (B&W PLANTS)

The transport of higher concentration boric acid out of the upper plenum/core regions after the mixture
level in the reactor vessel reaches the hot leg and/or RVVV elevation is a high-ranked phenomenon as it
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contributes to dilution of boric acid in the core region. This phenomenon is ranked high later in the
transient as boric acid concentration increases in the upper plenum/core regions.

,.:ir

4' '44,'t,7i# , 4''
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10 IMPACT OF SUMP DEBRIS ON PIRT AND RANKINGS

The PWR Owners Group has funded a number of initiatives to address post-LOCA ECCS performance
issues with regard to NRC Generic Safety Issue GSI- 191 (Reference 9) and the subsequent NRC Generic
Letter 2004-02 (Reference 10). Initiatives included the development of approaches to evaluate the
downstream impact of sump debris, the development of approaches to evaluate chemical ff6ects on the
performance of ECCS systems, and alternate sump pH buffering agents (References 11, 12 and'Il 3). Most
recently, the PWROG funded an initiative to development an approach for evaluating sump debris and
chemical effects on long term cooling (Reference 14). Insights gained from these initiatives underscore
the potential for sump debris and chemical effects to impact phenomena and, m"xmg mechanisms in the
reactor vessel and consequently the potential to impact the build-up of boric acid in the core region after a
LOCA.-

For low levels of sump debris or chemistry effects it is expected that no new important phenomena would
be introduced in the boric acid mixing and transport PIRT. It is expected that ~overall the mixing and
transport phenomena may be degraded or altered somewhat for lowlevels ofsumrpidebris or chemistry
effects but not to the point that would alter the relative ranking of the ostP important phenomena.

For moderate to high levels of sump debris or chemistry effects it is expectdi ihat overall important
mixing and transport phenomena would further degrade and that it is possibletihaitniew phenomena may
be introduced or at least that the relative ranking. of•phenomena may change due t6 alteration of flow
pattern or regime. It is conceivable that as the effects of sunp debris increase, the relative ranking
between concentration-driven natural convection and double diffusive convection or possibly molecular
diffusion on the impact of boric acid transport fromitie core region to the core support, barrel/baffle, or
lower head regions may change as a result of increased hydraulic resistance. Increased sump debris level
may clog or restrict flow through the hot leg gap significantly degrading the effectiveness of boric acid
transport from the core/upper plenumn to the downcomerhliquid volume via the hot leg gap. With respect
to turbulent transporf/iixing of boric acid, sump debris iray have some opposing effects. For instance,
collection of sump debris on reactor vessel structures/surfaces may enhance turbulence levels due to
increased roughness or vortex shedding. On the other hand, additional sump debris in the boric acid may
increase the effective fluid viscosity such that turbulence levels are reduced and turbulent mixing is
degraded. Sinilaily turbulent void motion and flow regime could be significantly impacted in the

presence of higherlevelsof sumpdebris.

I .The current PIRT therefore•should be adequate to cover low levels of sump debris. However, as sump
delbrislevels increase, it iýs expected that the current PIRT would need to be modified to address such

situations.
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11 CONCLUSIONS

The PIRT process yielded several high-ranked phenomena important to boric acid mixing and transport
within a reactor vessel following LOCAs. In summary those high-ranked phenomena included the
following:

* Boric acid accumulation due to decay heat boil-off.

* Turbulent convection/dispersion of boric acid due to void motion within •h core region.

* Natural convection mixing and transport of boric acid due to boric acid concentration gradient
between the core region and other regions within the reactor vesselsucli as the barrel/6affle,
region, core support region, and lower head region.

* Turbulent mixing and transport throughout the reactorvessel.

* Transport of lower concentration boric acid liquid in exces's of make-up for boil-off from
downcomer to inner reactor vessel liquid mixing volume regions.

* Natural circulation transport of boric acid from upper plenum/core to downcomer via hot leg
nozzle gap and/or RVVVs (B&W plants).

riTransport of boric acid due to circulation/communicatio m. be vibe\en core, upper plenum and hot leg
regions of liquid mixing volume.

* Natural circulation tranrsport 'of boric acid within core region due to "chimney effect" of hot
power channel.

The sm-g tand is considered in general to be sufficient for
purposes of identifying and ranking phenomeinai aiijdhence produce a useful PIRT. The state of
knowledge for some high-ranneedphenomena for purposes of modeling and analysis of boric acid mixing
and transport in areactor vessel for post LOCA conditions, however, is considered to be low. This is
especialy_ true fori~ghranked boriicacmid mixing and transport phenomena related to natural convection

:drien y .thatifired densitrinstabiity isdependent upon concentration and temperature gradients and
dependent upon the complex flow pattern/circulation and geometry of the reactor vessel. This points to
the need for testing and supporting model development to improve the state of knowledge of this high-
rankledphenomenon. •

For low ofsumnptdebris or chemical effects it is expected that although some degradation of mixing
and transport imay occur, that no new, high-ranked phenomena would be introduced into the boric acid
mixing and transport PIRT; the current PIRT should remain applicable to such situations. When higher
levels of sumpldebris or chemical effects are introduced, however, it is more likely that some new
phenomena may be introduced or at least the ranking of some currently identified plausible phenomena
would change. The current PIRT should provide a good basis for this effort.
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12 RECOMMENDATIONS

Based upon the results of the internal PIRT development process, the following recommendations are
made for addressing boric acid mixing and transport issues:

Using the current PIRT as a basis, develop a PIRT to address boric acid mixing antd transport
under high levels of sump debris or chemical effects.

Using the results obtained from the PIRT and what may be available from the open literature,
develop "first principles" type boric acid transport and mixing model(s) that address the high-
ranked phenomena. The model(s) will serve to contribute to the state of knowledge and to

provide a basis to support scaled testing and plant evaluation Modelldevelopment wo•k,,

Plan and execute scaled testing and supporting model development program to improve the state
of knowledge of boric acid mixing and transport. Improving the state o fknowledge via testing
and supporting model development is necessary for addressing NRC issues and provides the
foundation for plant evaluation modeling even if a bounding orconservative type approach is
eventually pursued to address boric acid mixing and transport related issues. Testing and
supporting model development should focus upon high-ranked phenomnena such as natural
convection driven by boric acid concentration.gradient as related to boricacid mixing and
transport within the complex geometry of thereactor vessel.

'4<. ..• ;,:• :: .,i!;. '..
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