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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 from
reaching the precipitation point. The common approach for demonstrating adequate. bonc acid dilution in
a post-LOCA scenario includes the use of simplified methods with conservative- boundanyscondmons and
assumptlons These SImpllfed methods are used with llmltmg scenarios in calculatlons tha' determine the

assumptions regarding mixing in the reactor vessel. These assumptl‘ s affect the calculated rate of bOI‘]C -
acid bu1ld -up in the core and the potential for boric acid preCIE;tatlon Itis common to use assumptlons

Sections 4 through 9 p;
how containment su"
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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 p]ant designs
have ECCS features that include an active core dilution mechanism to prevent the core reglonwbonc acid

B

concentratxon from reaching the precipitation point. These dilution mechamsms may o‘“’may not require

continued operation. The PWROG responded to t e N A
asked that future methodologies justify the mlxmg assump{;

areas while ignoring the’ effect of mixing in other reglons

)4%}”«‘ 2
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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 thé re region is
largely limited to that quantity boiled off in the core to remove the decay heat. The st¢am genef’ated in the

J
the foop (or through the RVVVs) as it affects the hydrostatlcéba e betweenathe downcomer headsand

g

the collapsed liquid level in the core. At low RCS pressures and*hi h:decay’] heaﬁ%vels the boiling in the

core is vigorous, and the volume of liquid in the core region is small
boiling becomes less vigorous and more liquid is retained in the core r

'the decay heat drops off, the

Westinghouse US 2-loop plants differ from typ
plenum safety injection (or UPI). For these plan%%‘:t
scenario is a hot leg break where the cold leg hlgh :pressure S| e termindted at or prior to sump
recirculation. This scenario is relevant only with tl%very conservative assumption that all UPI flow in
excess of core boil-off bypasses the core region and‘?flows’dlrectly ou&the break (i.e., no mixing in the
core and upper plenum).

o
WR des:gns in that they tlhze low pressure upper
iting large break LOCA boric acid precipitation

precipitation calculations ‘ar i mpecnﬁc active boric acid dilution methods or
llmltatlons on the dllutlon methods (e g., plant specific aux1llary pressurizer spray ﬂows protection of the

For Westingho —designed PWRs under Westinghouse cognizance, the post-LLOCA boric acid
precipitation calculations 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 elevatio
. Volume does not include any portion of the hot leg volume.
. Volume does not include any portion of the bypass regions (thimble tiibes, barre]
. Volume does not include any portion of the downcomer.
. Mixing in the core region is complete.

A . . .
. Volumé¢ 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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. 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

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

* The core liquid mixing volume was assumed to besd cb%nst;f tdepen mg‘on break size,
conservatively determined using applicable LOCA thermalthydi uhc codes modeled for the
B&W-designed plants. For at least one plant the core hquxd B xing.volume varies as a function
of decay heat levels and system pressure. '

. Mixing volume includes the liquid in the-core; Core.bypass, core baffl
plenum, and outlet annulus.

ion, core upper
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Figure 3-2 Cold Leg Pump Discharge Break, CE PWRs
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Figure 3-4 Typical Westinghouse Reactor Vessel and Internals Arrangement
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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_ px
of knowledge was not assessed.

iods, the state

prediction of the transient.

M = The phenomenon is considered to have mediumvir )
modeled with sufficient detail to obtain accuracy
phenomenon is expected to have less impact on the:
high.M

te data exists and calculation methods that may exist have not been applied to the
%cenario 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.

3&;&%{ )
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Identify Figure(s) of Merit

l

< Specify Scenarios and Plant Applications >
( Define Phases and Periods of Scenarios >~>

l u

Identify Plausible Phenomena

<ldentify Parameters that Impact Phenomena>
s

: ;" Rank Phenomena with respect to Figure(s) of
Merit

RS

Provide Ranking Rationale and State of
Knowledge
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Figure 4-1 PIRT Process
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“Strawman” PIRT Generation

l

Internal PIRT Team Review
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CN Y O

Internal Review Team Comment Resolution

'

)

Draft PIRT to NRC and External Review Team

)
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L

Revised Draft to NRC
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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 Monroey, | , (Pennsylvania,
office with 27 years of experience in thermal-hydraulic engineering. He obtained '{"‘B,A.E. degree from
Penn State University and M.S. degree in Mechanical Engineering from the Ur}:i}'{é:rSl 3 fl:ittsburgh. He

submarines such as the Seawolf, Trident, and Los Angeles class submarmes He successfu
scaling, testing, and analysis work to support the development and llcensmg of new passrve

ASME.
Joseph M. Cleary

Joseph M. Cleary is a Principal Engineer at Westlnghouse Electnc Company s Windsor, Connecticut,
ofﬁce and has 30+ years in LOCA safety analysrs He obtamed his M.S. in Nuclear Englneermg from

long-term cooling safety analysrs ]
performance evaluatlon smodels to

Mllorad B Dzodz

ellow Engmeer in the Thermal, Fluid and Nuclear Engineering Group at the
Westmghouse Science and’él“echnology Department and is currently working in support of ongoing
operatlons at Westmghou nuclear divisions and development of advanced nuclear systems. He obtained
aB.S. int Mechamcal Engmeermg, M.S. and Ph.D. from University of Belgrade, Serbia. From 1977 to
1978 he wasgm EnergoprOJect — Engineering and Consulting Company” and from 1979 to 1992 at the
University of B grade 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.

WCAP-16745-NP April 2007
Revision 0-DRAFT



5-2

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: Hét Transfer
(natural and forced convection, heat exchangers, stratification and natural circulation inside 'passwe
cooled containments of nuclear reactors, heat transfer in the nuclear reactor core), detdiled experimental
scallng using NRC- approved methodology [applled to the Intematlonal Reactor Inh ently Safe (IRIS)

CFD codes as TascFlow, Star—CD and CFX), Flow Visualization, Trlbology, Turbomachmery,
Thermodynamics, Heating, Ventilation and Air Condition and So‘lar Energy conversion.

Michael Epstein e

Michael Epstein is Vice President of Consulting Services at Fauske & Assocnates LLC. He received his
Ph.D. degree in Mechamcal l:ngmeermg from the Polytechnic lnstltute ofBrook]yn in 1970 He joined

_ 85)«,apd was Ch ’ 'rman of the AIChE's Committee on Safety of Chemical Processes and
Hazardous Materlals 1988- 1991) v

15 years experlence in the nuclear industry and 27 years in the area of experlence in

ilic engmeermg 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 of thermal- hydrauhc fluid-dynamics, numerical methods and physical models for computer
simulation of niiclear 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/AP1000, IRIS, APWR,
APR1400).
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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

cooling methodology development in support of extended power upratmgs

John A. Klingenfus

John A. Klingenfus an Advisory Engineer at AREVA NP's Lynchb rg, Vlrgmla office. He obtainedthis
B.S. and M.E. Degrees in Engineering Physics with specialties
the University of Louisville and began work in 1980 in the Babcock:;
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 superv1sory roles with the prmiary focus on LOCA analysis
code and methods development. He has been responsxble for system thermal- hydraullc code benchmarks
and performed numerous code development actmtxe" rivarious codes mcludmg CRAFT2 and
RELAP5/MOD2-B&W system thermal-hydraulic: codes:-His has:led or partmpated in numerous
SBLOCA, LBLOCA, and non-LOCA model and method de elopment tasks for applications on B&W,
Westinghouse, CE, and the new US EPR plants. Heiled the development effort and authored the
RELAP5/MOD2-B& W-based LOCA deterministic e Iuétlon model for B&W- designed plants. He also
provides regular consultation to the Emergency Operatmg and Inadequate Core Cooling procedure writers
and has developed and. supported methods for LOCA mass and energy release and Appendix R analysis
efforts. In addition,she’has developed methods for dem %tlng compliance to the coolable core
geometry and Iong—term ore cooling; criteria of 10 CFR’50.46. This work included development of the
current generic post-LOCA bonc acid precnpltatx vethods for small and large LOCA events for the
B&W-designed plants. ‘

hermaljand ‘nuclear sciences from
Vilcox nuclear division in

LOCA analysu codes C methodologles employed by Westinghouse. His contributions to the nuclear
industry inclu e th evelopment and licensing of critical heat flux correlations for advanced PWR and
VVER (Vodo-Vodni Energiini Regktor, 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/AP1000, and Combustion Engineering
designs). He was an Electric Power Research Institute (EPRI)-nominated member of the NRC’s High
Burn-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.
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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 1mpact borrc acid
transport and mixing in the reactor vessel prior to precipitation as initiation of active boric acid dilution
measures during post-LOCA long-term cooling is expected to preclude precrpltatlol -he PIRT process
will identify high-ranked phenomena that must be addressed in plant boric acid évaluatior methodologles
and models. The PIRT process will also 1dent1fy any high- ranked phenomena wrth alo

phenomena or thermal mixing as related to the solubility limit of Qorié acid. This PIRT addresses®
temperature distribution and thermal mixing only in the context of its impact.on boric acid transport
mixing prior to precipitation (i.e., initiation of active boric acididilution measures).

6.2 FIGURE OF MERIT

FIGURE OF MERIT

Boric Acid Concentration in the Reactor Vesse]quurerxmg Volume

PIRT rankings reflect relative"'irnpo“’rtance of mixing and transport phenomena with respect to their impact
on the figure of merit; that being, borlc acid concentration. in the reactor vessel liquid mixing volume. It
is not the intent of thrs PIRT to rdentrfy and rank phenomena that impact the solubility limit of boric acid.
This is an important drstmctron For example the ﬂashmg of liquid to vapor during small break LOCAs
would likely be ranked wrth hrgh importance v wrth respect to the solubility limit of boric acid since the
solubility limit is a strong functron of saturation temperature/pressure. However, with respect to the
impact onf once tratron ﬂashmg is ranked low since the make-up coolant provided by the ECCS will
replace the amoun of hqurd that ﬂashes 1o steam and maintain the system liquid inventory by offsetting
the shrmkage as the saturated liquid specrﬁc volume decreases with system pressure.

.PIRT FOR BORIC ACID TRANSPORT AND MIXING PRIOR TO
ARECIPITATIG)N DURING POST-LOCA LONG-TERM COOLING

o
=

-
=
(¢

o
=
—]

elopment process, it is useful to divide the scenario into several periods to better identify
and rank the phen 1ﬁena Many phenomena will be important during one period but may become
insignificant or even non-existent during other periods. In order to successfully predict the entire
evolution of thé scenarro 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 measure tis characterlzed
by three periods during which boric acid concentration levels increase in the reacto A ssel and some
passive boric acid dilution is achieved via phenomena such as turbulent convectio' he.core region
associated with boiling and density-driven convection between core and lower yessel reg; yns. The three
periods are the core boric acid accumulation period, transition period, and convection trans «dominated
period. A fourth period, active boric acid dilution period, follows the concentratlon periods afte active
boric acid dilution measures are initiated. These periods are descnbed in the following sections;*however, -
the active boric acid dilution period is not addressed in the current PIRT. But first, it is necessary t" !
define when the long-term cooling phase begins, for the full spectrum of break sizes, as it relates to, the

PN

accumulation of boric acid in the reactor vessel prior to precrpltatlon LA R

6.4 BEGINNING OF LONG-TERM COOLING —ACCUMU ATION OF
BORIC ACID '

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

6.5 BORIC ACID ACCUMULEATION AND PASSIVE DILUTION PHASE

6.5.1 CORE BORlC«.AClD ACCUMULATION PERIOD

(Refueling Wat,

orage Tank (RWST) or containment sump) concentration; whereas, the core and upper
plenum reglons ar 'mmally 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 botl-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 effectively.{Un-mixing’ the
sub-regions (particularly in the core region) that were previously reasonably well mixed. Concentration
gradients between the regions will be such that molecular diffusion will provide. some mall amount of
boric acid transport between regions. The expected boric acid concentration dlstrnbutlon is,depicted in
Figure 6-3 along with a summary of high-ranked phenomena. :

6.5.3 CONVECTION TRANSPORT DOMINATED PERI(’)'ﬁ o

As the decay heat further diminishes, flow to satisfy core coolmg may becomev ess 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 temperature gradient would
decrease due to decay heat. Opposing concentration and temperature gradlents can lead to stratification-
type instability and hence convection. o '

If the boric acid concentration gradient is large enough so that the net densnty gradlent in the rector vessel
is unstable then convection due to fluid density mstablllty (1 e. denser fluid over top of less dense fluid)
certainly could occur analogous to Rayleigh- Benard_convectnon m,smglepomponent convection.

The expected boric acid concentratlon distribution is deplcted in Flgure 6-4 along w1th a summary of

regulatory arena; his phase is not being addressed in the current PIRT.
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_Active Boric'Acid _
Dilution Phase

Boric Acid Accumulation and Passive H
Dilution Phase Addressed in Current PIRT '

A
Y

Core Boric Acid »_ Transition .+ Convection Transport
Accumulation Period Period Dominated Period

Beginning of Long
<<—— Term Cooling Boric
Acid Accumulation

Critical Concentration Difference to
Initiate Passive Dilution Via Convection

Boric Acid Concentration

Figure 6-1 Primary Phases and Periods of Post-LOCA Boric Acid Mixing/Transport in Reactor
Vessel
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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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Figure 6-3 Expected Boric Acid Concentration Distribution and Summary of High-Ranked
Phenomena During the Transition 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 .| Rank SOK
1. Total accumulation of boric acid in liquid H
mixing volume due to decay heat boil-off of
liquid mixing volume.
a. Impact of radial/axial power and void L g 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 L H L
accumulation of boric acid. o
c. Impact of boric acid properties.on latent M L M
heat of vaporization.
d. Impact of boric acid miscibility in steam or M L M
vapor phase. st
2. Turbulent transpon/mf;ing H H
(convectlon/dxspersmn) of boric aci 11qu1d due
to void (i.e., vapo’i"'ph 156) motion w.
boiling region. '
a. Impactioftwo-phase flow egxme H M H M H M
h v01d motion.... -
Impact of decay heat\'bmlmg on yoid H M H M H M
generation, size, and population:
Impact of boric acud propemes (density, L M L M L M
1ty, surface tensmn)
d. M M M M M M
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 .577 Period
Phenomena Description Rank | SOK | Rank | SOK: | Rank | SOK
f. Impact of geometry such as fuel lattices or M M M o M
fuel assembly gaps on void motion "
induced mixing/circulation.
g. Impact of turbulent mixing generated in M M M
wake region of moving void.
h. Impact of turbulence generated from H H M
chaotic boiling.
i.  Impact of turbulence generated from flow 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 H
circulation/communication between core and
upper plenum regions of liquid mixing volume.
a. Impact of liquid entrainme Y H M H M
entrainment including pool ty e liquid
entrainment.an
entrainment fro
H H H H H
M L M L M
M L M L M
'ﬁ e
chimney effect” from hot M M M M M M
el 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 i, Period
Phenomena Description Rank SOK Rank SOK
4. Molecular diffusion transport of boric acid L
between liquid and vapor phases.
5. Transport/mixing of boric acid between core
region and other reactor vessel regions due to
double diffusive convection.
6. Molecular diffusion transport of boric acid L
within liquid mixing volume of core boiling
region.
7. Molecular diffusion transport of boric acid L
from core boiling region to barrel/baftle regio
8. Natural convection transport of higher 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/ i
analogous to Rayleigh
M H M H
M L H L
e, Impact of rea;%?g Sel concentfation L L L L
gradient relative totemperature‘gradient
9. L L L
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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
10. Pseudo-turbulent transport of boric acid within L L

£

core region from oscillatory or unsteady mean.
flow in reactor vessel (two-phase manometer
type instability or flow separation type
instability).

11. Accumulation of boric acid due to boiling from L N/A

metal heat and stored energy in the fuel.

12. Accumulation of boric acid due to flashing L
(SBLOCA depressurization).
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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 m _b]e in steam.

a. Total accumulatlon/generatlon of boric acid i is not expected to be 51gmﬁcantly'affected by

¢.  The presence of boric acid is not expected to significantly affect
(relative to pure water) (refer to Fu]l Length Emergency Core :

d.
Reference 7).
3 A
2. Turbulent transport/mixing (convection/dispersion) due to void< ““r) motlon within the core region

is ranked high overall as it represents the primary phenomena respon

for transport/mixing of boric acid
liquid within the core boiling region. .

a.

b.

d. Moderate importance due to impact ofg‘v' q; n qund flow pattern (i.e., increased void
i rgelevatlon influences more of the 11qu1d circulation region as opposed to a top-

|
e. Moderate 1mponanc due to influence of interfacial drag (between liquid and vapor phases) on
dlstrlbutlon of boric ac1d in liquid m1x1ng volume (i.e., mterfamal drag of ]ower concentratlon

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

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.

p %,
ication between core
or high void

a. High importance as liquid entrainment provides primary means of commu
and upper plenum liquid mixing volumes when two-phase mixture level
fraction exists in upper region of core.

b. Two-phase mixture level swell is important as it impacts liquid mi
plenum regions.

region but not as much impact as two-phase flow regime, mi»
entrainment.

f.  Two-phase flow regime is ranked
mixing volumes is two-phase.

ranked high as i
mixing volume.

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

oncer ratlon gradient relative to temperature gradient is of low importance in core region as
érature difference is small in boiling region (saturated conditions).

Low ranking as secondary flow not as effective as turbulent mixing and mixing is usually confined to

9.
secondary flow region itself whereas turbulence is expected to diffuse beyond region of turbulence
generation.
10. Low importance since 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 ECCS will replace the liquid ﬂashmg to Steam and
maintain (or potentially increase) liquid mass inventory by offsetting the shrmkage,due to the saturated
liquid specific volume decreasing with system pressure. i
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Table 7-3 Rankings for Core — Non-Boiling Region

Convection

Core Boric Acid ‘ransport

Accumulation Transition zﬁ 5" Dominated
Period Period Period

Phenomena Description . Rank SOK nk SOK

1. Natural circulation transport of boric acid H
within core region due to “chimney effect” of )
hot power channel. 1§ o

a. Impact of hydraulic resistance. H

b. Impact of circulation pattern. H

2. Natural convection transport of higher
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 ' ; N
concentration gradient in reactor vessel '
analogous to Rayleigh-Benard convection).

a. Impact of hydraulic

b. Impact of convéction pattern '
(steady roll.cell
roll cell, turbulent

p
urbulent transport (dispersion) of boric acid
in core region.

“generated from flow H M H M H M
(vortexXishedding, shear instability, flow
separation):across fuel assemblies and
associated structures such as grids.

g
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Table 7-3

Rankings for Core — Non-Boiling Region (cont.)

Convection

Core Boric Acid Cransport
Accumulation Transition Dominated
Period Period
Phenomena Description Rank SOK ank SOK

4. Transport/mixing of boric acid within core M

region due to secondary flows induced by non-

uniform: wall turbulence or flow separation.

a. lmpact of non-axisymmetrical fuel M

assembly geometry on wall turbulence and
hence secondary flows.

5. Double diffusive convection transport of boric L

acid between non-boiling region of core and

other regions of reactor vessel.
6. Molecular diffusion transport of boric acid L

from boiling region of core to non-boiling

region.
7. Molecular diffusion transpo L

from non-boiling core regior

region.
3. Pseudo-turbulé;lt transp L

core region from oscillato

L N/A N/A
L L L
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Table 7-4 Rationale for Core — Non-Boiling Region

“Chimney effect” is important as it is expected to have important impact on natural circula 'on 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 transp

2. Natural convection driven by boric acid concentration impact on fluid deris portance as

the concentration gradients increase within the core region.
3.

complex core geometry.

4. Secondary flows are given a moderate rankin

mixing is usually confined to secondary flow regjon 1tse

region of turbulence generation.

a.

5. Low importan
6.

Low importance due 0 extremely weak transporr/mlxmg mechanism compared to turbulence and density-
driven:convection mecha vist

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 ransport
Accumulation Transition Dominated
Period Period Period
Phenomena Description Rank SOK SOK

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

2. Natural convection (due to concentration driven L v
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 H L
geometry.

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

3. Double diffusive convection transp rlt({mixing L L
of boric acid betweehicore and low >rhead
regions.

4. Accumulation of boric acid:due:toboilin H N/A N/A
(metal heat release) from struét

cid due to fla L L L
Tg\rbulent transport (d TSion) of boric acid L M H
ithin core support regior
a. generated from flow L M M M H M
shear instability) across
WCAP-16745-NP April 2007
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Table 7-6 Rationale for Core Support Region (Bottom of Active Fuel to Bottom of Core Support Plate)
1. Low 1mportance ear]y due to low concentratlon dlfference in reactor vessel. Low 1mp0rtance later due to
2.
increases.

3. Low importance early on as concentration gradient is low; V.

compared to transport/mixing mechanism compared to concent

Rayleigh-Benard type convection.
4.
5.
6 Turbulence becomes %%t’iked as concentration:of boric acid increases in this region and it is very highly

WCAP-16745-NP April 2007
Revision 0-DRAFT




7-13

Table 7-7 Rankings for Lower Head Region

{ngonvection
Core Boric Acid 7. Transport
Accumulation Transition ¥ Dominated
Period Period Period
Phenomena Description Rank SOK SOK
1. Natural convection (due to concentration L
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 H M
hydraulic resistance.
b. Impact of reactor vessel concentration H L
gradient relative to temperature gradient
on fluid density instability driven
convection.
2. Turbulent transport (dispersion) of boric acid H
M H M
M L M
ransport of boric acid within lower plenum L L L
due:fo secondary flow p’ag s generated
within:ithe lower head r)ggion.
.4
4. Molecu ard f :tfénsport of boric acid L L L
from core s to lower head region.
& . . -
5. Accumulation of boric acid due to boiling L N/A N/A
(metal heat release) from lower head structures.
WCAP-16745-NP April 2007
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Table 7-7 Rankings for Lower Head Region (cont.)

Convection
‘ransport

Core Boric Acid

Accumulation Transition Dominated
Period Period Period
Phenomena Description Rank SOK Rank SOK
6. Accumulation of boric acid due to flashing L

(SBLOCA depressurization).

7. Double diffusive convection transport/mixing L
of boric acid from core support region to lower
head region of lower plenum.
WCAP-16745-NP April 2007
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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

(O8]

i
4. Low importance as concentration-driven convection (an
turbulent dispersion transport will dominate over molec
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Table 7-9 Rankings for Barrel/Baffle Region

Convection

Core Boric Acid I ansport
Accumulation Transition Dominated
Period Period Period
Phenomena Description Rank SOK “Rank SOK
1. Natural convection transport of boric acid due M
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. H H
b. Impact of gap/hole/former hydraulic H H
resistance.
c. Impact of fluid temperature gradient on L L
concentration-driven convection.
2. Turbulent transport/mixing of boric acid L
between former elevations.
3.  Molecular diffusion traq L
within barrel/baffle reg1
and barrel/baffle regmns.
4. L L
Aco’:fﬁr};ulanon 0 6% L N/A N/A
,{gk o
<inetal heat.
L L L
WCAP-16745-NP April 2007

Revision 0-DRAFT



7-17

Table 7-10 Rationale for Barrel/Baffle Region

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

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

3. Low importance as transport by molecular diffusion is expected ry weak compared to density-
driven circulation. ) ‘
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Table 7-11 Rankings for Upper Plenum Region
Core Boric Acid !
Accumulation Transition Dommated
Period Period Period
Phenomena Description Rank SOK ank SOK
1. Transport of boric acid due to H
circulation/communication between upper
plenum and hot leg regions of liquid mixing
volume.
a. Impact of liquid entrainment including H 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
guide tubes on de-entrainment of liquid.
c. Impact of boric acid properties (density, L M
viscosity, surface tension) on liquid
entrainment/de-entrainment.
d. Impact of two-phase-flow regimeon H M H M
c1rculat10n/commun1cat10n
H M H M
L L
M M M M
4. Ac mulatlon of boncfacxd due to boiling off L N/A N/A
of upper.
5. Accumulation’of: ric acid due to flashing L L L
(SBLOCA depressunzat]on)
6. Net liquid entrainment transport of boric acid L L L
above two-phase mixture level in upper
plenum/hot leg regions.
WCAP-16745-NP Aprii 2007
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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 reglon due to
circulation and mixing.

ngh importance
:more likely.

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

(V8]

yolant provided by‘jt(v}ive ECCS will replace the liquid flashing to steam and
) lquld mass mventory by offsetting the shrinkage due to the saturated
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Table 7-13 Rankings for Downcomer Region
Convection
Core Boric Acid ‘ransport
Accumulation Transition Dotinated
Period Period,&? Period
Phenomena Description Rank SOK ank SOK
1. Transport of lower concentration boric acid M
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
supplying liquid mixing volume.
b. Impact of Boric Acid Makeup Tank N/A
(BAMT) injection (CE only).
2. Accumulation of boric acid in liquid phase due N/A
to downcomer boiling.
3. Accumulation of boric acid due to flashing L
(SBLOCA depressurization).
4. Transport and generanon of turbull L
downcomer reglon as. related to bo
5. L L
WCAP-16745-NP April 2007
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Table 7-14 Rationale for Downcomer Region

The boric acnd concentratlon of the make-up flow is mmal]y h)gher for some ECCS desngns As the boric

will have emptied.

o

Moderate importance early as metal heat from structures thatvmay cause localized boiling and hence
accumulation/build-up of boric acid is less important than h ccurring in‘core region; N/A later on
because metal heat has been released. -

[y

Low importance as turbulence level resultin
dominant relative to downcomer region.
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Table 7-15 Rankings for Hot Leg Region

Phenomena Description

Core Boric Acid

5= sTransport

Accumulation Transition Dominated
Period Period Period
Rank SOK SOK

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

H

a. Impact of two-phase flow regime.

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

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

W

d. Impact of two-phase mixture level swell.

e. lmpact ofliquiqventrjaiﬁmé‘hf’/fd

-
entrainment. C

2. Natural circu];tion of higher concentration: .
boric acid from upper plen_u';m/h'at“ leg to other::
regions such.as »downcomérlregirgn via hot leg
nozzle gap and/or RVVVs for B&W plants.

S

Impact of différgﬁtfél;expansioht_‘(;r_l h:dt leg

L H M H H H
gap flow path dimension.
mpact of gap hydrgu]ib resistance. L H M H H H
3. Netliqu 'Qtrainmear\;\t:trénsport of boric acid L L L
above t 3
ra
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Table 7-16 Rationale for Hot Leg Region

1. Once the liquid flow between upper plenum and hot leg is no longer counter current flow hmlted the
liquid volume in the hot leg will communicate with the upper plenum thus expanding the 1qu1d volume
available for mixing. The communication can occur via two-phase mixture level swellv or liquid
entrainment/de-entrainment.

a. High importance as flow regime impacts two-phase mixture level and entramm 1t/de-
entrainment. :

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

[ Brgiihe

2. Higher concentration boric acid solution can’be transported out of the uppe plenum/core region after the
mixture level reaches the hot leg and/or RVVV elevatlon

: N ¥ 0’
a. Low importance early as the concentratlon is low; oxftance mcreases as the concentration
increases. This is the primary mechanism for removmg ‘boricacid from liquid mixing volume.

,Af

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

ncreases.

3. Low 1mportance as the amount: of entrained liquid d fplets above two-phase mixture level is expected to
be small : ,
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Table 7-17 Rankings for Steam Generator Region

Convection

‘Fransport

Dominated
Period

Core Boric Acid
Accumulation Transition
Period Period

Phenomena Description Rank SOK ank

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

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

Table 7-18 Rationale for Steam Generator Re{fgi_on ‘

l. Low importance as boric acid deposited as a thm film fthe tubes (large surface area) will have a
negligible impact on pressure drop or more localized deposmon on: be_ sheet/tube entrance not expected
to result in sufficient blockage to sxgmﬁcant]y 1mpact pressure drop li¢ to the large flow area in the tube

region.
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Table 7-19

Rankings for Cold Leg/Pump Region

Phenomena Description

Core Borie Acid
Accumulation
Period

Transition
Period

Convection

Dommated
Period

Rank

SOK

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

M

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

Transport and generation of secondary flow

patterns generated within cold legs as related to °

mixing in lower plenum/core regions.

Table 7-20

Rationale ,foj;'

A

Moderate 1mportance as reﬁllmg the loop seal piping coutld impact the core region liquid mixing volume
due to mixture level depressnon not ranked high as Ievel swell phenomena as expected to be more
important in determmmg two phase mlxture level.

HLow 1mp0rtang:e as turbulence level is expected to be lower due to less complex geometry compared to

Low importan¢
to be more importa

&
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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 -[*. . Dominated
Period ¢ -, Period
Phenomena Description Rank SOK | ‘Rank %, SOK
Core — Boiling (Decay Heat) Regibn
1. Total accumulation of boric acid in liquid H o
mixing volume due to decay heat boil-off of
liquid mixing volume.
a. Impact of radial/axial power and void 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 5 L H L
accumulation of boric acid. Y :
2. Turbulent transport/mixing, . H H H
(convection/dispersion):0 ¢id:liquid due
to void (i.e., vapor phase) motion-within core
boiling region. 3
a. Impact of two-ph ' H M H M H M
with void motion. ¥
H M H M H M
Impact of interfaci: M H M H M H
boric acid liquid so
boric acid liquid.
d. H M H M H M
e. 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).
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(cont.)

Table 8-1 Summary Table of High-Ranked Phenomena

Core Boric Acid

Convection
Transport

Accumulation Transition ominated
Period Period “Period
Phenomena Description Rank | SOK | Rank | SOK'| Rank | SOK
3. Transport of boric acid due to 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
including pool type liquid entrainment and S
liquid film-type entrainment from solid o
surfaces.
e
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 L M
plate on liquid circulation/communication.
d. Impact of two-phase flow regime on - H M H M
circulation/communication. T
L M H
L H M H H H
“b.  Impact of conve (gf% pattern or regime L L M L H L
(steady roll cell, unsteady or intermittent
oll cell, turbulent);‘ :
Core — Non-Boiling Region
1. Natural circulatior 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
WCAP-16745-NP April 2007
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Table 8-1 Summary Table of High-Ranked Phenomena

(cont.)
Convection
Core Boric Acid Transport
Accumulation Transition Dominated
Period Period 4 “Period
Phenomena Description Rank SOK Rank SOK Rank SOK
2. 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 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).
¢. Impact of reactor vessel concentration L H L
gradient relative to temperature gradient on
fluid density instability driven convection.
3. H
M H M
separation) across fuel assembhes and
associatedstructures such as grlds
L M H
k-
a. Impact ot;lower core support plate hole L L M L H L
geometry
b. Impact of reactor vessel concentration L L M L H L
gradient relative to temperature gradient on
fluid density instability driven convection.
WCAP-16745-NP April 2007
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Table 8-1 Summary Table of High-Ranked Phenomena

(cont.)
Convection
Core Boric Acid Transport
Accumulation Transition * Dominated
Period Period A7 Period
Phenomena Description Rank SOK Rank SOK | Rank SOK
2. Turbulent transport (dispersion) of boric acid L M.

within core support region.

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

Lower Head Region

1. 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 M M H M
hydraulic resistance.
“Vessel concentrz;tion M L H L
‘temperature gradlent on
M H
M M H M
Barrel/Baffle Region
1. n transport of boric acid due to M H H
concentratlon%’gradlent from core region to :
barrel/bafflé’ region via top, intermediate (at
pressure relief holes), or bottom flow gaps.
a. Impact of presence of holes. M H H H H H
WCAP-16745-NP April 2007
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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. e
Upper Plenum Region - .
1. 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 o
mixture level is in upper plenum or liquid &
pool exists).
b. Impact of two-phase flow regime on M H M
circulation/communication.
M H M
1. M H
M H H H
Hot Leg Region
1. Transport Qgrxc/ac1 due to H H H
cnrculatlon/coihmunlcatlon between upper
plenum and h uid 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 A" 7 Period
Phenomena Description Rank | SOK | Rank | SOK':| Rank | SOK
b. Impact of gravity drain back to upper H M H M H M
plenum when mixture level in upper plenum ‘ SR
is low.
¢. Impact of two-phase mixture level swell. H M H
d. Impact of liquid entrainment/de- H M H M
entrainment.
2. Natural circulation of higher concentration boric L H
acid from upper plenum/hot leg to other region ‘
such as downcomer region via hot leg nozzle 7
gap and/or RVVVs for B&W plants. -
a. Impact of differential expansion on hot leg H H H
gap flow path dimension.
b. Impact of gap hydrauli H H H
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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."Hé}at 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 phenomenon by Wthh 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 acycumulatron of boric acrd 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 thermal"hydrauhc ropemes and core heat transfer
associated with the presence of boric acid will have a low impact o umulation of boric acid within the
liquid mixing volume. FLECHT tests with boric acid (4% by weight)’ sdeed a two percent increase in
core heat transfer relative to that obtained with pure demineralized water.

Accumulation of boric acid due to stored energ from reactor vessel structures) boil-off was not
considered to have a significant impact (relative t decay“heat« ml-oﬂ) on bonc acid accumulation
especially in the later phases of boric acid mixing and transport whel 'red energy has long been
removed. 5 )

9.2

1sport. Even though the two-phase flow pattern or veracity of boiling-induced void motion
may change w1th ‘decay heat level or safety system design or alignment, boiling and associated turbulent
transport/mlxmg 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 regipﬁiand other
regions is a high-ranked phenomenon for many phases of boric acid mixing and transpo‘r't;' 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 densnty gradlents that cause
natural convection, namely, temperature, void fraction, and boric acid concentra tion gradlents

L Convection associated with the temperature and void fraction gradlents within the core reg|on are
high-ranked phenomena throughout all phases of boric achi ‘mixing 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 cdré inlet toward the core exit region have the
effect of causing the fluid density to decrease with éle hrou h it e’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 dlfference increases due to decay
heat boil-oftf. Consequently, concentrat"\'“ iven convection is a hlgh ranked phenomenon in the
later phase of boric acid mixing and trans The, concentratlon gradlent Wh]Ch increases from
the lower regions of the reactor vessel tov PEL;T
fluid density with elevation in opposition t
fluid density.

9.4 TURBULENT MIX] -DISPERSION) AND TRANSPORT OF BORIC ACID
WITHIN N%@ <
LOWER HEAD REGION

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 jower
reactor vessel regions during later phases, turbulence becomes more important as it contnbutes to mixing
and transport of boric acid within those regions. &

9.5 TRANSPORT OF BORIC ACID DUE TO CIRCULATION/COM UNICATION
BETWEEN CORE, UPPER PLENUM AND HOT LEG RE NS OF: LIQUID
MIXING VOLUME

Higher concentration boric acid in the core region may be circulat lluté;dt)\ with the liquid vdl‘u, 5 In
the upper plenum and hot leg. The phenomena that allows this commumcatlon may be more direct’ V1a
two-phase mixture level swell into upper plenum or hot leg ohs. Or it ma”be indirect commumcanon
via liquid entrainment from the core region to the upper plér .how leg wher iquld de-entrains, mixes
with liquid mixing volume in those regions and liquid returns back‘toward Core region.

9.6 NATURAL CIRCULATION TRANSPORT OF BORIC ACID WITHIN CORE

Although this “chimney effec
high as in the non- boi_lin'g'lfegio

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 RVVYV 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.
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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 €
performance of ECCS systems, and alternate sump pH buffering agents (References 1 12 and 13). 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 thesé:initiatives underscore
the potential for sump debris and chemical effects to impact phenomena and, ,‘y:ng m he}llsms in the
reactor vessel and consequently the potential to impact the build-up of bOl‘lC‘ a01d in the corere

ydrauhc resistance. Increased sump debris level
ntly degrading the effectiveness of boric acid

( 1qu1d volume via the hot leg gap. Wlth respect
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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.

region, core support region, and lower head region.

. Turbulent mixing and transport throughout the reacto

and transport may.occur, that no new, high-ranked phenomena would be introduced into the boric acid
mixing and tran‘sp rt PIRT; the current PIRT should remain applicable to such situations. When higher
levels of sump* ‘debris 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
under high levels of sump debris or chemical effects.

convection driven by boric acid concen

b

transport within the complex geometry o
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