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% UNITED STATES

R & NUCLEAR REGULATORY COMMISSION

- WASHINGTON, D. C. 20888

Wee August 22, 1989
Pueet

Mr. W. J. Johnson, Manager
Nuclear Safety Department
westinghouse Electric Corporation
Muclear Encrgy Systems

P. 0. Box 35

Pittsburgh, Pennsylvania 15230

Dear Mr, Johnson:

SUBJECT: ACCEPTANCE FOR REFERENCING OF LICENSING TOPICAL
REPORTS WCAP-11284 AND WCAP-11427 REGARDING THE
WESTINGHOUSE BOILING WATER REACTOR EMERGENCY
CORE COOLING SYSTEM EVALUATION MODEL

We have completed our review of the subject topical reports. We find these
reports acceptable for referencing in license applications to the extent
specified and under the limitations delineated {n the reports and the
associated NRC evaluation which is enclosed, The evaluation defines the basis
for acceptance of the reports.

We do not intend to repeat our review of the matters described in the reports
and found acceptable when the reports appear as references in license
applications except to assure that the materia) presented is applicable to the
specified plant involved. Our acceptance applies only to the matters
described in the reports.

In accordance with procedures established in NUREG-0390, tt is requested that
Westinghouse publish accepted versions of WCAP-11284 and WCAP-11427,
proprietary and non-proprietary, within 3 months of receipt of this letter.
The accepted versions should incorporate this letter and the enclosed
evaluation between the title page and the abstract. The accepted versions
shall include an -A (designating accepted) following the report {dentification

symbol.

Should our criteria or regulations change such that our conclusions as to the
acceptability of the reports are invalidated, Westinghouse and/or the
1icensees referencing the topical reports will be expected to revise and
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resubmit their respective documentatfon, or submit justification for the
continued effective applicability of the topical reports without revision of

their respective documentation,
Sincerely
//QA)Q«»'

¢

Asho&{g. Thadani, Assistant Director

for (Systems
Division of Engineering & Systems Technology
Office of Nuclear Reactor Regulation

Enclosure:
Evaluation Report



ENCLOSURE

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REAZTOR REGULATION
RELATING TO THE WESTINGHOUSE ELECTRIC CORPORATION
BOILING WATER REACTOR EMERGENCY CORC COOLING SYSTEM EVALUATION MODEL

1.0 JINTRODUCTION

By Jetter dated September 30, 1966, Westinghouse Electric Corporation submitted
for revier licensing topical report WCAP-11284 entitled "Westinghouse Boiling
Water Reactor Emergency Core Cooling System Evaluation Model: Code Description
ano Qualification" (Ref. 1). By letter dated June 30, 1987, Westinghouse
submitted WCAP-11427 entitled "Westinghouse Boiling Weter Reactor Emergenrcy
Core Cooling System Evaluation Model: Code Sensitivity" (Ref. 2) which wes
reviewed by the NRC concurrently with WCAP-11284. The staff requested
assistance in the review from Los Alamos National Laboratory (LANL). LANL
identified additional information needs to which Westinghouse mesponded in an
amendment document, WCAP-11284-Amendment 1/WCAP-11427-Amendment 1, "Westinghouse
Boiling Kater Reactor Emergency Core Cooling System Evaluation Model: Response
to Recuest for Additiona) Information and Errata” (Ref. 3).

The Office of Nuclear Reactor Regulation (NRR) is responsible for the review
and evaluation of licensing analyses and methodology. The review was conducted
to provide a technical assessment of conformance of the Westinghouse emergency
core cooling system (ECCS) mode) to Appendix K of 10 CFR Part 50 (Code of
Federal Regulations - Energy). The ECCS model will be part of the safety
analysis methodology applicable to boiling water reactor (BWR) fuel manufactured
and marketed by Westinghouse Eiectric Corporation, The ECCS loss-of-coolant
accident (LOCA) methodology was develcped by ASEA-ATOM, Sweden, and has been in
use in Europe in the study of boiling water reactor performance.

This safety evaluation (SE) documents the review of Westinghouse large-break
and emall-break LOCA analysis methods applicable to EWR types 2 through 6
plants. The SE is diviced into eight sections. Section 2 presents a summary



of the topical reports anag Section 3 provides a code description summary anc
assessment (WCAP-11284), Section 4 discusses the code sensitivity studies and
assessment (WCAP-11427), Section § describes the integral system qualifications.
and Section 6 discusses complience with Appendix K requiremants. Section 7
provides the staff conclusions resulting from thii review, and Sectfon 8
contains the references applicable to the review.

2.0 SUMMARY OF TOPICAL REPORTS

Westinghouse uses the GOBLIN system of computer codes (Ref. 1) to evaluate

ECCS performance during postulated LOCAs in SWRs, The system codes calculate
the BWR transient responses to both large-break and smell-break LOCAs., The
system is composed of three major computer codes (GOBLIN, DRAGON, and
CHACHA-3C), an auxiliary code (BILBD), and several fnput/output data processors
(MOBIT, FRODC, OHINE, PLUAUX, and SUPERB). A brief description of the more
important codes follows.

GOBLIN - Analyzes the LOCA blowdown and reflood thermal-hydraulic transient
for the entire reactor, including the interactions with various control and
safety systems. GOBLIN calculates the pressure and enthalpy at the core inlet
and outlet, using the core power generation, system geometry, ECCS performance,
and the break type.

DRAGON = Performs the hot fuel channel, thermal-hydraulic transient calculations.
DRAGON 1s virtuaily identical to GCBLIN except several calculation models are
bypessed. Using channel power, geometry, and boundary conditions from the
GOBLIN calculations, DRAGON calculates the coolant temperature and pressure,

the void fraction, and the heat-transfer coefficients.

CHACHA-3C - Performs detailed temperature calculations at 2 specified axial
level within the fuel assembly previously analyzed by the DRAGON code. A1l
necessary fluid boundary conditions are obtained from the DRAGON calculation,
CHACHA-3C calculates the time-dependent, pellet-to-clad gap, hest-transifer
coefficients, as well as clad swelling and petential burst. It determines the
temperature distribution of each rod throughout the transient and ultimately



determines the peak clad temperature (PCT) and cladding oxidetion at the axial
plane under investigation. It also provides fnput for the calculation of
tota) hydrogen generation by supplying the local oxidation at 2 number of
axial and radia) locations in the core.

Westinghouse has performed integral system qualification analyses to compare
the code simulation with the two-loop test apparatus (TLTA) test data. The
objective of this verification program s to demonstrate the code's ability to
predict plant responses to 8 desfgn-basis [OCA correctly. To support the LOCA
evaluation methodology to be used in the licensing calculations for & BWR/S,
Westinghouse also has performed sensitivity studies (Ref. 2) that consider
hydraulic models, plant parameters, numerical convergence, anu nrodalization.

3.0 CODE DESCRIPTION AND ASSESSMCNT

3.1 Thermal-Hydraulic Analysis Codes: GOELIN/DRAGON

The GOBLIN code performs one-dimensional, thermal-hydraulic calculations for
the entire reactor during a postulated LOCA., The system response from
blowdown through reflood s calculeted for both small- and large-break events,
GOBLIN is divided into four main sections,

The power generation model calculates the heat generation resulting from
fission, decay heat, and metal-water reactions. Fission power is determined
by 2 point kinetics model that allows for up to six delayed neutron groups.
Reactivity feedback 1s included for void fraction, moderator (coolant)
temperature, fuel temperature, and reactor contro) rods. The decay power
generation 1s calculated by the sum of 11 fission product decay groups and the
actinide decay of U-239 and Np-235. The Baker-Just model 1s used to determine
the heat generation from the metal-water reactions,

The hydraulic model solves the mass, energy, and momentum conservation
equations together with the equation of state for each control volume, This
mode] includes empirical constitutive correlations for the calculation of



pressure drops, two-phase energy flow (drift flux), two-phese level tracing,
spray-fluid interaction, end critical flow rate.

The system mocels contain detailed mocels of the varfous reactor components
and the safety systems that sre activated after 2 LOCA, They fnclude the
ECCS; the steam separators and dryers; the reactor leve! measurement, trip,
and depressurization systems; and the recirculation and jet pumps.

The therma) mode! calculates the heat conduction and heat transfer from the
fuel rods, pressure vessel, and internals (plates) to the coolant. The mode )
solves the materia) heat conduction equetion and celculates the heat transfer
from the fuel and structures to the coolant, The heat-transfer coefficients
couple the hydraulic sc..cion to the thermal conduction solutfon through the
coolant state and surface temperature. Empirical hest-transfer coefficiert
correlations are modeled for single-phase l1iquid-heat t-ansfer, two-phase
non-dryout transition boiling, post-dryout heet transfer and single-phase
vapor, and surface-to-surface ragiation heat transfer,

DRAGON is used to simulate the hot fuel channe) by specifying the inlet and
outlet plenum pressures and enthelpies from the GOBLIN simulation. DRAGON
{ncorporates the channe! power and geometry and inlet/outlet hydraulic
properties to produce coolant temperature and pressure, void fraction, and
heat-transfer coefficients. The following subsections describe the key models
in the GCELIN/DRAGON code.

3.1.1 Decay gf Actinides and Fi;sion Products

Three actinide decay groups are modeled. The decay time constants and
effective energy fractions are taken from a Westinghouse fuel design code,
PHOENIX, that has received NRC approval, The fission product decay molel uses
decey constants and effective energy fractions that best fit the 1971 Jaerican
Nuclear Society (ANS) decay power guideline. An uncertainty of 20 percent is
added to the resultant fission product power generation. Westinghouse assumes
that the tots) gamme energy deposition fraction outside of the fuel rod is 2



percent of the tota)] power generation, W~stinghouse hes performec sensitivity
studies and fdentified that the effect on the PCT 1s negligible by delaying the
time to increase the power generation fraction from 96 percent to 98 percent of
the tota) power generation (see Reference 3, response to Question 2)., The
sensitivity studies performed by Westinghouse are in response to an Appendix K,
Section 1.A.4 requirement to justify a gamme energy deposition fraction outside
the fuel rod that s less than 1,0, Westinghouse a1so has partitioned pellet
and cladding power distribution and found that the no-partition case would be
more conservative, that s, would produce a higher PCT. The differences in PCT
as reported in the Reference 3 sensitivity studies confirmed “hat the effect of
the assumption of & {-percent energy deposition fraction outside the fuel rod
is small,

3.1.2 JIwo-Phase Energy Flow Mode!

The enthalpy. flow rate for the two-phase flow 1s cetermined using @ dgrife-flux
correlation developed from the work of J.A, Holmes (Ret, 4) and includes @
counter-current flow limitation (CCFL) correlation of the form definec by

.B. Wallis (Ref. §). The constants used in the CCFL correlations originally
were derived from formulations and date developec by R.V. Bailey (Ref. 6) anc
$.0. Eriksson (Ref. 7). Westinghouse has performed 2 series of experiments to
test the conservatism of the CCFL correlation, The results indicate that the
CCFL correlation used in the GOBLIN/DRAGON is 26 percent more restrictive in
the liguid drafn flow rate than was observed in the experiment,

3.1.3 Two-Phase Level Tracking

GOBLIN can specify & series of control volumes in which a two-phase level is

to be calculated and tracied with time. The level tracking mode) replaces @
fixed control volume boundary with a moving boundary located at the two-phase
leve). The flow rate through the boundary is determined by maintaining
continuity of the phasic flow rates through the two-phase leve! for 2 given
leve) velocity. The phasic flow rates are calculated for the volume above and
below the level by the grift-flux correlation, With leve) trecking, the
control volume boundaries continuously change with time. Hence, the boundaries



of the level-tracking region become & significant node11zation parameter. The
use of moving boundaries at the two phase leve) is consistent with other ECCS
evalustion models which have been approved by the staff,

3.1.4 Frictional and ! Form Pr re Drop Correlation

The original two-phase multipliers in WCAP-11284 for the frictional and loce)
form pressure drop were modified for the QUAD+ fuel design mode1led for the
sensitivity studies reported in WCAP-11427., Other modifications will be
required when the methodology s applied to an accepted fuel design,

3.1.5 [n;ggt1gn-r12!‘v!!;giorl!1d Interaction

The externa) water 15 added to 2 control volume as @ mass and energy source
ftem. If the water leve! falls below the injection point, the injection water
{s adced to the licuid in the uppermost liguid control volume, together with
the steam that has condensed from the upper control volume., A falling distance
of 0.3 meter assumed in the GOBLIN analysis 1s based on experimental date (Ref.
£) that demonstrates thet the injection water has eisentially reached
satyration in that distance.

3.1.6 Critice) Flow Mode!

The GOBLIN code uses the Moody critica) flow mode! for the two-phase break
flow ard & mocdified Bernoulli mode) that assumes zero flow resistance from
stagnation point to the exits for the subcooled critica) flow. Both models
are typica) of those used in approved ECCS evaluation models.

3.1.7 Heat-Transfer Regimes

The heat-transfer regimes modeled in GOBLIN are fdentified in Sections 2 and 3
of WCAP-11284, The regimes are characterized by dryout conditions, single-
and two-phase fluid conditions, and Reynolds' Number, Void fraction limits
denote transition to dispersed flow conditions ang trensition from invertec
annular flow to dispersed flow,



During its review, the staff noted that a maximum differential of 2.5 percent
in voids could result in an oscillatory solutfon instability. Nowever,
Westinghouse respondec that no oscillatory solutions heve been observed before
core reflood.

3.1.8 Dryout gg::glotign

The boiling transition between non-dryout heat transfer and post-dryout hest
transfer 1s determined from a critical heat flux (CHF) correlation., The CHF
used 18 the maximum between & flow-boiling and a pool-boiling correlation,
Mestinghouse has conducted steady-state and trensient CHF tests using @
simulated QUAD+ minibundle. The resulting test dets were used to develop and
verify the WB-1 correlation (for QUAD+ fuel), which uses the critical quality
bofling length formulation. This correlotion was intended to replace the AA-74
correlation for use in the QUAD+ fuel analysis. The staff has not reviewed the
WE-1 correlation; a staff-spproved correlation must be used when the subject
ECCS methodology 15 used 1n & licensing enalysis,

3.2 Roud Meatup Analysi

Deteiled fuel rod heatup celculations are performed with the CHACKA-3C code
using boundary con¢itions of the coolant pressure and temperature supplied by
DRAGON., The prime use of CHACHA-3C s to determine the PCY at the hottest
axia) plane in the peak power bundle. It also 15 used to determine the tota)
hydrogen generatfon by evaluating loca) cladding oxidation at 2 number of
axia) and radia) locations in the core,

The major components of the CHACHA-3C code include (1) & fuel rod conduction
model; (2) a channe] temperature model; (3) @ heat generation model; (4) a
metal-water reaction model; (5) a gas plenum temperature and pressure mode;
(6) a pellet/cladding-gap, heat-transfer model; (7) & cladding strain-and-
rupture moce); (8) o thermal radiatfon mode); and (9) a spray heat-transfer
model. The first two models use a conventiona) finite-difference methoo to



treat heat conduction in the fuel rod and channel. The heat generation mogel
{n CHACHA-3C 15 fdentical to that in GOBLIN/DRAGON, The gas plenum
temperature-and-pressure mode! and the pellet/cladding-gap, heat-transfer moce!
use the analytica) models in the NRC-approved PAD code, The cladcing straine
and-rupture mode! uses the NRC-approved materfals properties data from MATPRO
Version 11 and Genera! Electric (GE) stress/strain correlations, including
cladding strain versus temperature before perforation, circumferential strain
versus cladding differentia) pressure, and a Tower bound curve for the date for
strain versus temperature taken from NEDO-20566 (Ref, 9). The following
subsections describe the thermal raciation and chenne] rewet models.

3.2.1 Therma! Recdiation Mode!

The therma) racdistion mode) wes formulated using the following assumptions:
(1) A surfaces in the rod bundle are gray, diffuse, anc nontransparent,
(2) The emission of radiation takes place isotropically.

(3) Reflection of radistion is divided into fsotropic and anisotropic
components,

(4) The anisotropic reflection reverts back to the origin of radietion,

(§) Absorption, emission, and dispersion in coolant are omitted.

(6) A)) surfaces are in thermal quasi-equilibrium during each time step.
The gray-body factors are calculated by the auxiliary code BILBO, which
evaluates geometric view factors for two geometries: (1) all rods at normel

dimensions, and (2) a1l rods fully strained, The emissivities of dry anc wet
surfaces are taken as 0,67 and 0.96, respectively,



The therma! raciation mode! s considered conservetive and adequate beceuse of
(1) the derivation of the dry emissivities taking into consideration oxide
buildup as @ function of local burnup, and (2) the omission of coolant
sbsorption,

3.2.2 Spray Mest-Transfer Model

ASCA-ATOM (A-A) has performed experiments using the A-A BxE design and
demonstrated that the Appendix K coefficients acceptable for the 7x7 fuel are
epplicable to the A-A Bx8 design, when an fsotropic rediation mode) was used,
A-R also developed the convective hest-transfer coefficients that when applied
with an anisotropic mode! would metch the BxE temperature distributions
caleulated with the Appendix K coefficfents and the sotrcpic model. This new
set of coefficients then was reduced by 1§ percent for the QUAD+ fuel bundle
design,

The westinghouse ECCS eveluation mode) compliance with Appendix K, Secticns
1.0.6 anc 1.D.7, use convective heat transfer coefficients derived from the
Appendix Kerecommende¢ values, The exnerimenta) data used to verify the
velues shoulo be justifie¢ as applicable to the particular fuel design for
which the overal) methodology 1s to be applied.

4.0 CODE SENSITIVITY STUDIES AND ASSESSMENT

4.1 Nodalization

Westinghouse has performed sensitivity studies for the nominal (six volumes),
coarse (five volumes), and fine (eight volumes) cases near the break location,
The pressure and void at the break indicate that the coarse noding s
nonconservative because of & lower break flow, However, the fine and nominal
cases compare well throughout the transient,

Westinghouse also pertormed sensitivity studies in the bypass and upper plenum
to demonstrate adecuate noding at injection locations of the ECCS. Five cases
were studied, and the results show that the mid-plane reflood times compare
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well when the leve) tracking scheme was used. The sensitivity tou the location
of the bottom of leve) trackings is negligible. A coarser noding case results
in & slightly different time of refilling guide tubes anc bypasses. However,
the fina) reflooding time of the mid-plane (a parameter in determining the PCT)
remeins within a time period of one second of the standard noding cese.

The standard CHACHA-3C fuel rod noding consists of seven pellet nodes of eque!
volume and three cladding nodes of equal thickness. The sensitivity of the PCT
to fuel-rod noding was evalueted by comparing results obtained from the
standard case to those obtained with S-pellet/2-cladding nodes and 10-pellet/
d-cladeing nodes. The results indicate negligible difference in the PCT
calculated from three cases. As 8 result, 1t 1s concluded that standarc fue)
noding is appropriate for CHACHA-3C., CHACHA-3C uses the watercross thickness
to calculate channe) temperature. The sensitivity to the thickness of channe)
and watercross wes evaluated, and results show that the PCT is reletively
fnsensitive to the channel noding &nd 1s overestimated by 16°F using the
wotercross thickness,

4.2 Plant Parameter Studies

The sensitivity of the nuclear peaking factors, including the axial peaking
factor, bundle relative power, and peaking location, wes evaluated, Five
coses were studied, and the results show that the cases with a higher bundle
relative power dried out and uncovered faster than the cases with @ Tower
bundle relative power, The PCT for the pedk-to-top power is slightly higher
than that for the cosine power (by 25°F). However, the peak-to-top power
would correspord to an operation with the control rods inserted approximately
halfway into the core, which {s inconsistent with the full-power operation.
Because of the relative insensitivity to the power distribution and the
{nherent tendency of BWRs operating with slightly peak-to-bottom power shapes,
the 1.5 cosine shape has been used in the DRAGON model. Axfa) peaking factors
were considered as pert of the power distribution sensitivity studfes by
Westinghouse. The sensitivity study for axial pesking factors in the range
1.5 to 1.6 covers the upper bound norme!ly expected for a BWR/5. It is
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concluded that adequate considerstion has been given to the sensitivity of the
nuclear peaking factors,

Westinghouse has performed studfes varying the plant initia) conditions and
transient conditions (scram time, time of main steam fsolation valve (ms1v)
closure, initial water level, pressure form-loss coefficients, and feedwater
and recirculation pump coastdown rates) to determine their effect on the time
of mid-plane dryout. The results show that the largest change in mid-plane
dryout time as & consequence of any of these sensitivities was about ] second.
As @ result, the plant variables used in the Westinghouse evaluation models are
considered sdequate.,

A reduced core flow sensitivity was performed for 68 percent of rated core T low
and 104.3 percent rated power, Because of the initial Tower enthalpy in the
lower plenum, the reduced core flow case would delay the lower plenum flashing
by 1 second and extend the midplane dryout by 2.5 seconds., As & result, the
reference LOCA would result in a higher PCT and {s more conservative,

4.3 Numerica) Convergence

Westinghouse has varied convergence criteria and time steps to show that the
caleulated solution 1s unigue and within acceptable 1imits of the icea)
asymptotic solution. Three convergence criteria were involved: thermal-
hydraulic, fuel rod temperature, and surface hest transfer. A range of
convergence criteria (by three orders of magnitude), time-step size (by one
order of magnitude), and surface heat transfer (by one order of megnitude)
were stucied.

Three key system parameters, steamdome pressure, rod surface temperature, and
core void fraction calculated from GOBLIN/DRAGON, demonstrated an asymptotic
solution as the time-step size was reduced. The calculation of pressure shows
the sensitivity of hydraulic models; the surface temperature calculation
demonstrates the sensitivity of the heat transfer models; and the void fraction
calculation warrants the adequacy of core flow rate, heat rate, and pressure.
Varying the convergence criteria has negligible effect on the GOBLIN/DRAGON
solutions,
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Convergence criteria in CHACKA-3C also have been changed by an orcer of
magnitude: the relative change in both rod surface heat flux and rod surface
temperature, the sbsolute change in nodal temperature, and the relative change
in channe] temperature were the parameters fdentified in Reference 2, Section
7. The results show identical PCTs in the two runs. In order to evaluate the
sensitivity of time-step sizes, values of time-step sizes were reduced by E0
percent for different phases: blowdown, drycut, dryout to yncovering,
uncovering to reflood. The results show 2 difference of approximately 2°F in
PCT.

It is concluded that the time-step/convergence criterie study conducted by
Westinghouse demonstrates convergence of the GOBLIN/DPRAGON and CHACHA-3C codes
to & unique asymptotic solution,

4.4 Break Spectrum

The limiting break 1s 2 combination of break size, location, and single
feilure that yields the highest PCT. The break spectrum studied by
Westinghouse included:

Case I: A full guillotine break fn & recirculation suction line with
failure of the low-pressure core spray (LPCS) diesel generator.

Case 11: A full guillotine break in a recirculation suction 1ine with
fatlure of the high-pressure core spray (HPCS) system,

Case 111I: A 0.0088-m? (0.09-ft?) split break in a recirculation suction
1ine with failure of the HPCS system,

Case 1IV: A full break in a spray line with failure of the LPCS diese’
generator (Division I).

For Cese |, additiona) break sizes of 80 percent, 60 percent, and 40 percent
of the full break were analyzed. Based on the results from Cese 1 (four break
sizes) and Case 11, the full-size break in Case I would result in 2 higher PCT
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of 1897°F. This was mainly because of a lerger break size (compared with
fractiona) break sizes) and smaller ECC flow (loss of LPCS versus HPLS flow).
Cases 111 and 1V are considered to be small breaks, Both cases result in 2
substantially lower PCT than that from the Case ! full break by about
800°-900°F, The Westinghouse results were compared with those from the GE Ex8
safety analysis for the reference BWR. The Westinghouse-calculs «d PCTs are
relatively consistent with the GE results. The differences in the PCTs can be
sttributed to a different maximum 1inear hest generation rate used
(Westinghouse 14.5 WW/ft versus GE 13.4 ki/ft) and an earlier celculated low
level 1 signal in the Westinghouse analysis. An earlier Yow level 1 signal
would result in ar earlier MSIV closure, an earlier automatic depressurization
system actuation, and an earlier subsequent ECC fnjection. Regardless, in
either analysis, the result 1s the same; namely, that the smell LOCA 1s
significantly less 1imiting than the 100 percent, double-ended guillotine
recirculation pipe break,

4.5 Transition Core

Reloac analyses have been performed by Westinghouse using GOBLIN for 2 full
CUAD+ core, @ mixed core of GE 8xE fue) and QUAD+ fuel core, and 2 full core
of GE Bx8 fuel. The key phenomena compared include the core inlet flow rate
during blowdown, the vesse] depressurization rate, and the time of core
reflood. The core inlet flow dictates the time of boiling transition and
uncovering. The vessel depressurization rate determines the time at which
spray flow is initiated. The reflood time determines the time at which the
fue! rod heatup is terminated.

A full core of GE 8xB fue)! was modeled by GOBLIN with necessary modifications
of the noding set for the QUAD+ tue). The general system responses are similar
for the GE 8x8 fuel core and the QUAD+ fuel core. The QUAD+ active core flow
s s)ightly higher before lower plenum flashing as a result of draining of the
wetercross. The mid-plane dryout times are almost the same (by a 0.7 second
difference). The vesse) depressurization rate is almost fdentical. The mid-
plane reflood times ciffer by 7 seconds because the watercross helps refill
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the lower plenum slightly faster in the QUAD+ core. Therefore, similar system
responses for the two fue) designs were concluded for the 1imiting LOCA,

Westinghouse also did a mixed-core LOCA system response analysis to demonstrate
that each fue) design does not have an adverse effect on the other fue) design.
A GOBLIN calculation was made with one third 8x6 fuel and two thirds QUAD+
fuel. The results of times for the initial blowdown phenomena, depressuriza-
tion, and core flood closely follow that for 2 full core of QUAD+ fuel. The
active core inlet flow and flow rate at the top of each fue)l type are similar,
anc both assemblies receive comparable ECC flow rates. The potential of an
uneven flow distribution of ECC water into different fuel assemblies during the
refi11/reflood phase wes studied and excluded.

In summary, results from the analyses for the Exg fue), QUAD+ fuel, and 2
mixed core fuel showed very minor changes in the timing of the key phenomena,
As a result, introducing the QUAD+ fuel ¢n a transition core of GE Ex8 fuel
will not adversely affect the fuel-type-specific LOCA maximum sverage planar
linear heat generation rate limits determined on the basis of a full core of
the respective fuel type.

The use of a different fue! design other than QUAD+ fuel fn & transition core
should be addressed in a generic Reference Safety Report.

§.0 INTEGRAL SYSTEM QUALIFICATIONS

The system codes were assessed against severa] tests. These tests provided
informetion on the integra) system behavior under the influence of many
interacting thermal-hydrauvlic phenomena. Westinghouse provided comparisons
using the experimental data from TLTA Test 6425/2 (average power and average
ECC), TLTA Test 6423/3 (high power and low ECC), TLTA Tests 6007/26 and 6006/3
(blowdown heat transfer), TLTA-5B and -5C small-break LOCA tests, and the
FIX-11 break spectrum tests, The results from 2 preliminary assessment
{ndicated that the comparison of the Westinghouse simulations and these tests
was unsatisfactory, particularly in the areas of time-zero offsets, system
pressure, bundle mass, break flow rate, and fuel rod temperature. Other issues
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needing clarification included code versions (the Westinghouse version versus
the A-A version) and supporting plot deta.

Westinghouse responded to our request for additiona) information by performing
additiona) analyses using TLTA 6423/3, which involves @ large-break LOCA with
high power and low ECC. Major improvemeints made in these analyses included @
much better match of the fnitial) and boundary conditions with the tests,
particularly for the initial downcomer mess inventory, lower plenum enthalpy,
and steamline flow rate. The downcomer mass affects the initial depressurize-
tion through the recirculation 1ine uncovering; the lower plenum enthalpy
affects the time of lower plenum flashing; and modeling of the steamline valve
closure improves the early pressure transient,

The GOBLIN simulation of TLTA Test 6423/3 excluded several Appendix K
evaluation mode) requirements in order to best simulate the test phenomena.
The differences between the simulation assumption/modeling an¢ the Appencix K
requirements are as follows:

. Rewetting cf the fuel rods was allowed,

* The best-est mate homogeneous equilibrium critical flow moce] with
subcooled flow multipliers on TLTA orifice critical flow data wes used,
replacing the Appendix K-reouired Moody model.

o The actua) test power history was used instead of the Appendix K-required
ANS 1871 decay heat curve plus & 20 percent conservatism.

The calculated system pressure and mass flow were compared with measured data.
The calculated pressure before the MSIV closure compares well with the measured
gata. The bundle inlet flow for the initial phase of the transient agrees with
the experiment. The good agreement of the tota] mass inventory and system
pressure confirms the accurate calculation of the break flow through the
transient, Westinghouse also provided data on the mass inventory in the
components of the system., The mass inventory distribution, including
downcomer, bypass, guide tube, upper plenum, and lower plenum, was provided and
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compared fairly well with the test results. Comparisons of the test thermo-
couplé measurements at various elevations with GOBLIN predictions show genera)
agreement in trencs and timing (Ref. 3); the selection of nodes for the rod
dryout, heatup, and rewet comparisons is acceptable.

To demonstrate the conservative mergin, Westinghouse performed more rod
temperature analyses incorporating portions of the Appendix K requirement (no
rewetting of the rods, zero heat-transfer coefficient following uncovering, and
Appendix K-prescribed heat-transfer coefficients during spray cooling and

after reflood). The resulting rod temperature shows about a 380°F margin. An
additiona) PCT margin 1s inherent in the evaluation mode! because of other
conservative Appendix K requirements excluded 7rom the simuletion (that 1s,

the Moocy break flow mode! and decay heat curve plus 20 percent

conservatism),

6.0 COMPLIANCE WITH APPENDIX K REQUIREMENTS

Appendix K to 10 CFR Part 50 sets forth certain requirec and acceptable
features of evaluation models for calculating ECCS performance to demonstrate
that the acceptance criteris of 10 CFR 50,46 are met, These required and
acceptable features fnvolve both individuel calculational models and inputs to
the licensing moce!,

The staff, with assistance from LANL, has conducted a review of the
Nestinghouse boiling water reactor ECCS evaluation mode! (BWR ECCS EM) to
verify compliance of the mode! with 10 CFR Part 50 Appendix K, requirements
and to ensure that the methodology provides an acceptable calculationa) frame-
work for evaluating the behavior of a BWR reactor system during a postulated
loss-of-coolant accident in the classes of boiling water reactors presently
licensed for operation. The review included those aspects of the me thodo logy
relevant to the calculation of peak cladding temperature (PCT) and hydrogen
generation for a spectrum of break sizes.
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Conformance of the Westinghouse BWR ECCS EM to each applicable item of the
requirements established in 10 CFR Part 50, Appendix K, concerning ECCS
eveluation models 1s addressed in the following.

1. Reguired and Acceptable Features of the Evaluation Models
1.A, Sources of Heat During the LOCA

A1) licensing basis LOCA calculations will be performed for a power
leve) 1.0Z times the licensed power level as required by Appendix K,

1.A.1. The Inftial Stored £nergy in the Fuel == Fuel rod conditions
at the initiation of the postulated LOCA are generated using an
spproved methodology (the PAD code). An evaluation was performed to
determine a conservative burnup for the reference fuel design. These
consicerations result in scceptable compliance with Appendix K.

1.A.2. Fission Heat -~ Fission power and point kinetics parameters
are developec using an NRC-approved methodology (the PHOENIX code).

1.A.3. Decay of Actinides -- The actinide decay power is determined
using @ mode) described in American Nuclear Society Standard 5.1
*Decay Energy Release Rates Following Shutdown of Uranium-Fueled
Therma) Reactors.® This mode) is used for the calculations at the
time in the fue) cycle that yields the highest calculated fue)
temperature during the LOCA, as required by Appendix K,

1.A.4, Fission Product Decay -- The acceptable mode)l ANS Standard
§.1 s used with 2 1.2 multiplier as prescribed in Appendix K,

1.A.5. Metal-Nater Reaction Rate -- The rate of energy relesse,
hydrogen generation, and cladding oxidation 1s determined from the
Baker-Just equation which 1s acceptable as specified in Appendix K.
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1.A.6, Reactor Internals Heat Transfer -« Heat transfer from
non-fue! reactor components have been considered, as required by
Appendix K.

1.B. Swelling and Rupture of the Cladding and Fue) Rod Therma) Parameters

As discussed in Section 3.2 of this Safety Evaluation, the cledding burst
wode! employed in the Westinghouse BWR ECCS EM 1s & mode) developed for
CHACHA-3C and which uses NRC-approved materials properties data. Cladding
stress/strain functions are taken from & previously approved methodology.

1.C. Blowdown Phenomens

1.C.1. Break Characteristics and Flow -- The sensitivity study
provided by Westinghouse included the results of & break spectrum
analysis for a BWR/S, Plant-specific applications should include

or reference @ sens1t1v1iy study epplicable to the facility BwR
cless. The discharge mode) used in BWR ECCS EM is the Moody model as
specified in Appendix K and 1s acceptable.

1.L.2. Frictiona) Pressure Drops == The frictional losses are
caleulated with commonly accepted relationships of friction factor
and Reynolds number and two-phese friction multipliers as required by
Appendix K,

1.C.3. Momentum Equation - The momentum equation usec in the
GOBLIN serfes of codes includes all terms specified in Appendix K.

1.C.4, Critica) Heat Flux =« A staff-approved correlation must be
used when the subject methodology 1s used in @ 1icensing analysis,

1.C.5. Post-Critical Heat Flux Heat Transfer Correlstions -- The
heat transfer correlations used in GOBLIN are the Groeneveld 5.7
correlation specified in Appendix K or other NRC-approved
correlations,
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1.C.6. Pump Modeling ~- The recirculation pump mode! used in
GOBLIN 15 developed from & basic conservaticn of angular momentum
equation. Single-phase and degraded two-phase pump performence are
mode led through performance curves which are addressed 1n a plent-
specific application, The Jet pump mode) 1n GOBLIN accounts for
momentum and resistance effects as required by this rule item,

Section 1.C.7 1s not applicable to BWRs.
Past-Blowdown Phenomens; Heat Removal by the ECCS

1.0.1. Single Fatlure Criterfon -« The sensitivity studies
provided by Westinghouse included relevant single failure
considerations enc comparisons with previous evaluations by the
nuclear steam supply system vendor. This 15 acceptable.

1.0.2. Containment Pressure - GOBLIN analyses will conservatively
assume atmospheric pressure in the containment volume throughout the
LOCA transient, This assumption adequately addresses the requirements
for this feature of Appendix K,

Sections 1.0.3 through 1.D.5 are not applicable to BiRs.

1.0.6. Convective Heat Transfer Coefficients for BWR Fuel Rods
Under Spray Cooling -~ The Westinghouse CHACHA-3C code will use the
rod surface heat transfer coefficients calculated by DRAGON before
the end of lower plenum flashing., After this period, the convective
coefficients will be derived from Appendix K recommendations, Heat
transfer coefficients developed from experimental dats should be
justified ss epplicable to the particular fuel design for which the
overal) methodology is to be used.

1.0.7. The Boiling Water Reactor Channel Box Under Spray Cooling ==
The Westinghouse CHACHA-3C code will use the convective heat
transfer coefficients calculated by DRAGON prior to the end of lower
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plenum flashing, After this period but prior to core spray reaching
rated flow, the channe) convective heat transfer coefficient will be
set to zero, Experimenta) date used to verify the applicability of
heat transfer coefficients derived from Appendix K recommended
values should be justified as applicable to the particular fuel
design for which the overall methodology 1s to be used. The channe!l
wetting time will be determined based on the modified Yamanouchd
correlation plus 60 seconds, as prescribed by Appendix K.

11. Required Documentation

The documentation provided 1n References 1 through 3 was in sufficient detai!
which (1) allowed technica) review of the analytical upproach, (2) provided
sensitivity studies of pertinent varialles, system and fuel noding, and
caleulationa) time step, (3) provided adequate comparisons with experimenta)
deta, and (4) demonstrated an acceptable margin of safety comparable to other
acceptable evaluation models.

The staff has confirmed that sestinghouse has addressed those features of
Appendix K applicable to BWRs.

7.0 CUNCLUSIONS

The Westinghouse BNR ECCS evaluation mode) (WCAP-11284) and sensitivity studies
(WCAP+11427) were reviewed in reference to the Appendix K requirements. We
conclude that Westinghouse/ASEA-ATOM has developed and documented an adequate
information data base to address and meet the Appendix K requirements.
Westinghouse also has performed an integra) system qualification emalysis to
compare the ECCS mode! calculations against applicable groups of test data,

From our present evaluation of the adequacy of the models used 1a the
Westinghouse BWR ECCS EM and the conformance of the calculations to Appendix K
requirements, 1t is concluded that the mode! described in Reference 1 will
provide adequately representative and conservative predictions for large-break
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and small-bresk LOCAs 1n boiling water reactors. Because the andlysis predic.
tions were based on data and characteristics of a fuel design (QUAD+) not
presently scheduled for production and commercia) use, this conclusion 1s
subject to certain conditions before use of the methodology for licensing
actions. These conditions are specified in the following Regulatory Position,

Rggulgtg:; Position

(1)

(2)

(3)

The staff concludes that the Westinghouse BWR ECCS EM provides an
acceptable eveluation mode) of loss-of-coolant accidents for use in
calculations of peak clad temperature (PCT) and hydrogen generation m.de
in accorgance with Appendix K Ticensing calculations for large-bres’ and
small-break LOCAs in boiling water reactor BWR/Z through BWR/6 plants.
The basis for this position 1s the staff review of licensing topica’
reports WCAP-11284 (Ref. 1) &nd WCAP-11427 (Ref, 2) and the evaluation
summarized in this safety evaluation, This conclusion is subject to the
conditions described in paragraphs 2 and 3 below.

The staff concludes that the Westinghouse BWR ECCS EM has provisions and
options to conform with the required modelling features of Appendix K,
Conformance to plant-specific requirements of Appendix K (e.9., 1.C.6,
Pump Modeling) for use in Ticensing calculations must be specified in the
license application reload safety analysis report. This report should
include or reference 2 sensitivity study for the BWR type identified in
the license application.

Certain specific mode! areas of the Westinghouse BWR ECCS EM discuised in
WCAP-11284 are specific to a fue) design (QUAD+). These areas are the
critica) heat flux (CHF) and fuel design characteristics for the QUAD+
fuel assemblies. A staff-approved CHF correlation must be used when the
subject ECCS methodology 1s used ¢n a Ticensing analysis (Section

3.1.8). The experimenta) data used to verify the convective spray heat
transfer coefficients should be justified as applicable to the particular
fuel design for which the overall methodology is to be applied (Section
3.2.2). The use of a fuel design other than QUAD+ fuel fn a transition
core should also be addressed.
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ABSTRACT

This report describes the Westinghouse approach to performing Loss of Coolant
Accident (LOCA) sensitivity studies and defining the 10CFRS0 Appendix K
evaluation methodology for boiling water reactors. The evaluation model for
BWR/5 plant designs is defined and justified using this methodology. A break
spectrum calculation is performed using this model. Peak ¢ladding
tenperatures from the break spectrum are presented for Westinghouse QUAD+ fue!
operating at a maximum 1inear heat generation rate limit of 14.5 kiW/ft.

The Westinghouse method for assessing the LOCA impact of using multiple fuel

gesigns in a reload core is also described in this report. A sample
calculation is presented for a BWR/S.
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1.0 INTRODUCTION

The GOBLIN system of computer codes is used by Westinghouse to evaluate
Emergency Core Cooling (ECC) system performance in boiling water reactors
(BWR). These codes have previously been described in detail (Reference 1).
This report presents the results of the Loss of Coolant Accident (LOCA)
sensitivity studies which have been performed by Westinghouse in order to
define the LOCA evaluation methodology to be used in licensing calculations
for a BWR/S.

The method used to perform the sensitivity studies is based on a systematic
assessment of the impact of LOCA modeling on calculational results for the
plant design in question. The results of these sensitivity studies are used
to define the LOCA evaluation methodology which conforms to the acceptance
criteria of 10CFRE0.46 and Appendix K (Reference 2). A flowchart of this
strategy is shown in Figure 1.1. Examples of "models based on test data" from
Figure 1.1 include correlations for heat transfer coefficients, countercurrent
flow limitation, dryout and pressure drop. Examples of "generic sensitivity
studies" include time step, convergence criteria and some noding sensitivity
studies (e.g. core, rod, and channel noding). The approach in Figure 1.1 is
applicable to any BWR plant type, and is described in detail in this report.

Section 2 of this report provides a brief overview of the GOBLIN series of
computer codes used in Westinghouse BWR LOCA analyses. Section 3 describes in
detai) the code results for the limiting break in a BWR/5, as determined using
the final evaluation methodology. This transient serves as the reference case
for the remainder of the report. Sections 4 through 7 provide justification
for the evaluation methodology by examining the sensitivity of the LOCA
results to key modeling assumptions and code inputs. The break spectrum
results which verify the 1imiting break are given in Section 8. Finally, the
method used to evaluate the impact of mixed fuel designs on BWR LOCA
transients is presented in Section 8. Sample results are presentea for the
case of a BWR/5 core comprised of Westinghouse QUAD+ fuel and General Electric
Bx8R fuel. It should be noted that since Westinghouse BWR reload fuel
assemblies are designed to be compatible with the resident fuel design, no
significant impact is expected for the mixed fuel cycles.

0883y 10/070687 1-1
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2.0 OVERVIEW OF COMPUTER CODES

The GOBLIN series of computer codes uses one-dimensional assumptions and
solution techniques to calculate the BWk transient response to both large and
smal] break LOCAs., The series is composed of three major computer codes--
GOBLIN, DRAGON and CHACHA-3C. The function of the individual codes are:

GOBLIN - Performs the analysis of the LOCA blowdown and reflood thermal
hydraulic transient for the entire reactor, including the interaction with
various control and safety systems,

DRAGON - Performs the ho* fucl assembly thermal hydraulic transient
calculations using boundary conditions from the GOBLIN calculation. (DRAGON
is virtually identical to GOBLIN, the only difference is that several
calculation models are bypassed in DRAGON.)

CHACHA-3C - Performs detailed fue! rod mechanical and thermal response
calculations at a specified axial level within the fuel assembly previously
analyzed by the DRAGON code. A1l necessary fluid boundary conditions are
obtained from the DRAGON calculation, CHACHA-3C determines the temperature
distribution of each rod throughout the transient and ultimately the peak clad
temperature (PCT) and cladding oxidation at the axial plane under
investigation. It also provides input for the calculetion of total hydrogen
generation,

The flow of information between these codes is shown in Figure 2.1, Detailed
code descriptions may be found in Reference 1.
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3.0 REFERENCE LOCA

In this section the reference LOCA transient response is described in detail.

The reference plant type analyzed is a Genera® Electric BWR/S design. Figure

3.1 shows a schematic diagram of the BWR/S vessel, internals and recirculation
system, Table 3.1 summarizes the key features of the reference plant.

A brief description of the emergency core cooling systems is first presented,
then the reference LOCA is described.

3.1 BWR Emergency Core Cooling Systems

The BWR ECC system is a plant standby safeguard system designed to maintain
reactor core cooling in the event of a loss of rezctor coolant. The ECC
system consists of a number of diverse, automatically actuated, and redundant
safety systems whose primary function is to replenish the reactor vesse)
coolant.

The ECC system designs vary between the BWR/2 through BWR/6 designs. A
gpecific plant ECC system includes several of the following subsystems.

Low Pressure Core Spray (LPCS)

The low pressure core spray system supplies coolant to a ring spray sparger
above the reactor ccre. The LPCS system includes large capacity low pressure
pumps (shutoff head of typically 300 psia) that can spray water across the
entire core via nozzles in the ring sparger. This system is employed in all
BWR designs.

High Pressure Core Spray (HPCS)

The high pressure core spray system supplies water above the core via 2
separate ring sparger. Lower capacity pumps with a shutoff head above the
reactor operating pressure are used to spray water into the vessel. This
system is used in the BWR/S and BWR/6 designs.
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High Pressure Coolant Injection (HPCI)

in the BWR/2 through BWR/4 designs a high pressure coolant injection system
(or in a few plants feedwater coolant injection) is used to supply auxiliary
reactor coolant at high pressures. The HPCI is introduced into the vessel via
the feedwater sparger in the reactor downcomer.

Low Pressure Coolant Injection (LPCI)

The low pressure coolant injection system is used to refill the reactor vessel
from below the reactor core. Like the LPCS system it uses low pressure high
capacity pumps. The injection location varies between plant design. In the
BWR/3 and BWR/4 the LPCI is injected in the jet pump drive line. In the BWR/S
and BWR/6 the LPCI is injected in the core bypass region between the fuel
channels and the inner shroud.

Automatic Depressurization System (ADS)

The automatic depressurization system consists of a set of safety/relief
valves which may be automatically actuated to depressurize the reactor
vessel. The ADS is designed to reduce the vessel pressure below the shutoff
pressure of the large capacity LPCS and LPCI systems, allowing a more rapid
replenishing of the coolant inventory and refilling of the core.

The ECC subsystems are automatically actuated on signals from the reactor
vesse] level, reactor pressure, and/or containment drywell pressure
measurement systems.

The BWR/5 plant design presented in this report includes one LPCS subsystem,
three LPCl subsystems, one HPCS subsystem and an ADS. Figure 3.2 shows the
ECC pump systems and their individual power sources, designated Division I,
11, and 111,
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3.2 Accident Description

The reference LOCA transient is a full guillotine break of a recirculation
suction 1ine in a BWR/S plant. This reference transient assumes failure of
the low pressure core spray diesel generator (Division I) which results in the
1imiting break for a BWR/5 plant. The transient response is described in
three sections. The system response calculated with the GOBLIN code is
described first. Next the hot fuel assembly response calculated with the
DRAGON code is described. Then the hot axial plane fuel rod heatup response
calculated with the CHACHA-3C code is presented.

3.2.1 Reactor System Response

The GOBLIN code is used to calculate the reactor vesse! system response to a
postulated LOCA in a BWR. The GOBLIN nodalization used for the reference
analysis is shown in Figure 3.3. The LOCA analysis is initiated from 104.3
percent of rated full power, a pressure of 70.7 bar (1055 psia), and 100
percent of rated core flow. The LOCA is initiated at time zero by an
instantaneous 100 percent guillotine break in a recirculation suction line.
Also at time zero, offsite power is assumed lost, which causes tripping of the
two main recirculation pumps. Reactor scram and MSIV closure occur in the
first second of the transient.

Figure 3.4 shows the initial vessel pressure response and subsequent
depressurization, The initial pressure response is governed by the time of
reactor scram, MSIV closure and jet pump suction uncovery. In the reference
transient the pressure initially drops due to the inventory loss out the break
and steamlines. When the MSIV are closed, the vessel pressure recovers and
starts to pressurize until the jet pump suction uncovers. Once the downcomer
leve)l falls below the top of the jet pumps a steam vent path is created cut
the break, increasing the volumetric inventory loss. This stops the
short-1ived vessel repressurization. About two seconds after jet pump
uncovery, the recirculation line uncovers, significantly increasing the
volumetric flow out the break. The recirculation 1ine uncovery causes a
subsequent rapid depressurization to near atmospheric pressure in about 50
seconds.
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Figure 3.5 shows the total break mass flow rate. Note that although the break
mass Tlow rate decreases after the downcomer empties (at about 8 seconds), the
break volumetric flow rate increases due to steam venting out the break.

Hence the pressure vesse)l depressurizes facter,

Figure 3.6 shows the active core inlet flow rate during the initial phase of
the transient. Several key phenomena are visible in this plot. They include
jet pump uncovery, jet pump flashing and lower plenum flashing. The core
inlet flow drops off rapidly in the initial seconds due to the loss of the
broken recirculation 1ine drive flow and initial coastdown of the intact
recirculation loop. At about 6 seconds the jet pump suctions uncover, further
degrading the intact jet pump performance. Less than a second later the
vesse! pressure has dropped to the point where the jet pump fluid saturates
and flashes, causing a surge in core inlet flow. At about nine seconds the
lower plenum fluid flashes, causing a larger surge in core inlet flow rate.
The lower plenum continues to flash at a slower rate for the next 10 seconds.
This is evident by the slow decay in the core inlet flow rate.

Figura 3.7 shows the total core side entry orifice inlet flow rate. The
results show the initial flow rate decrease, periods of fluid flashing, and
the subsequent draining of the core through the lower plenum and out the break.

The vessel draining, ECC system actuation, and subsequent refilling and
reflooding of the vessel regions can be seen in Figures 3.8 and 3.8, Figure
3.8 shows the tota)l system mass inventory. As can be seen in the figure, HPCS
actuation does not compensate for the inventory loss out the break. However,
once the LPCI! is actuated the vesse! inventory starts to be replenished. The
mass inventory distribution in the reactor vessel can be seen in Figure 3.8.
The guide tubes refill first, followed by the lower plenum and bypass region.
The core and upper plenum are last to refill.

Figure 3.10 shows the mixture levels in the downcomer, upper plenum and lower
plenum. The mixture levels clearly show the downcomer and lower plenum
draining and subsequent refill processes. Two periods of liquid stacking in
the upper plenum are visible. The first is just after LPCI actuation and
before sufficient 1iquid can penetrate the bypass region. The second stacking
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is caused by flashing of the ECC fluid which is heated to saturation
temperature by the hot guide tube and bypass structures. This flashing steam
holds up further penetration of ECC fluid into the bypass region. Following
these initial hold up periods the ECC fluid steadily drains and refills the
guide tubes, bypass and lower plenum. This is shown in the lower plenum
mixture level. Following reflooding of the core, the upper plenum level
returns as the vessel is refilled.

The timing of the key events in the system response analysis are summarized in
Table 3.2. A detailed description of the hot assembly thermal-hydraulic
response is given in the next section.

3.2.2 Hot Assembly Response

The DRAGON code is used to calculate the thermal and hydraulic response of the
hot assembly in a BWR during a postulated LOCA. Boundary conditions (e.g.,
pressure and enthalpy for the upper plenum and lower plenum and the bypass
regions), and the core relative power as a function of time from the GOBLIN
calculation are used in the hot assembly analysis. The upper plenum and lower
plenum enthalpy boundary conditions from the GOBLIN reference transient are
shown in Figures 3.11 an. 3.12. The core pressure drop boundary condition is
shown in Figure 3.13.

The core noding used for the DRAGON analysis in the Westinghouse evaluation
mode! is shown in Figure 3.14. The fuel rod conduction mode! considers 4 rod
groups in the assembly (Figure 3.15). The choice of DRAGON rod grouping has
no impact on an Appendix K analysis, sirce all rods are assumed to dry out at
the same time as the lead rod. However, this rod grouping does provide a
preliminary look at the bundle radial temperature profile.

The reference DRAGON transient used a 1.5 cosine axial power distribution with
a planar linear heat generation rate of 12.5 kw/ft at the midplane. Each rod
group was specified to have a local peaking factor of 1.16, corresponding to a
maximum linear heat generation rate of 14.5 kw/ft. The planar linear heat
generation rate is used in the energy conservation equation, and the local
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peaking factor is included in the poc! boiling critical heat flux
calculation., Assembly power was increased by 2 percent to account for
potential uncertainties in initial core power measurement, as required by
10CFR50 Appendix K.

The key results from the reference DRAGON transient are shown in Table 3.3 and
Figures 3.16 through 3.19. The timing of events is very similar to the GOBLIN
results (Table 3.3 vs. Table 3.2), with midplane dryout occurring about one
second earlier in the hot assembly. The hot assembly active channel inlet
flow also follows the GOBLIN results very closely (Figure 3.16 vs. Figure
3.6). The void fraction at the bundle midplane is shown in Figure 3.17.
Cladding temperature turnaround at the midplane is seen to occur at the same
time as in the GOBLIN transient (Table 3.2). Bundle mass inventory throughout
the transient is shown in Figure 3.18. Again, the same trends are seen as in
the GOBLIN transient (Figure 3.9).

The DRAGON results which are passed to CHACHA-3C for use in the rod heatup
calculations are coolant pressure, rod heat transfer coefficients prior to
uncovery, and reflood time. The coolant pressure and rod heat transfer
coefficients for the midplane are shown in Figures 3.19 and 3.20. The
uncovery time is defined as the time at which the transition from the film
boiling heat transfer regime to steam cooling begins. The reflood time is
defined as the time at which the DRAGON temperature transient is mitigated by
the transition from steam cooling to the low flow film boiling heat transfer
regime. Therefore, the reflood time is the same as the DRAGON cladding
temperature turnaround time.

3,2.3 CHACHA-3C Reference Transient

The CHACHA-3C code is used to perform the detailed fuel rod heatup
calculations at a specified elevation from the hot assembly analysis. The
reference CHACHA-3C calculation has beer performed using boundary conditions
from the midplane of the reference DRAGON transient (Figures 3.19 and 3.20).
A typical fuel design for a BWR/S operating with 24 month cycles was
considered as the reference design (Figure 3.21).

(&8
[
o
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Nuclear and fue! rod performance data corresponding to an average planar
burnup of 22 GWD/MTU were used in the reference CHACHA-3C transient. This
burnup is conservative for the reference fue! design for several reasons:

- The gadolinium has been depleted to the point where the interior rods
are operating at or near their highest local peaking factors throughout
life. Higher interior rod peaking factors yield higher peak cladding
temperatures for a given planar linear heat generation rate.

2. The maximum local peaking factor for the assembly is very close to unity
(see Figure 3.22). Therefore the planar linear heat generation rate is
very close to the maximum linear heat generation rate (assumed to be
14.5 kw/ft).

34 Rod internal pressure is higher than at lower burnups, increasing the
1ikelihood of burst.

4, Beyond this burnup (approximately) the fuel can no longer achieve
limiting power levels.

The cladding temperature transient for the rod with the peak cladding
temperature is shown in Figure 3.23. This rod was calculated to burst 98
seconds into the transient. At that time, metal-water reaction begins on the
cladding inner surface, and the gray body factors used in the radiation heat
transfer calculation are modified to account for strained cladding
dimensions. (See Reference 1 for a detailed discussion of the prediction and
consequences of burst in the Westinghouse BWR LOCA evaluation model.)

The temperature transient was turned around by reflood at 142 seconds, prior
to rewet of the channel and watercross by top down quenching. The calculated
peak cladding temperature was 1036°C (1897°F), well below the acceptance
criterion of 1204°C (2200°F). The calculated maximum oxidation fraction was
0.031, also well below the acceptance criterion of 0.17.
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TABLE 3.1
REFERENCE PLANT DESIGN FEATURES

Plant Type GE BWR/S

Number of Fuel Assemblies 764

Fuel Design W QUAD+
Recirculation Lines 2

Number of Jet Pumps 20

Rated Power 3323 MWt

Rated Steam Flow 14.3 x 10% 1bm/hr
Rated Core Flow 108.5 x 10% 1bm/hr
Steam Dome Pressure 1020 psia
Feedwater Temperature 420°F
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TABLE 3.2
TIMING OF SYSTEM RESPONSE KEY EVENTS

Time (sec)
Break Initiates 0.0
Reactor Scram/MSIVs Begin to Close 1
MSIVs Closed 4
Jet Pumps Uncover 5
Jet Pump Flashing 6
Downcomer Level Below Break Elevation 8
Lower Plenum Flashing 10
Avg. Channel Midplane Oryout 22
HPCS Initiation 27
Initiation of Spray Cooling 48
LPCI Initiation $3
Guide Tubes Full 113
Bypass Full 125
LP Full 135
Midplane Reflood 142

0583v 1D/070687 3-9



TABLE 3.3
TIMING OF HOT ASSEMBLY KEY EVENTS

Time (sec)
First Dryout 1.2
Midplane Dryout 21.5
Midplane Uncovery 28.7
Midplane Reflood 142
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4.0 NODALIZATION STUDIES

The vesse!, fue! assembly, and fuel rod nodalizations used in the Westinghouse
BWR LOCA evaluation mode! are evaluated in this section,

4.1 GOBLIN Model

The stancard GOBLIN nodalization for the Westingnhouse BWR LOCA evaluation
mode! is shown in Figure 3.3. The choices of volume boundaries were
determined by considering the physical shapes of the reactor vessel and the
important phenomena which occur during & LOCA, The rationale for the
nodalization being used and sensitivity studies to support this selection are
presented in the following sections.

4.1,1 Standard Nodalization

The standard GOBLIN nodalization encompasses the BWR reactor vessel and
associated recirculation lines. The steam, feedwater, and ECC system
penetrations are treated as time dependent boundary conditions.

As shown in Figure 3.3 the steam dome is represented by a single control
volume. During & LOCA transient the steam 1ine is isolated rapidly and the
mass inventory decreases. The steam dome is generally a stagnate vapor space
and & single control volume is sufficient.

The upper and lower downcomer regions are comprised of six control volumes.
Each volume boundary is placed at a discrete area change. Explicit mixture
level tracking is calculated throughout the entire downcomer. This means the
actual volume boundary nearest to the mixture level is placed at the location
of the mixture level. (Reference 1 gives a detailed description of the leve!l
tracking model). Because of the large number of downcomer volumes used and
level tracking capability the transient response is insensitive to the
physical location of the nodes near the jet pump suction and recirculation
suction. Therefore no additional noding sensitivity analysis is required for
the downcomer region.
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The jet pumps are divided into three nodes - the throat, diffuser, and tail

section. This jet pump nodalization has been demonstrated to be adequate in
predicting the jet pump response during a LOCA (see Reference 1). The same

nodalization therefore is used in the evaluation model.

The two recirculation lines are modeled separately and each is modeled with
three contro) volumes. The sensitivity of the tranzient results to the broken
loop noding is addressed below, in Section 4.1.2. The results show that three
volumes is sufficient.

The lower plenum is divided into four control volumes. Level tracking is
modeled in the lower plenum. With level tracking the actual volume boundary
between the liquid and vapor space moves with the mixture level. Hence, the
flows between the lower plenum and the jet pump discharge, side entry
orifices, and lower support plate al)l account for the physical elevation of
the mixture level.

The reactor channe) and watercross are divided into nine and two volumes,
respectively. The active fuel region is divided into seven volumes. This
detailed discretization is adeguate for calculating the average core system
response. This is demonstrated in Section 4.2.1 through a comparison with &
ORAGON calculation which uses a finer core noding.

The bypass and guide tubes are partitioned into a total of seven control
volumes, two of which are in the guide tubes. A sensitivity study of the
noding in this region is presented in Section 4.1.3.

Lastly, the upper plenum is divided into four volumes. Level tracking is used
in this region. Three volumes mode! the region above the active core and one

volume models the standpipes and steam separators. This is a region where ECC
flow is injected, and is considered important in determining the core counter

current flow limitation. A sensitivity study to upper plenum nodalization is

also presented in Section 4.1.3.
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4,1,2 Break Location Noding Sensitivity

A specific requirement of LOCA evaluation models, as stated in 10CFRS0
hzpendix K, is the demonstration of adequate nodalization near the break
location. To demonstrate meeting this requirement, the LOCA blowdown wes
simulated with three different nodalization schemes. These schemes are shown
in Figure 4.1 and designated nominal (6 volumes), coarse (5 volumes), and fine
(8 volumes). Figures 4.2 through 4.5 summarize the transient response for the
system pressure, vesse)l side break flow, recirculation line side break flow
and tota) mass inventory, respectively, for the three noding schemes. The
fine and nominal schemes give almost identical system responses. With respect
to the tota) inventory loss, the nominal noding scheme loses slightly more
inventory.

The coarse noding scheme gives slightly slower system depressurization and
less tota) mass inventory loss than the nominal and fine noding. However, the
differences between the coarse and other two nodalization schemes is less than
2 percent.

From the results of this noding sensitivity study it may be concluded that the
nominal nodalization of the lower downcomer and recirculation line can

adequately calculate the blowdown response.

4.1.3 ECC Location Noding Sensitivity

A second specific requirement of 10CFRS0 Appendix K is the demonstration of
adequate nodalization at injection locations of the emergency core cooling
water. For a BWR/S (and BWR/6) plant design the ECC system injection
locations for the high and low pressure spray are through spargers above the
reactor core, and for the low pressure core injection it is in the top of the
core bypass region.

Several bypass and upper plenum nodalization schemes and upper plenum leve!
tracking schemes were examined to determine the impact of the nodalization on
the resultant system refil) and reflood response. The different nodalizations
studied are summarized in Table 4.1, The system response is assessed
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by comparing the key parameters which impact the resultant peak cladding
temperature. These parameters are the time when spray cooling is initiated
and the time when the core midplane refloods.

The results of the ECC nodalization study are summarized in Table 4.2. The
reference transient is case A which gives a start of spray cooling time of 48
seconds and midplane reflood time of 142 seconds. The sensitivity to the
location of the bottom of leve! tracking can be seen by comparing cases A, B,
and D. In al) cases the leve! tracking is deactivated below the sprey
injection location but above the top of the core. Clearly, the time of spray
cooling initiation and time of reflood are not significantly affected by the
actual elevation, Other parameters, however, do vary slightly, such as the
time at which the guide tubes and lower plenum fill, This is because the
timing of the ECC water flashing in the guide tubes and bypass, and the
collapsing of voids due to steam condensation varies slightly.

Case C shows the significance of tracking the mixture level in the upper
plenum. In case C the level tracking was manually deactivated creating fixed
control volume boundaries in the upper plenum. With fixed volumes the ECC
spray is assumed to mix homogeneously with the node fluid due to the
homogeneous equilibrium model in GOBLIN. This simplified modeling causes &
homegeneous mixing of the ECC spray flow with the liquid and vapor phases in
the spray injection volume. In actuality the spray flow will mix only with
the 1igquid when the mixture leve! is significantly above the spray spargers.
Also as the mixture level drops a gradually increasing amount of steam
condensation occurs. These phenomena are considered only when the level
tracking mode! is used. The unroa\ﬁst};al1y higher fluid enthalpy in the
upper plenum results in a[ ]1ator time of midplane reflood. The
leve! tracking mode] shall be used in the evaluation model. A significant
reduction in computational tise was achieved in case B, when the bottom of
level tracking was raised by 0.1 meter, with 2 negligible change in transient
results. This higher elevation for the bottom of level tracking shall be used
in the evaluation model.

The sensitivity to the number of control volumes in the bypass and upper
plenum regions was studied by combining the five volumes in the bypass
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into three, and the four volumes in the upper plenum into three as shown in
Figure 4.6. Comparing the results between case A with the nominal noding and
case E with tq$‘goarsor noding 1t 1s seen that the coarser noding allows about
a[ J aster refilling of the guide tubes and bypass. However, the
final reflooding of the midplane, a parameter 1mport32f in determining the
peak cladding temperature, remains| ]..'

This nodalization study shows that, aside from eliminating level tracking in
the upper plenum completely, the final midplane reflood time and the time when
the ¢ladding temperature transient is mitigated are not very sensitive to the
nodalization near the ECC injection point. Therefore the reference
nodalization scheme of Figure 3.3 with leve) tracking shall be used in the
evaluation model.

4.2 DRAGON Model

The standard DRAGON noding for the Westinghouse BWR LOCA evaluation model is
shown in Figure 3.14. The transient fluid conditions (pressure and enthalpy)
for the DRAGON boundary nodes are supplied by GOBL:N. Relative power versus
time is also taken from the GOBLIN run. DRAGON then calculates the thermal
and hydraulic conditions in the fuel assembly throughout the transient.

Normally DRAGON 15 used to determine the hot assembly behavior throughout the
LOCA transient. For the core nodalization study an average pcwer assimbly has
been simulated. By comparing the DRAGON average power assembly resuits with
the GOBLIN core average results 1t is possible to determine the impact of the
DRAGON and GOBLIN core noding differences (13 versus 7 active channel nodes,
13 versus 2 watercross nodes).

Figures 4.7 through 4.11 show comparisons of the DRAGON and GOBLIN transient
results for the key parameters. The mass fiow rates through the side entry
orifice (Figure 4.7) show no discernible difference until the reflood portion
of the transient, when the DRAGON results show more oscillations. The impact
of these oscillations is evaluated later. The flow rates from the bottom
nozzle region into the active channel, watercross, and leakage holes are
compared in Figures 4.8 through 4.10, respectively. The active channel mass
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flow rates also match almost exactly until ihe reflood phase. The watercross
mass flow rates show only minor differences throughout the transient, and the
leakage mass flow rates are virtually identical. The mass flow rates out of
the fuel assembly (i.e., at the upper tie plate) are compared in Figure 4.11.
Agein, the agreement is excellent,

A comparison of the DRAGON and GOBLIN bundle masses will show the integrated
effect of the noding differences. This comparison has been made using DRAGON
nodes (1,3) through (1,16) and GOBLIN nodes (4,3) through (4,10) (refer to
Figures 3.14 and 3.3), and the results are shown in Figure 4.12. The results
are again in very good agreement. Note that the oscillations which were
evident in some of the DRAGON mass flow rates during reflood are also evident
in the DRAGON bundle mass.

The difference between the DRAGON and GOBLIN results during reflood can be
explained with the aid of Figure 4.13. This figure compares the void
fractions at the peek power plane from the two runs. After the temperature
transient turns around there is a periodic cycling of the DRAGON void fraction
between the low flow film boiling regime and the transition to the dispersed
flow regime. Physically this corresponds to the feedback from the fuel rod
heat transfer to the noda) void fraction. This effect is not seen in the
GOBLIN results, due to the larger hydraulic nodes. Since this difference does
not occur unti) the temperature transient turns around, there is no impact on
the fuel rod heatup calculation. Section 5.2 discusses the results of a
sensitivity study which examines the impact on reflood of changing the void
fraction criteria used to define the transitinn from the dispersed flow regime
to the low flow film boiling regime.

As a result of the comparisons presented here it is concluded that the
difference between the DRAGON and GOBLIN core noding has a neg'igible impact
on LOCA transient results. The GOBLIN core noding is therefore acceptable for
use in calculating the system response. The finer DRAGON noding will be used
for the hot assembly analysis,
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4.3 CHACHA-3C Model

4.3.1 Rod Noding Sensitivity

The standard CHACHA-3C fue) rod noding for the Westinghouse BWR LOCA
evalustion mode! consists of seven pellet nodes of equal volume and three
cladding nodes of equal thickness. The sensitivity of the calculated peak
cladding temperature to fuel rod noding has been eveluated by comparing
results obtained from the standard case to those obtained with 5 pellet/2
cladding nodes and 10 pellet/d cladding nodes. In each case the pellet nodes
were of equa) volume and the cladding nodes were of equal thickness.
Transient boundary conditions from the reference DRAGON run (presented in
Section 3) were used for this evaluation. A flat pellet racdial power
distribution was assumed for simplicity.

The results from this sensitivity study are shown in Table 4.3. It can be
seen that increasing the number of nodes decreases the peak cladding
temperature. The change in PCT resulting from using 10 pellet/4 cladding
nodes versus the standard noding is essentially nogﬂgibh[ }"clt is
therefore concluded that the use of seven pellet nodes of equal volume and 3
cladding nodes of equal thickness is appropriate for the evaluation mode).

4.3,2 Channel Noding Sensitivity

The CHACHA-3C results presented for the reference case are based on & lumped
treetment of the channel and watercross. The watercross thickness was used in
the channe) temperature calculations. Table 4.4 shows a comparison of the
results for the reference transient using the watercross and channel
thicknesses. Results are also shown from & divided channel calculation. The
noding used for the reference and divided channel models are shown in

Figure 4.14. From these results it is concluded that peak cladding
temperature is relatively insensitive tc the channel noding, and that the
modeling used for the reference LOCA calculation is conservative.
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Spray heat transfer tests performed with a simulated watercross fuel assemdly
have shown that the chenne! and watercross rewetting times are substantially
overpredicted by the current evaluation model. The evaluation model treatment
of channe] rewet may be revised in the future to incorporate the results of
these experiments.
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Upper plenum level tracking
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Nodalization Figure
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Table 4.)
ECC LOCATION NODALIZATION SCHEMES
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3.3

0.13

3.3

CASE

OFF

3.3

0.0

3.3

0.13
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Time (sec)

HPCS Actuation

Infitiation of Spray Cooling
LPCI Actuation

Guide Tubes Full

Bypass Full

Lower Plenum Full

Midplane Reflood
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TABLE 4.3
EFFECT OF ROD NODING ON PCT

No. of Pellet Nodes No. of Cladding N Peak Cladding T ratur
a,c
¢ 2 [

TABLE 4.4
EFFECT OF CHANNEL NODING ON PCT

No. of Nodes Thickness (cm) Peak Cladding Temperature
- -&,t
i* 0.08* o
1 0.14
2 0.08
2 0.14 L _

* Noding used in evaluation mode!
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Figure 4.7 - Comparison of Side Entry Orifice Mass Flow Rates
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Figure 4.8 - Comparison of Active Channel Inlet Mass Flow Rates



Figure 4.9 - Comparison of Water Cross Inlet Flow Rates
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Figure 4.10 - Comparison of Leakage Flow Rates
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Figure 4.11 - Comparison of Assembly Exit Flow Rates
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Figure 4.12 - Comparison of Bundle Mass Inventory
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Figure 4.13 - Comparison of Peak Power Node Void Fraction
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5.0 ASSESSMENT OF KEY CODE MODELS

This section addresses the applicability of several key code models. First,
the GOBLIN and DRAGON models for countercurrent flow limitation and heat
transfer during refill/reflood are addressed. Then the CHACHA-3C models for
convective heat transfer during spray cooling and channel rewet time are
evaluated.

§.1 Countercurrent Flow Limitation

The Westinghouse BWR LOCA evaluation mode! has a comprehensive Countercurrent
Flow Limitation (CCFL) model for determining the rate of liquid drainage into
the QUAD+ fuel assembly. The original CCFL correlation was developed by
ASEA-ATOM, for 8x8 fuel assemblies. Since its original development, the
correlation has been generalized and validated for many geometries. In
addition, Westinghouse has independently compared the CCFL model against test
data from a prototypical Westinghouse QUAD+ fuel assembly. The test data
included countercurrent flow measurements in the bundle with and without
watercross flooding, and in the watercross itself. Tests were conducted with
water injection by spraying and by spillover at flowrates of 5 and 10 gallons
per minute. The test results were compared to the CCFL correlation in
GOBLIN/DRAGON. The correlation conservatively calculates at ieast 25 percent
less 1iquid penetration into the fuel bundle than was observed in the test.
Furthermore the evaluation mode! and the test both show that the most
restrictive CCFL occurs at the top spacer grid location in the bundle. Based
on these qualification results, no additional CCFL sensitivity studies are
deemed necessary.

5.2 Heat Transfer During Reflood

The Westinghouse BWR LOCA evaluation model defines the upper 11m1t of the low
flow film boiling regime to be at a void fraction (a) of[_ ] The modified
Bromley correlation is used, as described in Reference 1, for this heat
transfer rogime The lower limit of the dispersed flow regime is defined as

[: :} Above this void fraction heat transfer is by steam cooling only.
In the transition between these two regimes the heat transfer coefficient is
obtained by[: jI;etween the low flow film boiling and steam

cooling correlations.
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An evaluation of the impact of this heat transfer regime transition on reflood
has been performed. The DRAGON reference transient described in Section 3 was
restarted from 110 seconds with the upper 1imit of the low flow film boiling
regime redefined as a [  Jiand the lower limit of the dispersed flow
regime redefined as o -[_ :F“Figuro 5.1 shows the resulting void fraction
for the peak power node. A comparison with the reference calculation results
(Figure 3.17) shows that there is no impact on the void fraction until after
the cladding temperature turnaround. Therefore it is concluded that the heat
transfer regime transition has no impact on the reflood time which is 2 key
parameter used in the CHACHA-3C heatup calculation.

5.3 Convective Heat Transfer During Spray Ceoling

Preliminary convective heat transfer coefficients for the QUAD+ fuel design
under spray cooling conditions have been derived from the heat transfer
coefficients recommended in 10CFRS0 Appendix K for 7x7 fuel (Reference 1).

The resulting values are reproduced in Table 5.1. Since the submittal of the
Reference 1 report spray heat transfer tests performed with a simulated
watercross fuel assembly have shown that these heat transfer coefficients are
slightly conservative for the peak power plane of a lead fuel assembly. As an
example, in a test which simulated the spray cooling of a watercross fuel
assembly with the midplane initially operating at 13.7 kw/ft, the heat
transfer coefficients shown in Table 5.2 gave very good agreement between
calculated and measured rod midplane temperatures. The CHACHA-3C reference
transient of Section 3 was repeated using the more realistic spray cooling
heat transfer coefficients in Table 5.2. The resultscshowed a decrease in
calculated peak cladding temperature of[ :r' The Westinghouse BWR
LOCA evaluation model will continue to use the spray cooling heat transfer
coefficients from Table 5.1 (derived from Appendix K requirements) to provide
additional conservatism in the evaluation methodology.

5.4 Channel and Watercross Rewet

The Westinghouse BWR LOCA evaluation model predicts channel and watercross
rewet time by applying the Yamanouchi correlation as recommended in 10CFRS0
Appendix K. Spray heat transfer tests performed with a prototypic watercross

ny
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fue) assembly have clearly shown that the channel and watercross rewet times
ore substantially overpredicted by this conservative model. Rewet at thabg??r
power elevation (midplane) was observed to occur[: from
the time of spray initiation in these experiments. The reference CHACHA-3C
calculation of Soctioag has been repeated with the channel and watercross
rowotting[: :]a?tor the start of spray cooling. The results indicated
a reduction in peak cladding temperature of[ Ja'c‘rhis evaluation
shows that there as much as[ ]aé' conservatism in the evaluation mode)
associated with the use of the Yamanouchi correlation for the 1imiting break

in a BWR/S.
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TABLE 5.1
EVALUATION MODEL SPRAY HEAT TRANSFER COEFFICIENTS (CHACHA-3C)

(—Nz.—)

Rod Type hconv M™°C

- 6,t
Inner
Side
Corner
Channel Wall K

TABLE 5.2

SPRAY HEAT TRANSFER COEFFICIENTS FROM SPRAY COOLING TESTS

(—!2"’—)
Rod Type heony M°C
Inner 2 Bxciollab
Side
Corner
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Figure 5.1 - Impact of Heat Transfer Regime Transition on Reflood
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6.0 PLANT PARAMETERS STUDIES

6.1 Plant Initial Conditions

The plant initial conditions for the LOCA analysis are conservatively chosen
to be outside the limits of normal plant operating conditions. This is done
to create a safety analysis which bounds current and possible future operating
conditions. The initial conditions shall also bound those used in applicable
LOCA analysis for other fuel resident in the core.

Table 6.1 lists the key piant initial conditions and the values used for the
reference transient described in Section 3. The LOCA system analysis was done
at 105 percent of rated steam flow at the plant design pressure. The
corresponding reactor power at these conditions is 104.3 percent of rated
power. This power level is 2.3 percent higher than the 102 percent of rated
power required by 10CFRS50 Appendix K to account for calorimetric measurement
uncertainties.

From the standpoint of a LOCA analysis, a high initial power is conservative
because more initial stored energy is present and has to be removed following
the accident. A high initial vessel pressure is conservative because it
creates 2 longer blowdown with more mass inventory loss. The initial reactor
power and system pressure determine the initial steam flow. The Westinghouse
BWR LOCA evaluation model shall use plant initial conditions that bound the
plant technical specification operating limits in the conservative direction.
The power level to be used in plant specific analyses shall be at least 102
percent of licensed power as required by 10CFRS0 Appendix K.

6.2 Nuclear Peaking Factors

Constraints on nuclear peaking factors in boiling water reactors are applied
via the minimum critical power ratio (MCPR), maximum linear heat generation
rate (MLHGR) and maximum average planar linear heat generation rate {MAPLHGR)
limits. Sensitivity studies have been performed to determine the axial power
distribution and bundle relative power appropriate for use in the DRAGON hot
assembly analyses. A MLHGR 1imit of 14.5 kw/ft was assumed for this study.
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Axia) peaking factors for a BWR/S can normally be expected to be no higher
than 1.5 to 1.6. A bundle relative power of 1.5 (or lower) is a realistic
upper 1imit, due to MCPR constraints. Local peaking factors are very
dependent on fuel cycle management strategies, but are normally no higher than
1.3 at beginning of life (BOL). The local peaking factor will decrease with
irradiation. Since LOCA is not limiting at BOL, a more reasonable value for
consideration here would be in the range of 1.1 to 1.2, Based on these
considerations the five cases in Table 6.2 were selected for study. The
corresponding axial power shapes studiad are shown in Figures 6.1 and 6.2.
Boundary conditions from the GOBLIN reference calculation (Section 3) were
used in the DRAGON calculations.

The dryout and uncovery times calculated by DRAGON for the peak power planes
are shown in Table 6.2. The results were found to be
“The cases with a

bundle rolativo power of 1.6 dried out and uncovered

:]t¥an the cases with a bundle ro]ative power of 1.47. Time to dryout
and uncovery was a1so[_ ]as the peak power plane was moved
higher in the assembly. Therefore the cases with the 1.5 cosine and 1.5
peaked-to-top axial power shapes were selected for further study with
CHACHA-3C.

The CHACHA-3C heatup calculations were performed using the radial power
distribution from the reference CHACHA-3C run of Section 3. The planar linear
heat generation rate was increased from the DRAGON runs to meintain a MLHGR of
14,5 kw/ft. The calculated peak cladding temperatures are shown in Table

6.2. The rosu\ts are seen to be[:

:].Who peaked-to-top shape was found to give a slightly higher PCT
than the cosine shape, due to the earlier dryout and uncovery times. However,
the peaked-to-top power distributions shown in Figures 6.1 and 6.2 correspond
to operation with the control rods insertec approximately half way into the
core. This is inconsistent with plant operation at full power. DOue to the
relative insensitivity to power distributions shown in Table 6.2, and the
inherent tendency of boiling water reactors to operate with slightly
peaked-to-bottom power shapes, the 1.5 cosine shape has been selected for use
in the DRAGON evaluation mode! calculations.
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6.3 Plant Blowdown Sensitivities

An extensive sensitivity study was conducted to evaluate the ‘mpact of various
plant parameters on the initia) blowdown phase of the design basis LOCA, The
key phenomena occurring during this phase of the transient are shown in Figure
6.3, which plots the active bundle (core) inlet flow rate with time. The
phenomenon of most importance in determining the resultant peak cladding
temperature is the time of midplane dryout (boiling transition). Other
phenomena which can influence the time of midplane dryout are the @ me of jet
pump suction uncovery, jet pump fluid saturation and flashing, and lower
plenum fluid saturation and flashing., As shown in Figure 6.3 each of these
phenomena can be identified by a noticable change in the core inlet flow., The
higher the active core inlet flow rate, the later boiling transition (dryout)
will occur and consequently the lower the peak cladding temperature will be.

Numerous plant initial conditions and transient actions were varied to
determine their impact on the time of midplane dryout. The plant conditions
and actions studied include: scram time, time of main steam isolation valve
(MSIV) closure, initial water level, pressure form loss coefficients, and
feedwater and recirculation pump coastdown rates. Table 6.3 lists the nine
sensitivity runs and Figures 6.4 through 6.10 show the results. None of the
sensitivities showed a marked change in dryout time.

Figures 6.4 through 6.6 show the impact of the time of reactor scram and MSIV
closure on the core inlet flow. The reactor will typically scram in a large
break LOCA on a high drywell pressure signal or the first low reactor water
level signal. The MSIV will close typically on the third low level signal.
In the base case (Figure 6.3) both signals are assumed to occur at one second
after initiation of the break. Figure 6.4 shows the impact of a very early
reactor scram and initiation of MSIV closure, both occurring at 0.1 second
after the break. The earlier occurrence of the various phenomena 15[

]and the impact on the midplane
dryout time 1s[: ] Tn actua) operation MSIV closure does not occur
with reactor scram but later. The impact of delaying initiation of MSIV
closure by two seconds is shown in Figure 6.5. The results show that the base
case is conservative with respect to the time of dryout. This is because the
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delay in MSIV closure depressurizes the vessel faster, causing a later jet
pump uncovery, and earlier lower plenum flashing. Both changes help maintain
a more steady and gradual drop in the core flow rate after low plenum
flashing. Figure 6.6 shows the consequence of an earlier MSIV closure (0.1
second) while maintaining reactor scram at one second. The resu’tant change
ir the predicted phenomena is again very small, and similar to the case when
both scram ard MSIV closure occurred at 0.1 seconds. In the Westinghouse BWR
LOCA evaluation model, MS!V closure will be assumed to occur with reactor
scram on the first low level signal. The MSIV will close in the minimum time
allowed by the plant technical specifications.

The impact of a lower initial downcomer water level on the midplane dryout
time is shown in Figure 6.7. The difference in the initial water level
between the two cases is equivalent to the elevation between nominal and low
alarm water levels. The scram and MSIV closure times were kept the same as in
the base case (1.0 second). The impact of a lower initial inventory in the
downcomer on blowdown phenomena is[: :].a'%he initial water level actually
impacts not only the initial downcomer inventory but also time of reactor
scram (and MSIV closure). In the Westinghouse BWR LOCA evaluation model the
Tow level alarm elevation will be used as the initial water level.

The base case assumes a rapid flow coastdown of the feedwatzr flow rate after
initiation of the break. The consequence of instantaneously stopping the
feedwater flow was studied. The results are shown in Figure 6.8. The loss of
subcooled fluid instantaneously, instead of taking a few seconds to coastdown,
causes a slightly earlier flashing of the jet pumps and lower plenum. The
impact on dryout time is[ }Q'QA conservatively fast
feedwater flow coastdown rate that bounds available coastdown data is used in
the evaluation model.

Almost immediately after initiation of the recirculation line break, the
broken leg jet pump flow stops. The intact loop recirculation pump, however,
takes approximately 20 seconds to coastdown. The impact of a 35 percent
faster coastdown was studiea and the result is shown in Figure 6.9. The
faster recirculation pump coastdown causes a marginally lower core inlet flow
for the first 10 seconds after which lower plenum flashing dominates the core
inlet flow. Again, the impact on the time of midplane dryout[ ]?"
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The impact of pressure losses on jet pump flashing was alsu examined. This
was accomp)ished by reducing the suction nozzle form losses.

:Fa,c

Lastly, the contribution of the bypass and watercross draining to the active
core inlet flow were examined. This was accomplished by increasing the form
losses of the leakage holes and the watercross orifice. giguro 6.10 shows the
study results. As can be soon.[ ]1n the inlet core flow
occurred.

In summary, the largest change in midplane dryout time as a consequence of any
of these sensitivities was[ ] None of the changes caused the
midplane dryout to occur much earlier, such as before lower plenum flashing.
The assumptions used in the Westinghouse BWR LOCA evaluation model, outlined
above, will ensure a conservative calculation of the plant blowdown, time of
midplane dryout and peak cladding temperature.

6.4 Reduced Core Flow Sensitivity

The range of plant operation for a boiling water reactor can be shown on a
power-flow map. A sample map is shown in Figure 6.11. Under normal
operation, the maximum power level is at 100 percent of rated core flow. Some
utilities may license "extended limits of operation" to allow greater plant
operating flexibility. One extended 1imit of concern to LOCA analysis is
reduced core flow operation for power levels near or at 100 percent of rated
power. In this section the impact on the LOCA analysis of an initial reduced
core flow at 100 percent power is examined.

The purpose of this sensitivity is to determine the impact that a reduced core
flow (at LOCA full power conditions) has on the MAPLHGR 1imits based on the
LOCA analysis for normal operation. An evaluation of the impact that core
inlet flow rate has on the LOCA blowdown, dryout time, vessel depressurization
rate, and the time of core reflood is presented. A LOCA was initiated from a
steady state plant condition of 105 percent of steam flow and 68 percent of
rated flow. Table 6.4 summarizes the reduced flow case initial conditions.

0622v 10/060687 6-5



The transient response of hot assembly inlet flow is shown in Figure 6.12.

The initial assembly flow decreases dramatically during the first second. The
flow is essentially zero by six seconds when jet pump flashing forces fluid up
through the core. The assembly inlet flow decreases again until the lower
plenum begins flashing at 11 seconds. This momentarily increases the inlet
flow to approximately 66 percent of the flow at time zero. Subseguently the
flow decreases again and at 24 seconds midplane dryout occurs., The hot
assembly inlet flow for the reference case of Section 3 is also shown in
Figure 6.12 for comparison. Aside from the reduced magnitude, there is one
main difference between the reference case and the reduced flow case. That is
the time of lower plenum flashing. A comparison of the timing of the
phenomena is also given in Table 6.4.

The lower plenum has a lower initial enthalpy in the reduced flow case. This
is a consequence of maintaining the same steam flow for the reduced flow case
as for the reference case (same initial conditions). For the coolant to
remove the same core power at a lower flow rate, the enthalpy increase across
the core at steady state must increase. This increase in enthalpy rise across
the core is balanced between an increase in the vapor fraction out of the core
and a decrease in the core inlet enthalpy. Hence, the lower plenum enthalpy
is lower at steady state during reduced fiow operation. Since the lower
plenum enthalpy is more subcooled, it takes longer for the system to reach the
saturation pressure of the fluid in the lower plenum. The delayed flashing in
the lower plenum extends the time of dryout from 21.5 seconds in the reference
case to 24 seconds in the reduced flow case.

As shown in Table 6.4, the depressurization rate and the time of core reflood
for the reduced flow case compare well with the reference trunsient in
Section 3. The net result is that the reduction in initial core flow delays
the time of midplane dryout without delaying the time at which the midplane
refloods. For this sample calculation, the Westinghouse BWR LOCA evaluation
mode] would calculate a lower midplane peak cladding temperature for reduced
flow plant operation than in the full power and flow operation,
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TABLE 6.1
LOCA INITIAL CONDITIONS

Core Thermal Power 3461 MWt

Vessel Steam Output 1891 kg/sec (15.0 x 106 1bm/hr)
Percent of Rated Steam Flow 105%

Vessel Pressure 72.7 bar (1055 psia)

Total Core Flow Rate 13667 kg/sec (108.5 Mlbm/hr)
Percent of Rated Core Flow 100%

Maximum Area of Recirculation 0.292 me (3.14 ftz)

Line Break
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Axial
Peaking Factor

1.63

1.63

1.5

1.9

1.5

*Cosine

TABLE 6.2
POWER DISTRIBUTION SENSITIVITY STUDY RESULTS

'ocation of Bundle Dryout Uncovery CHACHA-3C
Axial Peak Relative Power Time (sec) Time (sec) Peak Cladding Temperature
e = Q‘Q
1.9m (6.25 ft)* 1.47 -
2.5 (8.0 7t) 1.47 -
1.3m (4.5 ft) 1.60 2 = =
1.9m {6.25 fi)* 1.60 21.5 28.7 1036°C (1897°F)
a,c
2.5n (8.0 ft) 1.60 [ E S
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TABLE 6.3
LIST OF BLOWDOWN SENSITIVITY RUNS

Parameter Change

Bate Case

Earlier Scram and MSIV Closure

Later MSIV Closure

Earlier MSIV Closure

Lower Initial Water Level
Instantaneous Feedwater Cutoff

35% Faster Pump Coastdown

Lower Jet Pump Suction Losses

Higher Watercross and Leakage Losses

Figure

6.10
6.11
6.12
6.13
6.14
6.15
6.16

6.17



TABLE 6.4

COMPARISON OF 100 PERCENT AND REDUCED CORE FLOW CASES

Reference

Lase
Percent of Rated Core Flow 100%
Percent of Rated Power 104, 3%
Initial Lower Plenum Enthalpy 1239 KJ/Kg
Initial Core Exit Enthalpy 1429 KJ/Kg
Lower Plenum Flashing 10 sec
Midplane Dryout 21.5 sec
Initiation of Spray Cooling 48 sec
Midplane Reflood 142 sec
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Reduced Flow
ase

68%

104.3%
1216 KJ/Kg
1484 KJ/Kg
11 sec

24 sec

51 sec

143 sec
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Figure 6.4 - Blowdown Sensitivity to Early Reactor Scram and MSIV Closure
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Figure 6.5 - Blowdown Sensitivity to Late MSIV Closure



Figure 6.6 - Blowdown Sensitivity to Early MSIV Closure
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Figure 6.7 - Blowdown Sensitivity to Low Initial Water Level
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Figure 6.8 - Blowdown Sensitivity to Instantaneous Feedwater Cutoff

6-17

ac



Figure 6.9 - Blowdown Sensitivity to 35 Percent Faster Recirculation
Pump Coastdown
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Figure 6.10 - glowdown Sensitivity to Bypass and Water Cross Draining
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Figure 6.12 - Comparison of Hot Assembly Inlet Flow Rate - Reduced
Flow Sensitivity
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7.0 NUMERICAL STUD! §

This section demonstrates that the GOBLIN/DRAGON and CHACHA-3C computer
solutions converge uniguely. Demonstrating convergence of the evaluation
mode) codes is @& requirement of 10CFRS0 Appendir K. The convergence criteris
and time step size used in eech code were studied. A single transient was
simulated using varying convergence 1imits and time steps to show that the
calculeted solution is unigue and within acceptable 1imits of the idea)
asymptotic solution,

7.1 GOBLIN/DRAGON Code

The GOBLIN/DRAGON code solves the one-dimensions) thermal-hydraulic
conservation eguations by matrix inversion of the fully implicit finite
differenced eguations. Following a converged thermal-hydraulic solution, the
meterial conduction solution is ‘teratively calculated. The only explicit
step is surface to fluid heat fluxes in the thermali-hydraulic solution.

Three user-specified convergence criteria are required in this numerice)
solution scheme:

(1) A thermal-hydraulic criterion (EPS)
(2) A fue! rod temperature criterion (DIFFT), and
(3) A surface heat transfer criterion (DIFFQ).

The convergence criteria used in the evaluation mode! are EPS = 10“.
DIFFT « 5 x 10°2, and DIFFQ = 1074,

Also required in this numerical solution scheme is a transient time step
size. The GOBLIN/DRAGON code employs an autematic time step logic to
determine the transient time step. A maximum allowable time step size is
specified by the user. However, the actual time step used is generally less
than the maximum allowable time step. The actual tire step size is dictated
by the change in thermal-hydraulic conditions and ability to calculate a
converged solution, If the transient thermal-hydraulic conditions are
chenging slowly, the time step size is increased. However, if conditions are
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changing repidly and a converged solution is not obtained in a reasonable
number of iterations, the time s'2p size is reduced. The evaluation mode)
shal)l use maximum allowable time step sizes throughout the transient which
minimize the computational recalculations.

The time step size is indirectly linked to the hydraulic convergence
criteria. A more restrictive hydraulic criteria will force the required time
step size to be reduced. For this reason the sensitivity of time step size
and convergence criteria were studied simultaneously.

Table 7.. summarizes the range of convergence criteria and maximum time step
sizes examined. The maximum time step was changed between 0.5 and 0.05
seconds and the convergence criteria werc changed by three orders of
magnitude, For runs with a maximum allowable time step of 0.5 seconds, the
actua) time step selected by the code was less than 0.5 seconds during certain
periods of the transient.

Figure 7.1 shows the change in several key output variables as the time step
is reduced. The output variables were compared at the same time in the
transient and normalized to the extrapolated limiting value at an
infinitesima) time step. The figure shows that the solution monotonically
approaches an unigue solution as the time step is reduced and the error
associated with specifying a large discrete time step is less than 3 percent.

The effect of changing the convergence criteria on the solution is minimal,
For sma)) time steps the solution converges well within the convergence 1imits
with one or two iterations., Hente, relaxing the convergence criteria has
negligible impact on the simulation results. For example, with a maximum
allowable time step of 0.1 seconds the same results were obtained for a two
order of magnitude relaxation in the convergence criteria (comparing cases A,
E, and F). For larger time steps a two order of magnitude change in
convergence criteria results in less than a 0.5 percent change in simulation
results (case B, H, and 1). Figure 7.2 shows graphically the sensitivity to
changes in convergence criteria,
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These sensitivity results demonstrate that the automatic time step logic and
the convergence criteria used in GOBLIN evaluation model will result ina
calculated solution within acceptable 1imits of the ideal asymptotic solution.

7.2 CHACHA-3C Code

The key convergence criteria used in the CHACHA-3C heat-up code are shown in
Table 7.2. The reference CHACHA-3C transient (Section 3) has been repeated
with these convergence criterfa relaxed by an order of magnitude. The results
are found to be identical to the reference case, demonstrating that the
CHACHA-3C convergence criteria used in the evcluation model are sufficlently
stringent.

The CHACHA-3C time step size is selected by the user. The maximum values to
be used in the evaluation mode! are shown in Table 7.3. (If the convergence
criteria cannot be satisfied, the time step size 1s reduced accordingly.) The
reference CHACHA-3C transient has been repeated with all time steps reduced by
80 percent. The results show a change in peak cladding temperature of 1°C.
These results verify that the typical time steps sizes shown in Table 7.3 are
sufficiently small to ensure an accurate solution to the heatup calculation.

In summary, this time step/convergence criteria study demonstrates convergence
of the GOBLIN/DRAGON and CMACMA-3C codes to unique asymptotic solution. The
GOBLIN/DRAGON automatic time step logic 1imits the transient time step to
ensure a sufficiently converged solution. Hence the actual time step size
used in the evaluation mode! will be dependent on the transient being
simulated. The maximum allowable time step will be adjusted only to help
minimize the number of computational recalculations performed during searches
for the appropriate transient time step. The GOBLIN/DRAGON convergence
criteria used in the evaluation mode! were shown to optimize the computation
time without compromising solution accuracy.

The CHACHA-3C convergence criteria and time step sizes used in the evaluation

mode] are shown to be sufficiently stringent cnd will result in an accurate
solution.
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TABLE 7.1

GOBLIN/DRAGON NUMERICAL. SENSITIVITY RUNS

Maximum Time Convergence Critericn
Case Step (sec) Hydraulics Rod Temperature
¢ 0.1-0.5* 1074 § x 107
B 0.5 1 5 x 107
¢ 0.1 1074 5 x 107
D 0.05 1074 5 x 107
; 0.1 107 5 x 107
; 0.1 107 5 x 107
6 0.2 1074 5 x 107
K 0.5 107 5 x 107
1 0.5 1072 § x 107

* The maximum time step was relaxed as the transient progressed.
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TABLE 7.2
CHACHA-3C CONVERGENCE CRITERIA

Evaluation Relaxed
Convergence Criterion Mode! Value Case Values
Relative Change in Rod Surface 1073 1072
Heat Flux
Relative Change in Rod Surface 1074 1073
Temperature
Absolute Change in Nodal Temperature 1072 1072
Relative Change in Channel Temparature 1074 1072
Peak Cladding Temperature 1036°C 1036°C
TABLE 7.3
TYPICAL CHACHA-3C TIME STEPS
Time Step Size (sec)
Phase of Transient Evaluation Mode! Reduced 80%
Blowdown (0-1 sec) 0.1 0.02
(1,5 sec) 0.2% 0.05
(after 5 sec) 0.5 0.10
Dryout 0.1 0.02
Dryout to Uncovery 0.5 0.10
Uncovery 0.1 0.02
Uncovery to Reflood 1.0 0.20
" Peak Cladding Temperature 1036°C 1037¢C
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8.0 BREAK SPECTRUM

The reactor coolant pressure boundary contains numerous pipes of varying
lengths, diameters, and elevations. Thus a postulated LOCA may be initiated
by a pipe break of a wide range of sizes and locations. In performing a LOCA
analysis 10CFRS0O Appendix K requires that the worst possible single fallure of
the ECC system be assumed. A spectrum of breaks covering the range of pipe
breaks and single failures 1s necessary in the evaivation of a loss of coolant
accident. The 1imiting break is the combination of break size, location, and
single fallure that ylelds the highest calculated peak c¢ladding temperature.

8.1 Break Spectrum Methodology

The Westinghouse BWR LOCA evaluation model described in Reference 1 and this
report are used to determine the peak cladding temperature for a given
postulated break and single equipment failure. The 1imiting break size,
location, and worst single failure is determined by confirming the same break
spectrum dependence using the Westinghouse evaluation mode! as was determined
in the original plant ECC system design analysis. If a discrepancty in the
1imiting break is observed the deviation will be justified by evaluating the
differences in analysis methods and conservative assumptions. If warranted,
additional break spectrum analyses will be conducted to identify the 1imiting
break. The 1imiting break is that which yields the highest peak ~ladding
temperature.

To demonstrate this methodology, a break spectrum analysis for a reference
BWR/S plant with a full core of QUAD+ fuel has been performed. The break
spectrum considered in the Final Safety Analysis Report (FSAR) for the
reference BWR/5 s shown in Figure 8.1.
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The 1imiting break for this plant design is a full double-ended guillotine
break of a recirculation suction line with the worst single faiiure being the
loss of the LPCS diese) generator (Division 1 in Figure 3.2). Other breaks
which are near limiting include:

o A full guillotine break in a recirculation suction 1ine with failure
of the HPCS system.

o A 0.,0084 mz (0.09 ftz) split break in & recirculation suction line
with failure of the HPCS system,

o A full spray line break with failure of the LPCS diesel generator
(Division 1),

Each of these breaks has been analyzed with the Westinghouse BWR LOCA
evaluation mode) to determine whether the break spectrum dependence is the
same as in the original plant LOCA analyses. The results are presented below.

8.2 Large Breaks

The Westinghouse BWR LOCA evaluation mode! has shown that the limiting break
for a BWR/S is the design basis break == a full double-ended guillotine break
of a recirculation suction line with failure of the LPCS system diesel
generator (which also fails one LPCI pump.) This break is the reference
transient described in detail in Section 3. The resultant peak cladding
temperature is 1036°C (1887°F).

To demonstrate that the LPCS diese! generator failure assumption is limiting,
another full guillotine break of a recirculation suction line with failure of
the HPCS system diese) generator is analysed. Figures 8.2 and 8.3 show plots
of the systen pressure response and mass inventory, respectively, during the
transient., The transient response to this break is similar to the reference
transient (comparing with Figure 3.4 and 3.8, respectively). The major
difference is & much larger supply of ECC water with the LPCS system now
available. The larger capacity LPCS system introduces a larger quantity of

0891v 10/070687 8-2



ECC water into the vesse) which results in an earlier midplane reflood than
the reference cese by about 13 seconds. The resultant peak cladding
temperature is 976°C (1788°F).

To show that the full guillotine recirculation 1ine break with failure of the
LPCS diese), is the most limiting break size for a BWR/S, three additional
large breaks were analysed. They are 80, 60, and 40 percent of the full
doubled-end guillotine recirculation pipe break, Figures 8.4, 8.5, and 8.6
show the hot assembly mass inventory for these large breaks, respectively,
(The full guillotine break plot is shown in Figure 3.18.) As the break size
is reduced the initia) rate of inventory loss is slower which delays the time
of midplane dryout. Midplane reflood is also delayed by the slower
depressurization, and hence, later actuation of the low pressure ECC systems.
The net result is a lower peek cladding temperature for the smaller large
breaks, as shown in Figure 8.7. In Figure 8.7, the differences between the
calculated peak cladding temperature for the actual break minus the 1imiting
break peak cladding temperature are plotted. It is seen from this figure that
a full 100 percent guillotine recirculation suction 1ine break is indeed
limiting.

8.3 Sma)) Breaks

Two smal) break LOCAs in the BWR/S break spectrum (Figure 8.1) are within
approximately S00°F of the limiting break. These are the 0.0% ftz
recirculation suction line break and the 100 percent spray line break. To
confirm this smal) break trend these two smal) breaks were analysed with the
GOBLIN and DRAGON evaluation models.

For the 0.0084 ne (0.08 ftz) recirculation suction line LOCA the worst

single failure is the HPCS system, Figure 8.8 shows the reactor system
pressure response for this small recirculation Tine break. The initial
pressure response is aoverned by the relative contributions of the volumetric
flow of the break, the response of the pressure regulating system, and the
vapor generation from the reactor power. The reactor power changes in the
initia) phase of the transient from the reactivity change due to voiding in
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the core and the subseguent reactor scram. After an initial pressure drop,
the vesse] pressure stabilizes at the regulating valve setpoint. When the
vesse! leve) decreases enough the MSIV are closed. Once the MSIVs close, the
system repressurizes to the safety/relief valve setpoint. The valve(s) cycle
open and closed several times.

The Automatic Depressurization System (ADS) is activated to increase the
effective break area two minutes after the ADS signal level setpoint is
reached. The increased break size rapidly reduces the vessel pressure and
a)lows the low pressure ECC systems to be ‘nitiated (Figure 8.8).

Eventually, the integrated coolant inventory loss due to the ADS and break
flow is sufficient to deplete the inventory in the vessel to the point where
the water leve) falls below the top of *he active fuel (see Figure 8.8)., As
indicated in Figure 8.10 the hot assemb.y does not go through boiling
transition unti) the active core is uncovered. This is because the decrease
in core flow is more gradual than for the large breaks. The recirculation
loops remain intact and the core flow is governed by the coastdown of the
recirculation pumps, The break flow rate is slow enough so that the core is
sti)) covered when the recirculation pumps have fully coasted down.

Once the core uncovers the fuel cladding temperature increases rapidly., As
the transienrt continues the core remains uncovered and cladding heat up
continues until the vessel pressure is reduced sufficiently to allow
initiation of the low pressure ECC systems. Once low pressure ECC systems are
initiated, the contribution of low pressure spray cooling reduces the rise in
cladding temperature. Finally the ECC systems replenish the coolant inventory
enough to reflood the core and terminate the cladding temperature heat up.

The peak cladding temperature for the 0.0084 mz (0.09 ftz) recirculation

1ine break is 575°C (1067°F), substantially below the limiting break peak
cladding temperature.

The 100 percent spray line break is a small break of particular significance

because the break disables one ECC spray system. When the worst single
failure is assumed (failure of the LPCS diesel generator) the remaining ECC
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spray system is disabled. The transient response to a full spray line break
is similar to the 0.0084 mz (0.08 ftz) small break described above. The
major differences are that the larger break area 0,318 mz (0.34 ftz) and

the higher elevation of the spray line. As shown in Figure 8,11, these
differences cause a more rapid depressurization. The core refill and reflood
is provided by the remaining ECC system, the LPCI pumps. Because of the
faster depressurization and earlier LPCI actuation a slightly lower pezk
cladding temperature than the recirculation line small break, 532°C (990°F),
was calculated.

8.4 Summary

The results of the Westinghouse BWR LOCA break spectrum analysis for a typical
BWR/S are summarized in Table 8.1. A comparison with the original break
spectrum for the reference BWR/5 is shown in Figure 8.12. Note that in the
comparison the Westinghouse results are for QUAD+ fuel operating at a maximum
linear heat generation rate of 14.5 kW/ft, whereas the original analysis is
for General Electric 8x8 fuel at 13.4 kW/ft. The large break calculated peak
¢ladding temperatures show the s»me relative magnitude and trend as the
original results. The small break results are also consistent with the
original analysis, except for a somewhat lower peak cladding temperature.

The results presented above demonstrate that the limiting break for QUAD+ fuel
operating in the reference BWR/5 plant design is the full double-ended
guillotine break of a recirculation suction line with the worst single failure
being the loss of the LPCS diesel generator. The peak cladding temperature
calculated for the 1imiting break is wel)l below the acceptance criterion of
2200°F.
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TABLE 8.1
BREAK SPECTRUM RESULTS
(QUAD+ FUEL, MLHGR = 14.5 KW/FT)

100% Recirculation Suction Break With

LPCS Diese! Generator Failure

100% Recirculation Suction Break With

HPCS Diese! Generator Failure

0.0084 me (0.08 ft°) Recirculation Suction Break

With HPCS Diese! Generator Failure

100% Spray Line Break With
LPCS Diese) Generator Failure

0581v.10/070€687

Peak Cladding
Temperature

1036°C (1887°F)

976°C (1789°F)

§75°C (1067°F)

532°C (990°F)



(-8

Peak Cladding Temperature (°F)

® SUCTION BREAL 19CT B/6 FATLURE
& SUCTIOR BREAR LPCS B/C FARILURS
¥ SHCTION SREAR WPCS FATILURE

RAX. CS1W BREM
LPCS B/C FAlLWRE -

Break Area (Sq. Ft.)

Figure 8.1 - Typical FSAR Break Spectrum for a BWR/S
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9.0 TRANSITION CORE STUDIES

9.1 Methodology Description

When a utility is changing to a new fuel design, the reactor core can have
severa) different fuel designs present. These reload cycles are referred to
as mixed, or transition cores. The presence of more than onc fuel design
requires that two potential LOCA concerns be addressed. These are:

o Wil) the presence of a mixed core adversely affect the dryout or
reflood time of the various fuel designs?

o Wil) one fuel design cause an adverse flow distribution of ECCS water
into the other fuel designs?

Individua) BWR fue! assemblies are enclosed in fuel channels. The only
thermal-hydraulic communication between different fuel assemblies is through
the fluid conditions in the unper and lower plenums. If the reactor system
response to a LOCA is unchanged for a full core and a mixed core loading, then
the individua)l fuel design MAPLHGR 1imits will be applicable regardless of the
fuel lozding.

To determine the effect of the fuel loading, the limiting break from Section
8.2 was analysed using the GOBLIN code, with a full core of General Electric
(GE) 8x8 fuel, and again with a mixed core comprised of both Westinghouse
QUAD+ and GE Bx8 fue! designs. The key phenomena to be compared are the core
inlet flow rate during blowdown, the vessel depressurization rate, and the
time of core reflood. The core inlet flow dictates the time of boiling
transition and uncovery. The vessel depressurization rate determines the time
at which spray flew is initiated. Finally, the reflood time determines the
time at which the fuel rod heat-up is terminated.

1f the mixed core analysis shows an adverse impact on one of the key

phenomena, the change in the peak cladding temperature and cladding oxidation
wil) be assessed at the current MAPLHGR limits for the fuel type. If the
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design acceptance criteria are exceeded, the MAPLHGR 1imits shall be reduced
during transition cores to ensure compliance with the acceptance criteria.

A parallel channel mixed core system analyses is performed to demonstrate that
the important thermal-hydraulic response characteristics (described above) of
each fuel design are similar, and that one fuel design does not adversely
impact the flow of ECC water into the other fuel designs.

9.2 Full Core Analysis

The LOCA system response for & full core of 8x8 and & full core of QUAD+ fuel
were compared using the Westinghouse BWR evaluation model. The limiting
break, as determined in Section 8, was used for the comparison; specifically,
a full double-ended guillotine break of a recirculation suction 1ine with the
assumed failure of the LPCS diese! generator (Division 1 in Figure 3.2).

The GOBLIN nodalization for a full core of 8xB fuel is shown in Figure 9.1.
There are three major noding differences for the 8x8 fuel. These are:

o GF fuel assemblies have one more spacer grid than QUAD+, hence an
additional core node is included.

o GE fuel assemblies do not have a watercross, so the watercross nodes
are eliminated.

o GE fue) assemblies have an additional leakage path between the region
above the lower tieplate and the bypass region. This additional flow
path was explicitly modelled.

As stated in the previous section, the key phenomena to examine in this
analysis are the core inlet flow rate during initial blowdown, vessel
depressurization, and time of midplane reflood. The active core inlet flow
transient is shown in Figure 9.2. This figure can be compared with that for a
full core of QUAD+ shown in Figure 3.6. Note that the general phenomena are
similar. The QUAD+ active core flow is slightly higher before lower plenum
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flashing due to the draining of the watercross. The timing of key phenomena
for the ful)l core analyses for QUAD+ and BxB fuel are shown in Table 9.1 The
midplane dryout times are almost the same. The vessel depressurization rate
is virtually identical, as shown by the ECC actuation time and the initiation
of spray cooling. Finally, the two LOCA simulations reflood the midplane
within 7 seconds of each other. The presence of the watercross in QUAD+ helps
refill the lower plenum slightly faster for the analysis with a full core of
QUAD+.

From th’s full core comparison, the two fuel designs have very similar LOCA
system responses. This is expected since the QUAD+ and Bx8 fuel are designed

to have the same pressure drop in steady state operation.

9.3 Mixed Core Analysis

A mixed core LOCA system response analysis was also done to demonstrate that
each fuel 2sign does not have an adverse effect on the other fuel design.

A GOBLIN calculation was made with one-third 8x8 fuel and two-thirds QUAD+
fuel. The GOBLIN nodalization is shown in Figure 9.3, The limiting break
calculation was repeated. The timing of the initial blowdown phenomena,
depressurization and core reflood are shown in Table 9.1. The results follow
very closely that for a full core of QUAD+ fuel.

The active core inlet flow for each fuel type in the mixed core analysis is
shown in Figures 9.4 and 9.5. Both curves are very similar to the full core
analysis results for QUAD + fuel (Figure 3.6).

The calculated flow rates at the top of a QUAD+ and an 8xB fue)l assembly are
shown in Figures 9.6 and 9.7, respectively. Both assemblies receive
comparable flow rates., One fuel design clearly does not adversely impact
(starve) the other assembly from getting ECC water during spray cooling and
reflood.
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Finally, the potential for uneven flow distribution of ECCS water into the
fuel assemblies has been studied by LOCA refill-reflood experiments summarized
in Reference 3. These experiments showed that water pooling exists above the
core for all BWR designs with internal jet pumps. This insures an even
distribution of ECC spray water between all fue)l assemblies. Furthermore, the
QUAD+ upper assembly and bai) handle are designed similar to the 8x8 fuel
design to minimize perturbations in the core spray distribution.

9.4 Summary

The calculated LOCA system responses for a full ccre of QUAD+ fuel, 8xB fuel,
and & mixed core of one-third 8x8 and two-third QUAD+ fuel show very minor
changes in the tiring of the key phenomena. The presence of QUAD+ fuel in a
mixed core actually causes a slightly faster system reflood time than a full
core of Bx8 fuel. Hence it is concluded that the introduction of QUAD+ fue!
in & transition core with 8xB fuel will not adversely impact the fuel type
specific LOCA MAPLHGR 1imits determined based on a full core of the respective
fuel type.
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TABLE 9.1
MIXED CORE ANALYSIS RESULTS

Full Core Mixed Core

Times (sec) QUAD+  8x8 QUAD+ 8x8
Jet Pump Uncovery 5.8 6.8 5.9

Jet Pump Flashing 6.4 6.8 6.4

Lower Plenum Flashing 9.7 8.0 8.7
Midplane Dryout* 22.4 23 22.4 22.0
HPCS Actuation 27 27 27
Initiation of Spray Cooling 48 46 48

LPCI Actuation 53 53 53

Core Midplane Reflood* 142 148 143 143

* Average fuel bundle
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10.0 SUMMARY AND CONCLUSION

The Westinghouse approach tu performing LOCA sensitivity studies and defining
the Appendix K evaluation methodology for boiling water reactors is based on a
systematic assessment of the impact of LOCA modelling on calculational
results. The Appendix K evaluation mode! for BWR/S plant designs has been
defined and justified using this methodology. A BWR/5 break spectrum
calculation performed with this mode! has shown the limiting break to be 2
full double-ended guillotine break of a recirculation suction pipe with the
assumed failure of the diesel generator which powers the LPCS system and one
LPCI pump. Assuming QUAD+ fuel operating at a MLHGR 1imit of 14.5 kW/ft, the
calculated peak cladding temperature for this break is 1036°C (1897°F), well
below the acceptance criterion of 2200°F.

The Westinghouse method for assessing the LOCA impact of using multiple fuel
designs in a reload core has also been described. A sample calculation has
been performed for a BWR/5 using this mixed core methodology. The results
showed no detrimental effect of the mixed core configuration.

Reference 1 and this report together provide the documentation, qualification
and justification of the Westinghouse BWR LOCA evaluation model and
demonstrates its compliance with Appendix K requirements. The method for
application of this fuel reload calculations in compliance with the 10CFRS0.46
acceptance criteria is described in Section 5.6 of Reference 4. Taken
together, these three reports provide the documentation necessary to obtain
approval for use of the Westinghouse BWR LOCA evaluation model in BWR reload
licensing applications.
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Addendum to
Westinghouse Boiling Water Reactor Imergency

Core Cooling System Evaluation Model:
Code Sensitivity
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The following are responses to twelve questions pertaining to the review
Westinghouse Topical Reports WCAP-11284 and WCAP-11427. The topical reports
are refer to here in as:

Ref. 1: Westinghouse Boiling Water Reactor Emergency Core Cooling System
Evaluation Model: Code Description and Qualification, WCAP-11284,
September 30, 1986, and

Ref. 2: Westinghouse Boiling Water Reactor Emergency Core Cooling System
Evaluation Model: Code Sensitivity, WCAP-11427, June 30, 1987
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Question 1

Page 4-27, Ref. 1. The use of a lower surface emissivity would result in a
higher peak clad temperature in the DBA when radiation heat transfer becomes
significant. Discuss the conservatism of the input values of 0.67 [dry
surface] and 0.96 [wet surface), taking i~to consideration the oxide layer
buildup.

Response

Dry surface emissivity - The dry surface value of 0.67 is conservative, based
on comparisons with the mode! described in Reference (1-1) below. This model,
based on data reported in References (1-2) through (1-4), gives

¢ = 0.325 + 0.1246 x 105 for d < 3.88 x 10™%n
¢ = 0.808642 - 50.0d  for d > 3.88 x 10™0n

where d is the oxide layer thickness in meters. The best-estimate for the
standard error of the mode! prediction is quoted as + 0.1.

CHACHA-3C uses the best-estimate oxide thickness correlation described in
Appendix A of Reference (1-5) to obtain the initial cladding oxide thickness
for each rod being analyzed. Expressed as a function of local burnup, this
correlation gives:

T oxide '[:: ::]
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where the oxide thickness is in um and the local burnup, BU, is in GWD/MTU,
Examination of the above equations shows that incorporating the Reference
(1-1) emissivity correlation in CHACHA-3(C would givo omissivitios in excess of
0.67 for 01‘1 local burnups greater than[ ]. For burnups bﬂow[

:Lln oxide layer quickly builds up due to zirc-water reaction. Use of
the Reference (1-1) correlation for these cases would show that the emissivity
would increase rapidly and exceed 0.67 by the time the clad temperatures reach
the leve! at which radiation heat transfer becomes significant. A review of
CHACHA-3C analyses performed at low burnups shows that use of the Reference
(1-1) correlation would result in emissivities in excess of 0.67 by the time
the cladding temperature reaches 1700°F,

The dry surface value of 0.67 is also conservative relative to the correlation
given in Equation 4.8-16 of Ref. 1. This correlation, based on Reference
(1-6), gives

=i ]“

where T is the Zircaloy temperature in °R. Use of this correlation nges
emissivities in excess of 0.67 for Zircaloy temperatures above[ ] ’

Wet surface emissivity - The wet surface value of 0.95 is consistent with
Table D~3 of Reference (1-7), which quotes emissivities of 0.95 - 0.87 for
water films.
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Question 2

Page 5-6, Ref. 1. What is the assumed fraction of the locally generated gamma
energy that is deposited in the fuel and cladding? This fraction needs to be
justified if not unity.

Response

The Westinghouse LOCA evaluation model assumes that the total gammea energy
deposition fraction outside of the fuel rod is 2% of the total power
generation. Evaluations have been performed which show this energy is
partitioned as follows:

Active Channel Channel/ Active Quter Coolant in
Steam Fraction Watercross Channel Coolant Water Gaps Watercross
0.40 0.8% 0.6% 0.4% 0.2%
0.70 0.9% 0.4% 0.5% 0.2%
1.00 1.1% 0.1% 0.6% 0.2%

This table is applicable for unrod”- 4 conditions. Control rod insertion would
reduce each of these values.

The evaluation mode! fue! rod heatup calculations (CHACHA-3C) assume 96% of
the total power generation occurs in the pellets until 0.1 second after the
break, After that time, 98% of the tctal power generation is assumed to uccur
in the pellets. This modelling is based on the conservative assumption that
the neutron moderation energy (initially taken as 2%) goes to zero within 0.1
seconds. The CHACHA-3C calculation also assumes gamma energy deposition of
1.5% of the total power generation occurs within the channel/watercross
structure throughout the transient, which bounds the above values for all
steam fractions.
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Two CHACHA-3C sensitivity studies were performed to investigate the impact of
the energy deposition fractions on PCT. In the first, the increase in pellet
power generation from 96% to 98% of the total generation was delayed until 1
second after the break. This corresponds to the time at which the fission
power has decreased to approximately half of the initial fission power, and is
a more realistic approximation of the pellet power generu.tion behavior. The
power generation in the channel/watercross was also reduced to 1.1%,
consistent with the ncxiuumoxtluo under rodded or unrodded conditions. These
changes reduced PCT hy[ :Lwh1ch is considered to be a negligible change.

The second sensitivity study reduced the reference case pellet power
generation by 1% and added this power generation to the cladding. The result
was & decrease in PCT of[ ].“?his result demonstrates that it is more
conservative to mode! the fuel rod power generation as occurring entirely in
the pellet, rather than partitioning the energy to the pellet and cladding to
account for gamma ¢iergy deposition in the cladding.

Based on the above discussion it is concluded that the treatment of energy
deposition fractions in the evaluation mode! is slightly conservative. The
sensitivity of PCT tc the gamma energy deposition treatment is seen to be
small,
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Question 3

Page 3-7, Ref. 2. Provide additional discussion of the determination of the
maximus oxidation fraction of 0.031 in the CHACHA-3C reference transient
calculation. What percent of fuel rods is assumed to be perforated in the DBA
analysis? Discuss the effect of water blockage from perforated rods on PCT,

Response

The Westinghouse LOCA evaluation model uses the maximum circumferential strain
versus hoop stress relation shown on page .~161 of Reference (3-1) to
calculate the maximum oxidation frartion. This relation gives a maximum
circumferential strain of 0.39 for cladding hoop stresses below 1500 psi and a
maximum circumferential strain of 0.31 for hoop stresses in excess of 1500
psi. For the reference transient in Ref. 2, the cladding hoop stress exceeds
1500 psi (1.03 x 107 Pa). (See Figure 7-5 in the resoonse to Question 7).

The initial cold cladding thickness is 29 mils. The strained cladding
thickness for use in the maximum oxidation thickness is therefore

29 mils/1.31 = 22.1 mils

The final oxide thicknesses for the refevence transient are 0.47 mils for the
outer surface and 0.27 mils for the inner surface. The maximum oxidation
fraction is then

0.47 mils + 0.27 mils
TS 0.033

A1l of the fuel rods in the not minibundle were calculated to perforate in the
DBA analysis presented in Ref. 2. This analysis used an average planar burnup
of 22 GWD/MTU. At this burnup the rod internal pressures are sufficiently
nigh that the final cladding stra - are 0.15 for inner rods and 0.105 for
outer rods (See Figure 4-8 of Re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>