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ABSTRACT

The 2D/3D Program studied multidimensional thermal-hydraulics in a PWRcore and
primary system during the end-of-blowdown and post-blowdown phases of a large-
break LOCA (LBLOCA), and during selected small-break LOCA (SBLOCA)transients.
The program included tests at the Cylindrical Core Test Facility (CCTF), the Slab Core
Test Facility (SCTF), and the Upper Plenum Test Facility (UPTF), and computer
analyses usingTRAC. Tests at CCTF investigatedcore thermal-hydraulics and overall
system behavior while tests at SCTFconcentrated ,onmultidimensional core thermal-
hydraulics. The UPTF tests investigated two-phase flow behavior in the downcomer,
upper plenum, tie plate region, and primary loops. TRAC analysesevaluated thermal-
hydraulic behavior throughout the primary system in tests as well as in PWRs. This
report summarizes the test and analysis results in each of the main areas where
improved information was obtained in the 2D/3D Program. The discussion is
organized in terms of the reactor safety issues investigated.
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EXECUTIVE SUMMARY

Thermal-hydraulic behavior in a PWR during a loss-of-coolant accident (LOCA) has
been investigated for over 20 years. The 2D/3D Program was a combined
experimental and analytical research program on PWR end-of-blowdown and post-
blowdown phenomena conducted by the countries of Germany, Japan, and the United
States. The program utilized a "contributory" approach in which each country
contributed significanteffort to the program and ali three countries shared the research
results. Germany constructed and operated the Upper Plenum Test Facility (UPTF),
and Japan constructed and operated the CylindricalCore Test Facility (CCTF) and the
Slab Core Test Facility (SCTF). The US contribution consisted of provision of
advanced instrumentation to each of the three test facilities,and assessment of the
Transient Reactor Analysis Code (TRAC). Evaluationsof the test results were carried
out in ali three co=ntries. The total cost of the program was approximately
$5oo,ooo,ooo(us).

The objective of the 2D/3D Program was to study the multidimensional thermal-
hydraulic behavior in a heated core and throughout the primary system during the
end-of-blowdown, refill and reflood phases of a large-break LOCA (LBLOCA), and
selected small-break LOCA (SBLOCA) transients. Tests at CCTF investigated core
thermal-hydraulics and overall system behavior while tests at SCTF concentrated on
multidimensional core thermal-hydraulics. The UPTFtests investigatedtwo-phase flow
behavior in the downcomer, upper plenum, tie plate region, and loops of the primary
system. TRAC analysesevaluated thermal-hydraulic behavior throughout the primary
system in the tests aswell as in PWRs. The tests and analysescovered the following
emergency core cooling systems (ECCS): cold leg injection, combined injection,
upper plenum injection, and downcomer injection (with and without vent valves).

The experimental and analytical results of the 2D/3D Program resolved nine reactor
safety issueswhich were addressed in the program.

• ECC Deliveryto LowerPlenumduringDepressurization. Delivery of ECC injected
in the cold legsand downcomer initiatesduring blowdown and ismultidimensional.
Specifically ECC injected in the loops or nozzle adjacent to the broken cold leg is
almost completely bypassed, while ECC' injected away from the break mostly
penetrates to the lower plenum. For each ECCS considered, the lower plenum
isfilled to the bottom of the core barrel prior to the completion of depressurization.
This result means that a potential core heatup of 100 K during refill is eliminated.

xix



• Entrainmentin Downcomer during Reflood. With cold leg ECC injection or
downcomerECC injectionwithventvalves,the downcomerwater levelduringlate
refloodis reduced up to 1 m belowthe cold leg elevationby the combinationof
wall boilingand waterentrainmentin the downcomersteam flow. The increase
in the refloodpeak clad temperature(PCT) due to the reduction in downcomer
drivinghead is estimatedto be 15 K.

• Steam/ECC Interactionsin Loops. With cold leg or hot leg ECC injection,
stratifiedflow alwaysoccurswhenthe condensationpotentialof the ECC is less
thanthe steamflow. Plugflow occursonlywhenthe condensationpotentialof the
ECC exceeds the steam flow. Regardlessof flow regime,a substantialamount
of steamis cordensedinthe loops,and almostaliECC isdeliveredto the reactor
vessel.

• Effectof AccumulatorNitrogen. The discharge of nitrogenfrom accumulators
connectedto the coldlegsor downcomercausesa suddenhighflowof nitrogen
into the primarysystemwhichpressurizesthe top of the downcomer causinga
surgeof water intothe core. Althoughcore heattransferwas notcoveredin the
2D/3D tests,TRAC analysespredictthe hottestpartsof the core are quenched
by the surge in core water level.

• ThermalMixinQof ECC andPrimaryCoolant. For ECC injection intothe cold legs
while the loops are stagnated, ECC entering the downcomer is significantly
warmed by mixingin the cold leg andthe resultantplumeof coolerwater in the
downcomerdecaysquickly.Theseresultssuggestthat ECC injectionintowater-
filledcold legs does not cause severe localchangesin fluidtemperatureat the
vesselwallwhichcouldlead to pressurizedthermalshock.

• Core Thermal-hydraulicBehavior. Core cooling is adequate for the ECCS types
investigated.Behaviorin the core duringrefloodis influencedby two-phaseand
multidimensionalflowphenomena.

-- In the bottom flooding case, water is quicklycarried to the upper regions
of the corewiththe steamflow. Thistwo-phaseflowestablishesgood core
coolingabovethe quenchfront. Also,the lateralwaterdistributionis nearly
uniformdue to efficientlateralredistribution.
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-- With top injection(i.e., hot leg or upperplenuminjection),water flows down
throughthe core in local regionswhilea two-phasesteam/water mixture
flowsup to the upper plenuminthe remainderof the core. Core cooling
is enhancedinthe waterdownflowregionsrelativeto thetwo-phase upflow
(i.e., bottomflooding)region. Notethat, sincewaterdownflowto the core
initiatesduringend-of-blowdown/refill,corecoolinginthedownflowregions
actuallyinitiatespriorto reflood.

• WaterDeliveryand Distributioninthe UpperPlenum. For hot legor upperplenum
injection,downflowof ECC from the upper plenumto the core occurs in local
regionsbelowthe injectionlocations,and is not limitedby countercurrentflow at
the tie plate. Also,most of the steamupflowfrom the core is condensedin the
upperplenumor hot legs, and returnedto the core withthe water downflow.

• WaterCarryoverand Steam Bindingwith Cold Leg Injection. Withcold leg ECC
injection,watercarryoverto the steamgeneratortube regionsis delayedabout20
to 30 secondsby de-entrainmentandaccumulationinthe upperplenum,hotlegs,
and steamgeneratorinletplena, lt is estimatedthat de-entrainmentupstreamof
the tube regionsreducesthe refloodPCT by about 180 K relativeto the situation
where no de-entrainmentoccurs.

• Hot Leg CountercurrentFlow. Uninhibitedwater runback in the hot legs is
expected for reflux-condenserconditionsof an SBLOCA.

Tests and analysesfrom the 2D/3D Programhave allowed a relativelycomplete
understandingof ECCS performanceduringthe end-of-blowdown,refill,and reflood
phasesof an LBLOCAto be developed. The adequacyof existingsystemshasbeen
confirmed, and the margin associated with traditional, conservativeevaluation
approacheshas been quantified.
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DEDICATION/FOREWORD

In the mid-seventies experiments and analytical evaluations revealed that
multidimensional thermal-hydraulicphenomena could have significant impact on loss-
of-coolant accident (LOCA) transientsin PWRs. But even the largest test facilities in
operation at that time (e.g., LOFT, LOBI, or PKL)were scaled down geometrically by
two or three orders of magnitude. Therefore these facilities could not resolve the
issues associatedwith multidimensionaleffects on emergency core cooling.

In addition, safety evaluations in the framework of licensing procedures for nuclear
power plants employed conservative assumptions and calculational models to
envelope the key parametersof principalsafetysignificance. But in the late seventies
the need for best-estimateevalua*_onof core damage to be expected during a LOCA
was recognized. Suchanalyseswere neededfor riskassessmentstudies.

To meetthese needs,comprehensivethermal-hydraulicinvestigationsin a single,full-
scaletestfacilitywereevaluated,but thisapproachwasfoundto be tooexpensiveand
technicallyimpractical.Insearchingformorepracticalsolutions,the authorsandother
scientistsengaged in reactor safety research in Germany, Japan and the US,
developeda visionto resolvethis problemby combiningand adjustingthe reactor
safetyresearchprogramsconductedinthethreerespectivecountries.Theyproposed
to couple the Japanese 1/20-scale heatedcore experimentalprogramsCCTF and
SCTF, withthe Germanfull-scaleUpper PlenumTest Facility. The Japaneseheated-
core facilitieswouldconcentrateonone-dimensionalandtwo-dimensionaleffectswhile
the UPTFwouldtest full-scalemultidimensionaleffectsusinga core simulator. Each
of the facilitieswould be outfittedwith advancedinstrumentationfor evaluatinglocal
two-phase flow phenomena. The connectinglink would be the multidimensional
computer codeTRAC. BothTRACandtheinstrumentationwere to be developedand
supplied by the US. The authors proposed this approach to government
representative_who were responsiblefor reactorsafety recearch in their respective
countries. The governmentseventuallyapprovedthe proposed approach and the
trilateral2D/3D Programwas broughtto reality.

The 2D/3D Programlastedabout 15 yearsandcost approximately$500 million(US)
intotal, lt isthe largest researchprogrameverconductedin the fieldof reactorsafety.
Today, the excellent results justify the time and funds expended upon this
extraordinaryprogram. Ali major questionswhich arose concerning the influence
multidimensionalthermal-hydrauliceffects may have on emergency core cooling
processesduringdesignbasisaccidentshavebeen answered. The technicalresults
and the experiencegainedbythe 2D/3D Programenableustodayto closethe issues
about design basis accidentsand concentratein the future on issuesarisingfrom
beyonddesign basiseventsand accidentmanagement. Work on these issueswill
furtherimprovethe safety of nuclearenergyproduction.

F. Mayinger L S. Tong - M. Nozawa
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Section1

INTRODUCTION

1.1 BACKGROUND

HistoricalPerspective

Thethermal-hydraulicresponseof a PWRprimarycoolantsystemto a Loss-of-Coolant
Accident (LOCA) and the performanceof the Emergency Core Cooling System
(ECCS) havebeen areasof researchinterestfor two decades. The primaryobjective
of LOCA/ECCS researchhasbeento improvethe understandingandmodelingof the
phenomena so that safety margins can be better quantifiedand more realistic
evaluationapproachescan be utilized. Initially,the focus of the research was the
depressurization(blowdown)transient. Later the focus shiftedto includethe post-
blowdownphases (refilland reflood).

The 2D/3D Program was the majorprogram on PWR end-of-blowdownand post-
blowdownphenomenafor the countriesof Germany,Japan, and the UnitedStates. "
The formal program name is 'q'he InternationalProgramon the Thermal-Hydraulic
Behaviorof ECC during the Refilland RefloodPhases of a LOCA in a PWR". The
common name became "2D/3D Program" because refill/refloodphenomena are
stronglyinfluencedby multidimensional(2D and 3D) effects.

Participantsin 2D/3D Program

Theparticipantsinthe 2D/3D Programwere the governmentsof the FederalRepublic
of Germany(FRG), Japan, and the UnitedStatesof America (US) as representedby
the followingagencies:

• The FederalMinistryfor Researchand Technology(BMFT) in FRG.

• The Japan AtomicEnergyResearchInstitute(JAERI) in Japan.

• The US NuclearRegulatoryCommission(USNRC) in the US. "_
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The 2D/3D Programused a "contributory"approach. Each of the three participants
contributedsignificantefforttothe programandalithreecountriessharedtheresearch
results. There was no exchangeor:funds betweenthe participants. This approach
fosteredtechnicalcooperationamongthe threecountries.

Scope of 2D/3D Program

In generalterms,the scope of the 2D/3D Programwas PWR LOCA post-blowdown
phenomena. Sections 1.2 and 1.3 presenta moredetaileddiscussionof the specific
objectivesand approachof the program. The majorfacilitiesin the 2D/3D Program
constitutedsomeof the largestandmostsephisticatedthermal-hydraulicfacilitiesever
employed. This is reflected in the combinedfinancial commitmentof the three
participantswhichexceededthe equivalentof US $500,000,000.

Purposeand Scope of this Report

Thisreportpresentsa summaryof the 2D/3D Programintermsof the reactorsafety
issues investigated. The major issuesare discussedindividuallyand the findings,
conclusions,and resolutionsbased on ali of the relevanttests and analyses are
presented. This report is a companionto another report entitled"2D/3D Program
Work SummaryReport," whichsummarizesthe principaltest and analysisresultsof
the programin termsof the contributingeffortsof the participants.

Availabilityof Resultsfrom 2D/3D ProQram

Numerousreportsdocumentthe detailedresultsfrom the 2D/3D Program;many are
cited in this report. Most of these reports have a restrictedavailabilityper the
2D/3D Program InternationalAgreement. The detailed reports have been made
availableto users in the three hostcountriesfor the purposesof improvingreactor
safety.

1.2 OBJECTIVESof 2D/3D PROGRAM

As previouslydiscussed,the overallobjectiveof the 2D/3D Programwasto studythe
post-blowdownphasesof a PWR LOCA,and to provideimprovedexperimentaldata
andanalysistoolsforthistransient.The detailedobjectivesof the 2D/3D Programare
summarizedbelow.

1. Study the effectivenessof ECC systems(includingcold leg injection,combined
injection,upper plenum injection,and downcomer injection)duringthe end-of-
blowdownand refillphasesof a large, coldleg break LOCA by evaluating:
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• Penetrationof ECCto the lowerplenumduringhighflowsthat existat end-
of-blowdown.

• Condensationof steam by ECC.

• Liquidstoragein cold legs,downcomer,upper plenum,and hot legs.

• The liquidflow patternthrough the core (for hot leg and upper plenum
injection)and resultantcore cooling.

2. Studythe effectivenessof severaltypesof ECC systemsduringthe refloodphase
of a largebreak LOCA by evaluating:

• Entrainment,storage,andtransportof liquidwater inthe uppercore, upper
plenum,hot legs, and steam generators.

• Vaporizationof entrainedwater in steam generators.

• Steam condensationby ECC near injectionpoints.

• Steam/ECC interactionand flow patterns,particularlyin regionsbetween
the ECC injectorsand the core.

• ECC flow rate to the core.

• Convectiveflow patterns and heat transfer in the core.

• Downcomerdrivinghead and looppressuredrop.

3. Study selected phenomena from other transients; e.g., hot leg steam/water
countercurrentflowduringa smallbreakLOCA(SBLOCA),fluid/fluidmixingduring
a pressurizedthermalshock event,andhighpressureECC injectionintothe hot
legs duringan SBLOCAin whichthe core uncovers.

1.3 OVERVIEWOF 2D/3D PROGRAM

The objectives of the 2D/3D Program were addressed using a combined
experimental/analyticalapproach. Three major facilitieswere designed,fabricated,
and operatedwithinthe 2D/3D Program.
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• CylindricalCore Test Facility(CCTF) inJapan
J

• SlabCore Test Facility(SCTF) in Japan

• Upper PlenumTest Facility(UPTF) in FRG

The design of each facility involvedinput from ali three countries. Advanced
instrumentswere designedand fabricatedby the US for use in alithree facilities.

Evaluationsof the experimentaldata were carriedout inali three countries. A major
analysisprograminvolvingthe assessmentanduseof a best-estimatecomputercode
wascarriedout inthe US. Thecomputercode isthe TransientReactorAnalysisCode
(TR C).

1.4 ORGANIZATIONOF REPORT

The main body of this report is in Sections 3 and 4. Section 3 covers PWR LOCA
behavior based on the results of the 2D/3D Program. Several types of PWR ECCS
configurations are covered individually in Section 3. Section 4 covers the reactor
safety issues individually. For each issue, the phenomena and their importance are
defined, the tests and analysesrelated to the issueare identified, and the conclusions
and applications to PWRsare discussed.
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Section2

SUMMARY AND SAFETYIMPLICATIONS

As discussedin Section1, the objectivesof the 2D/3D Program were to study
thermal-hydraulicphenomenaoccurringduringthe end-of-blowdown,refill,andreflood
phasesof a large break LOCA and selected other transients. In Section 4 of this
report,the programresultsare discussedin the form of nineseparate "issues". An
"issue"refersto a set of phenomenaoccurringin a specificlocationor regionduring
a specifictime frame. A summaryof key programresultsand their implicationsfor
safetyisdiscussedbelowfor eachof the nine issues. Withineach issue,the types of
ECC injectionaffectedby the issueare identified.

2.1 ECC DELIVERYTO LOWERPLENUM DURING DEPRESSURIZATION

A key issuewith regard to core coolingduring a large, cold leg break LOCA is the
extentto whichECCcan be deliveredto, andaccumulatedin,the lowerplenumduring
the end-of-blowdown(ECC bypassissue),in large-scaletests inthe 2D/3D Program
(UPTF), multidimensionalbehaviorwas observed in the downcomerwhich strongly
affected ECC delivery. Specifically,ECC injected into the cold leg adjacent to the
brokencoldlegisalmostcompletelybypassedduringend-of-blowdown.ECC injected
to cold legs away from the brokencold leg has a greatertendencyto be delivered,
and completedeliveryof thiswateroccurspriorto the completionof blowdown.

For ECC injectedintothe downcomerwithventvalvesbetweenthe upperplenumand
downcomer,the ECC deliverybehaviorwas similarto that describedabove for cold
leg injection. However, this was the result of two offsettingphenomena. First,

downcomerECC injectiontendedto promotebypass, apparentlydue to ECC being ,_
morefinelydistributedinthe upperregionof the downcomerbecauseof highvelocity
injectionjets. Separateeffectstestswithdowncomerinjectionbut withoutventvalves
confirmedstrong bypass throughoutend-of-blowdown,althoughit appears nozzle
configurationdetailsmay significantlyinfluencethe results.Whentheventvalveswere
unlocked, significantdelivery of water from the nozzle away from the break was
observed because the flow throughthe vent valveschangedthe flow rate and flow
pattern in the downcomer.

For combined ECC injection,ECC injectedinthe hot leg passesthroughthe core to
the lowerplenum. Duringthe end-of-blowdown,lowerplenumrefillis initiatedby hot
leg ECC. Shortlythereafter,the ECC injectedto the cold legsaway from the break
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is deliveredto the lowerplenum, butthe ECC injectedto the cold leg adjacentto the
break continuesto be almostcompletelybypassed.

For alithree ECC injectionmodes,refillof the lowerplenumup to the loweredge of
the core barrel occurredby end-of-blowdown. This resultsignificantlyshortensthe
portion of the refillphasewherecorecoolingisvery low and significantcoreheat up
could occur. Past safety analyses usually assumed that ECC injected prior to
conclusionof blowdownis totallylost. Tne large-scaletest resultsfrom the 2D/3D
Programhave demonst;'atedthisassumptionto be conservative.

2.2 ENTRAINMENT IN DOWNCOMERDURING REFLOOD

During reflood,steamflowsviathe intactloopsto the downcomer and out the broken
cold leg. Waterentrainmentfromthe downcornercanoccurinthe steamflowout the
break. Further, steam generationon hotdowncomerwallscan createvoidinginthe
downcomer. Thecombinationof downcomerwallboilingandentrainmentcanreduce
tne downcomercollapsedwater levelwhichaffectsthe drivingheadfor core flooding.

These i_henomenawere observed and studiedin small- and large-scaletestsin the
2D/3D Progranl. One important observation,supportedby analysis,is that for full-
heightfacilitieswhere the verticalflowarea inthe downcomeris scaledby the scale
factor, water entrainmentin the steam flow and attendantlevelreduction increased
withscale. "Inisisdue to incJ'easesinthe steamvelocityinthe downcomerandat the
broken cold legnozzle at large-scale.

For US/J PWRs cold leg injection, the downcomer behavior is affected by the
interactionof steamandECC in the coldlegs. Duringaccumulatorinjection,aliof the
intact loopsteam flow is condensed. Consequently,there is no steam flow out the
broken cold leg and entrainmentdoes not occur. Further, subcooled water is
deliveredto the downcorner.3nalboilingon the downcomerwallsis suppressed. As
a result,the downcomerfillsto the coldleg (i.e., spUlover)elevation.DuringLPCI,the
intact loop_teamflow ispartiallycondensedandtl_eECCdeliveredto the downcomer
is essentiallysaturated.The uncondensedste3mentrainswaterfrom the downcomer
out the break. As the saturatedwater graduallyreplacessubcooledwater in the
downcomer, wall boilingbegins to create voidingin the downcomer. These two
effects are calculatedto reducethe downcomerlevelby up to 1.0 m duringreflood.

For downcomer injectionwith vent valves,the overallbehavior is similarto cold leg
injectiona,_houghthereare somephenomenologicaldifferences. ECC injectedinthe
downcomernozzlenearestthe brokencold legwas almostfullyswept out the break
during LPCI, but ECC injectedto the other nozzlewas deliveredto the downcomer
withminimalentrainmentwhen theventvalveswereopen. Withtheventvalvesclosed
entrainmentincreasedandthe observedlevelreductionwas moreseverethanforcold
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leg injection,althoughthe phenomenain thiscase appear to be strongly relatedto
nozzleconfigurationdetails(e.g., elevationandazimuthalspacingrelativeto coldlegs).

GPWRswith combined injectionare notaffectedby downcomer entrainmentduring
reflood since most of the steam generatedin the core is condensedby subcooled
ECC injectedto the hot legs. Any remainingintact loop steam flow is completely
condensed by ECC injected in the cold legs, and there is no steam flow out the
broken cold leg to entrainwater.

Downcomerentrainmentand wall boilinglead to a downcomerlevelreductionduring
refloodfor PWRswithcoldlegor downcomerinjection.Theassumptionusuallymade
in pastsafetyanalysesthat the downcomeris fullto the spilloverlevel is appropriate
forcombinedinjectionplantsand slightlynonconservativefor coldleganddowncomer
injectionplants. The extentof nonconservatismisestimatedto be about 15 K inclad
temperaturefor typicalPWR conditions.

2.3 STEAM/ECC INTERACTIONSIN LOOPS

interactionof steamand ECCin the loopsaffectsECC deliveryto the reactorpressure
vessel. These phenomenawere investigatedby severalintegraland separateeffects
tests in the 2D/3D Program. A variety of flow regimeswere observed, depending
primarilyon steamflow,ECCflow,and ECC subcooling.A key correlationparameter
provedto be the thermodynamicratio (RT)whichis the ratio of steam condensation
potentialto steamflow. Three basicflow regimeswere identified,as follows:

• stratifiedflow

• stable plug flow

• unstableplug flow

Regardless of scale, stratified flow was always observed for RT <1; i.e., the
condensationpotentialof the ECC was less than the steam flow. In these cases
saturat,_d(or nearlysaturated)waterflowsat the bottomofthe pipewhilesteamfl_ws
at the top of the pipe. Notethat the loopsteamflowand ECC injectionare cocurrent
inthe cold leg and countercurrentin the hot leg. Plugflow onlyoccurredfor RT> 1;
i.e., the loop steamflow is less than that needed to heat the ECC flow to saturation
temperature. The transitionfrom stratifiedto plug flow in the cold legs was only
slightlydependentonscaleand injectionconfiguration.Analysesindicatedstableplug
flow was establishedwhen the momentumof the loop steam flow exceeded the
hydrostaticforce at the plugend, which is dependenton pipe diameter. Otherwise
unstableplugflowoccurs;i.e., plugsform anddecay periodically.Plugformationcan
occur rapidlyand producestrongcondensationevents.
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For ali flow regimes,a substantialamountof steam is consumedby condensation.
In general,condensationtends to be nearthe maximumpossibleamount;eitherthe
ECC is heatedto saturationor the entiresteamflow is condensed. ECC deliveryto
the reactorvesselfluctuatesduringplugflow and eitherfluctuatesor occurssteadily
duringstratifiedflow. Regardlessof the flowregime, ECC is completelydeliveredto
the pressurevessel.

2.4 EFFECT OF ACCUMULATORNITROGEN

In somePWRsnitrogenwouldbe dischargedintothe primarycoolantsystemafterthe
accumulatorwater has been delivered. Thisoccursfor US/J PWRdesignswhereas
in GPWRsthe accumulatorsare designednotto emptycompletely.

When nitrogenenters the cold legs and downcomer,condensationis almosttotally
suppressedand the downcomeris wessurizedby the high flow of noncondensible
gas. Thiscausesa surgeof water intothe corewhichhasa beneficialeffect on core
cooling. Duringthis in-surge,the downcomerwater level is decreasedand ECC is
Sweptout the broken cold leg by nitrogenflow. The surge of water intothe core
resultedin increasedsteamgenerationin the core and water carryoverto the upper
plenum. Increased steam generationand the reduced downcomerwater head
subsequentlylead to a water out-surge to the downcomer, which removes the
beneficialcore coolingeffect. Hence, the effect is temporary. Tests in the 2D/3D
Program confirmedthe phenomena discussedabove. Due to limitationsof test
facilitiesused in the program, quantificationof the effect of accumulatornitrogen
dischargeon core temperatureswas not covered.

2.5 THERMALMIXING OF ECC AND PRIMARYCOOLANT

During some transients or sma!l break LOCAs, ECC is injected at high pressure
(HPCI) intothe primarysystem. IfsubcooledECC isinjectedintowater-filledcoldlegs
whilethe loopsare stagnated,the extentto whichcoldwater couldpotentiallycause
localcooldownof the primaryvesselwallis an importantissue(PressurizedThermal
Shock Issue).

Priorto the 2D/3D Program,analysesandsmall-scaletestsshowedeffectivethermal
mixingof cold ECC and primarycoolantwould occurat the injectionlocationand in
the downcomer,thusmitigatingtemperaturereductionsat the vesselwall. In UPTF
tests,mixingof subcooledECCandprimarycoolantoccurredat the injectionlocation.
Thermal stratificationdevelopedin the coldleg. Cold water flowedat Thebottom of
the cold leg towardsthe downcomerwhilewarmwater flowedat the top of the pipe
from the downcomer to the injectionlocationwhere it mixed with the ECC. The
temperatureof the subcooled water stream at the bottom of the cold leg was
significantlyhigherthan that of the ECC.
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Anothermixingprocessoccurredat the cold leg-to-downcomerjunction. Due to this
additionalmixing,the subcoolingrapidlydecayed in a plume in the downcomer.
Overallmixingof ECC and primarycoolantwas foundto be very effectiveso that cold
ECC does notappearto cause severelocalchangesof fluidtemperatureat the vessel
wallwhichcould lead to pressurizedthermalshock.

2.6 CORE THERMAL-HYDRAULICBEHAVIOR

Core thermal-hydraulicbehaviordeterminesthefuelrod temperaturehistoryduringan
LBLOCA and is sensitiveto the boundary conditionsat the core created by ECC
systemeffectivenessand overallsystemresponse. The core behaviorduringreflood
was studiedextensivelyinthe 2D/3D Programintests at CCTF and SCTFwhilecore
behaviorduringend-of-blowdownwasinvestigatedinprevioustestsoutsidethe 2D/3D
Program.

Duringend-of-blowdown,a two-phasemixtureflowsthroughthe coreprovidingcore
cooling. In addition,in PWRswith combinedhot and cold leg ECC injection,hot leg
injected ECC is deliveredto the core inloeb; regionsbelowthe hot legs. Portionsof
the core in these downflow regions are expected to be quenched prior to the
completionof blowdown.

In the brief period after blowdownand before the lower plenum refillsto the bottom
of the core, the core heats up almost adiabaticallyin plants with cold leg or
downcomerinjection. In combinedinjectionand upperplenuminjectionplants,ECC
wateris deliveredto the coreduringthisperiod. The majorityof thiswaterflowsdown
throughthe core in areas locatedbelowthe injectors,providinglocalcore cooling.

Whenthe water levelincreasesto the bottomofthe core,refloodbeginsandextensive
steamgenerationinitiates.Someof the bottomfloodwater isentrainedbysteamflow,
and two-phase flow is quicklyestablishedover the entire core. This proce_'sre-
establishescore coolingat ali axiallocations. The principalquenchfronton the rods
advances steadilyup the core. In cold leg or downcomer injectionsystems,ECC
flowsdownthe downcomerand entersthe core from the bottom. For ECC injected
in hot legs or the upper plenum,water flows down the core in local regionsand
contributes to the global core reflood process described above. In these local
regions,coolingisenhancedandthefuel rodsare quenchedsoonerthanthose inthe
non-downflowregion. In fact, for hot leg injection,most fuel rods in the water
downflowregionsare quenchedpriorto reflood.

2.7 WATER DELIVERYAND DISTRIBUTIONIN THE UPPER PLENUM

Some PWRs injectECC directly to the upper plenum. Also, PWRs with combined
injectioninject ECC intothe hot and cold legs simultaneously. In these cases, the
ECC delivery to, and distributionin, the upper plenum create specificboundary
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conditionsfor core cooling. In the end-of-blowdownand refill phases, the ECC
injectedintothe upperplenumor hot legsis deliveredto the upperplenumandflows
downthroughthe core in localareas adjacentto the injectors. Steam condensation
by subcooledECC supportsrapiddepressurizationof the primarysystem.

Duringreflood, steam and entrainedwater are flowingfrom the core to the upper
plenumandtowardthe hot legs. Waterdeliveryand distributioninthe upperplenum
are stronglyaffectedby interactionbetweensteamand subcooledECC. Withupper
plenuminjection,extensivecondensationoccursinthe upperplenumwhichreduces
steam flowto the hot legsand adds to the water availablefor downflowto the core.
Under typical conditions,the ECC flow condenses about 70% of the steam flow.
About90% of the availablewater flowsto the core ina localregionbelowthe injector;
the waterdownflowisonlyslightlysubcooled.Withcombinedinjection,condensation
in the hot legs near the ECC injectors creates subcooled ECC plugs which are
intermittentlydeliveredto the upperplenum. Althoughextensivecondensationoccurs
in the upper plenum, water flows to the core in local regions with substantial
subcooling. Steam generated in the core is almost entirely consumed by
condensationinthe core,upperplenum,andhotlegs. Nearlyaliof the availablewater
is deliveredto the core.

For both upper plenum injectionand combined injection, liquid accumulationin the
upper plenumwas not extensiveat large-scale(UPTF). Specifically,upper plenum
liquidfractionswereabout 10%. This resultis in contrastwithsmall-scaletests (e.g.,
CCTF and SCTF) whichshowedsignificantupperplenumaccumulation. Finally,at
large-scalethe liquiddistributionwas observed to be two-dimensional;i.e., higher
liquidaccumulationabove ECC downflowregions.

2.8 WATER CARRYOVERAND STEAM BINDINGWITH COLD LEG INJECTION

During reflood, steam generated in the core flowsthrough the upper plenum and hot
legs toward the break. Someof the watercarriedby the steamflowevaporatesdue
to heat transfer from hot surfaces, principallythe steam generator tube_,. This
additionalsteam flow inhibitscore venting and can degrade core cooling. This
phenomenonis referredto as steam bindingand was investigatedinseveraltestsin
the 2D/3D Program. For cold leg or downcomerinjection,CCTF and SCTF tests
showedthat liquidcarryoverfrom the core started almostimmediatelyafter reflood
initiation.The extentof carryoverwastime-dependentandalsodependentonthe test
conditions,buttendedto be about 10% to 40% of the core inletflow.

Water carried out of the core in the steam flow de-entrained mainly in the upper
plenumand steam generatorinletplena. This de-entrainmentproduceda delayof
about 20 to 30 seconds in the delivery of water to the tube regions of the steam
generators. At large-scale,water accumulationand (in some cases) runbackinthe
hot legs initiatedafter the delay, which reducedthe amountof water carriedto the
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steam generators. The increasedhot leg water storagewas the principaleffect of
scale. The overalleffect of de-entrainmentis to reduce the peak clad temperature.
Specifically,it is estimatedthat de-entrainmentupstreamof the steamgeneratortube
regionsreducesthe peakclad_emperatureby about180 Kcomparedto the situation
where no de-entrainmentwouldoccur.

PWRs with upper plenum or combined ECC injectionare not sensitiveto steam
bindingdue to interactionof steamand ECC (i.e., condensationinthe upperplenum
and hot legs) as discussedin Section2.7.

2.9 HOT LEG COUNTERCURRENTFLOW

Insome smallbreak LOCAscenarios,the primarycoolantinventorydecreasesto the
extentthat heat removalis achievedby the refluxcondensermode. In this mode,
steam flowsfrom the reactor vesselthrough the hot legs to the steam generators
countercurrentto condensateflowingback from the steam generatorsto the upper
plenum.

Countercurrent flow in the hot leg was examined in large-scale UPTF tests.
Comparisonof the UPTF resultsto the resultsof previoussmall-scaletests indicated
that increasedscale favorswater runback. Analysesshowedthat uninhibitedwater
runbackis expectedduringrefluxcondenserconditionsof a PWR smallbreak LOCA
scenario.
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Section 3

OVERALL SYSTEM BEHAVIOR DURING A LOCA

This section describes overall system behavior of a PWR during a LOCA based on
tests and analyses performed withinthe 2D/3D Program. The discussion addresses
only a large, cold leg break LOCA (LBLOCA) transient, which was the principal focus
of the 2D/3D Program. Detailed information on the various reactor safety issues
associated with an LBLOCA is contained in Section 4 of this report. Section 4 also
covers certain non-LBLOCA safety issues investigated in the 2D/3D Program;
specifically, reflux condenser mode of a small-break LOCA (see Section 4.9), high
pressure injection into the hot legs during an SBLOCA in which the core uncovers
(see Section 4.7.2), and pressurized thermal shock (see Section 4.5).

The experimental and analytical programs of the 2D/3D Program provided expanded
insights into the complex two-phase thermal-hydraulic behavior of a heated core and
the primary system dur!ng the end-of-blowdown, refill,and reflood phases of a LOCA.
Tests at CCTF investigated core thermal-hydraulics and overall system behavior while
tests at SCTF concentrated on multidimensionalcore thermal-hydraulics. The UPTF
tests included integral tests and separate effects tests for the investigation of
multidimensional two-phase flow behavior in the downcomer, the upper plenum, the
tie plate region, and the loops of the primary system. The descriptions of PWR
behavior in this section reflect the results of TRAC analyses and tests from the
2D/3D Program.

The descriptions of overall system behavior during an LBLOCA for PWRs with different
ECCS configurations are covered in separate subsections. The subsections and
corresponding ECCS types are listed below.

• 3.1 Cold Leg Injection Plant

• 3.2 Combined Injection Plant

• 3.3 Downcomer Injection Plants

-- 3.3.1 US Downcomer Injection Plant

-- 3.3.2 FRG Downcomer Injection Plant

-- 3.3.3 Japanese Downcomer Injection Plant

• 3.4 Upper Plenum Injection Plant
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3.1 COLD LEG INJECTION PLANT

PWRsare equippedwith safetysystemswhichinjectemergency core coolant(ECC)
in the event of a LOCA. ECC systemstypicallyconsistof three types of coolant
injectionsystems: accumulator(ACC)injection,lowpressurecoolantinjection(LPCI),
and highpressurecoolantinjection(HPCI). TheACC systemprovideshighflowrate,
short durationinjectionfrom pressurizedaccumulatortanks, while the LPCI system
provideslow flowrate, longdurationflow. The HPCI systemprovideslongduration,
highpressureflowat an even lowerflow rate. For mostPWRsin the US andJapan,
aliECCsystemsinjectwater intothe primarysystemthroughnozzles inthe coldlegs.

During an LBLOCA,water from the pressurizedaccumulatorsis automaticallyinjected
intothe reactor vesselwhen the reactor pressuredrops belowthe accumulatortank
pressure. HPCI flowis alsoinjectedintothe vesselwiththe accumulatorflow,butthe
HPCI flowissmallin comparisonto the accumulatorflow. The accumulatortanksare
sized so that when emptied,the lowerplenumis filledand core refioodhas begun.
At low pressures, LPCI flow begins and continues indefinitely. HPCI normally
continuesthroughoutthe LPCI injectionphase, butthe flow rate is dominatedby the
LPCIsystem. Designparametersfor ECC systemsof PWRswithcoldleg injectionare
tat,ulated for three differentPWR designsin Table 3.1-1.

_,hermal-hydraulic behavior in the reactor coolant system during an LBLOCA is
describedbelow. The discussionis dividedchronologicallyinto the followingtime
periods: blowdown, end-of-blowdown/refill,early reflood, accumulator nitrogen
discharge,and latereflood. The sequenceof eventsis indicatedon Figures3.1-1 and
3.1-2 which show the pressureand rod temperaturetransients,respectively,from
TRAC calculationsfor US/J PWRswith coldleg injection.

Blowdown

The2D/3D Programdidnot investigatesystembehaviorduringthe blowdownportion
of an LBLOCA. Basedon resultsfrom other reactor safety research programs,it is
knownthat duringblowdown,mostof the initialcontentsof the reactorcoolantsystem
are rapidlyexpelledthrough the break. A significantfraction of the water initially
presentin the reactorcoolantsystemflashesto steam, whichdrivesthe flow out the
broken cold leg. The pressure in the primarysystemdecreases as the blowdown
progresses. After approximately25 seconds, the reactor coolant system and
containmentequalizeat a pressureof about 350 kPa.

End-of-Blowdown/Refill(see Figure3.1-3)

Duringthe end-of-blowdown, the reactorcoolantsystemis filled with steam exceptfor
the lowerplenumwhichstillcontainssomewater. The steamisventedto containment
by eitherflowingaroundthe bottomof the corebarreland up the downcomerto the
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break or through the loopsto the break. The water inventoryin the lower plenum
continuesto decreasefromentrainmentbythe steamflowaroundthe core barreland
fromflashingdue to decreasingsystempressure. The reversesteamflowinthe core
provideslimitedcore cooling,whichreducesto almostzero as the flowstops at the
end-of-blowdown.

Whenthe systempressurehasdecreasedbelowthe accumulatorpressure(1,400to
4,600 kPa, dependingonplantdesign),theaccumulatorsautomaticallyinjectECCinto
the coldlegs. Waterplugsforminthe coldlegs,as the steamflowthroughthe loops
is condensedby the highflow of subcooledECC. Plugformationconsumesa few
seconds of ECC deliveryand thus slightlydelaysECC deliveryto the downcomer.
This delay is not detrimentalbecausethe systemis at a pressurewhere significant
ECCbypasscouldoccurifECC reachedthe downcomer.The waterplugsinthe cold
legs oscillate,causingfluctuationsinthe flow of ECC intothe downcomer.

In the downcomer, the two-phase (i.e., steam and entrainedwater) upflow initially
entrainsthe ECC flow directlyout the broken cold leg (i.e., ECC bypass) thereby
preventingECC from refillingthe lowerplenum. However,asblowdownproceedsand
the upflowdecreases,the bypassalsodecreasesand ECC is deliveredto the lower
plenum. Basedon the UPTFtests,ECC deliveryto the lowerplenuminitiatesatthe
loops away from the break at a pressureof about 800 kPa. Deliveryfrom the loop
near the break initiateslaterinthe end-of-blowdownwhenthe steamupflowis lower.

By the completionof blowdown,the lowerplenumisfilledalmostto the bottomof the
corebarrel. Withina fewsecondsofthe endof depressurization,the vesselfillsto the
core inlet and refillis complete. Hence, refilland blowdownare overlappingrather
than consecutive. Overlappingblowdownand refillreducesthe timeto core reflood,
and thereforethe adiabaticheat-upperiod, by about 10 secondsover consecutive
blowdown and refill. ReferenceU-455 estimates the reduction in cladding
temperaturesat refloodinitiationfor overlapping,ratherthan consecutive,blowdown
and refillis 100 K (see Section4.1.1).

EarlyReflood(AccumulatorInjection)(see Figure3.1-4)

In the earlyportionof reflood,the downcomerwater levelincreasesrapidlydue to the
high ECC flow from the accumulators. Based on CCTF and UPTF tests, the
downcomerwater levelstabilizesat the cold leg elevationdue to water spilloverout
the brokencoldleg. Heat releasefromthevesselwallinitiatesas the downcomerfills.
Tests and analyses show that this heat release heats up the downcomerwater
inventorybut does not result in vaporizationbecause the subcoolingof the water
deliveredto the vessel is sufficientto suppressboiling.



The increaseindowncomerwater levelforceswater intothe core. Steam generation
in the core initiatesfirstat the bottomof the core as waterenters the core fromthe
lowerplenum. However,withina fewseconds,waterentrainedby the boilingprocess
is presentthroughoutthe core and core coolingis occurringat ali elevations. The
entrainedwaterisevenlydistributedacrossthe core (i.e., horizontalor radialdirection)
regardlessof the initialpower and temperature profilesin the core. The steam
generated in the core is vented to containmentvia the upper plenum and reactor
coolant loops. Some of the water in the upper regionof the core is carriedby the
steamflow out of the core;the averagequalityfor the netflow at the core exit is40%
for thispart of the transient.

Initially, the core flooding rate is high and the collapsedwater level in the core
increasesrapidly. When the downcomerwater level reachesthe cold leg elevation
and water spillsout the break, the core flooding rate decreases quickly. However,
sincethe core steam generationis essentiallythe same as duringearly reflood,the
reductionin the core floodingrate resultsin lower ratesof wateraccumulationin the
core and water carryoverout of the core.

Watercarriedoutof the core iseitherde-entrainedinthe upperplenumor carriedover
withthe steamto the reactorcoolantloops. Inthe upperplenum,the waterwhichde-
entrainseither accumulatesas a two-phasemixtureor falls back to the core. The
watercarriedover to the loopsde-entrainsand accumulatesinthe steam generator
(SG) inletplena. Entrainedwater does not reach the steam generatortube regions
duringthe accumulatorinjectionportion of reflood.

Inthe intactcoldlegs,the steamflowtowardthedowncomeriscompletelycondensed
by the subcooledECC. Due to the highECC flows,the condensationresultsin the
maintenanceofwaterplugsinthecoldlegswhichoscillateupstreamanddownstream
fromthe injectionnozzlelocation. ConsequentlyECC deliveryto the pressurevessel
fluctuates.

Oncethe downcomerhasfilledto the cold legelevation,flowout the brokencoldleg
is primarilysingle-phasewater flow since the intact loop steam flow is completely _
condensedand vaporizationinthe downcomeris suppressed.

AccumulatorNitroQenDischarae

When the water in the accumulatorsis depleted,the nitrogenthat pressurizesthe
tanksescapesthroughthe ECCpiping. The nitrogenquicklypushesECC water from
the intact cold legs intothe reactorvesseldowncomer. Also,water in the top of the
downcomerand in the broken cold leg is pushedtoward the break. The primary
system(particularlythe regionintowhichthe nitrogenis injected)is pressurizedfor a
short perioduntilthe nitrogencan leave the system.
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System pressure is further increased by suppression of steam condensation. As
nitrogen mixes with and displaces steam, the rate of condensation becomes much
lower than when pure steam was in contact with the subcooled water. The
accumulation of uncondensed steam contributes to the temporary pressurization of
the downcomer and cold leg regions of the primary system.

Before the nitrogen discharge begins, the pressure above the core exceeds the
pressure in the downcomer due to the pressure drop of steam flowing from the upper
plenum around the intact loops. This pressure difference keeps the water level in the
core lower than in the downcomer. The nitrogen pressurization of the downcomer
disrupts the existing pressure distribution and forces a portion of the water in the
downcomer into the lower plenum, displacing lower plenum water into the core (see
Figure 3.1-5). TRAC analyses predict that core water inventory increases from a
volume fraction of 0% to 20% before nitrogen discharge to a maximum of 60% to 70%
(see Section 4.4).

The lower plenum water is subcooled, in part due to the rise in pressure. As the water
surges into the core, heat is absorbed until,after a brief delay during which the water
is heated to saturation, additionalsteam is produced. The increased steam production
in the core increases the pressure above the core. The pressure increase, coupled
with a decreasing nitrogen discharge rate, eventually stops the rise in core water level
and then forces some of the water to flow out of the core and back into the lower
plenum (see Figure 3.1-6). TRAC analyses predict that the core water inventory
following the out flow from the core to downcomer is greater than the inventory before
nitrogen discharge (30 - 40% volume fraction versus 0 - 20% -- see Section 4.4).

As discussed in Section 4.4, the 2D/3D test data regarding the effect of nitrogen
discharge are limited. Specifically, the 2D/3D tests did not simulate the peak
magnitude and duration of the core level surge, the long-term effects of the nitrogen
discharge, or the effect of these phenomena on core cooling; however, TRAC
analyses predict that the core water level surge quenches the hottest portion of the
hottest rod.

Late Reflood (LPCI) (see Figure 3.1-7)

As previously indicated, water carryover out of the core decreases prior to termination
of accumulator injection when the downcomer water level reaches the cold leg
elevation. Later in reflood, however, water carryover out of the core increases as the
quench front reaches the upper regions of the core. Reflood ends when the entire
core is quenched. The quality for the net flow out of the core is about 90% when
accumulator injection terminates but decreases to less than 45% just prior to whole
core quench.
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The upper plenumand SG inlet plenum inventories,which had been increasingduring
early reflood,decrease due to the reductionin water carryoverfrom the core. The
decreasein SG inletplenuminventoryinitiatesaccumulationinthe hot legs as some
of the water from the inletplenumdrainsintothe hot legs. The flowregimeinthe hot
leg is stratifiedwiththe two-phasemixturefrom the upperplenumflowingovera layer
of water on the bottomof the hot leg.

Water carryover to the SG tubes also initiateswhen water carryover from the core
decreasesandthe SG inletplenuminventorydecreases(i.e., about25 secondsafter
BOCREC-- see Section 4.8). Heat transferfromthe hot wateron the secondaryside
of the SG vaporizes water entrained into tubes and superheats the steam.
Vaporizationof water in the SGs contributesto steam bindingand degrades core
cooling. Specifically,vaporizationincreases the volumetric flow, and therefore
pressuredrop, throughthe reactor coolant loops. The resultingincrease in upper
plenumpressurereducesthe core floodingrate.

Basedon UPTFtest results,a significantportionof watercarryoverfromthe corede-
entrainsupstreamof the SG tubes, particularlyin the initialportion of reflood,and
therefore does not contribute to steam binding. As discussed in Section 4.8,
ReferenceU-456 estimatedthe effectof steam bindingfrom the predictedcarryover
to the SG U-tubesassumingcompletevaporization. The evaluationsshowedthat if
alithe water carriedout of the core reachesthe SG U-tubes, PCT increasesby about
240K (430°F). However, due to de-entrainmentupstream of the SG U-tubes, the
increasein PCT from carryoverto the SG U-tubesis only about 65K (120°F).

Inthe intactcoldlegs,steam is condensedby subcooledECC. However,due to the
lowerECC flow, onlya portion of the steamflow is condensed. The resultantflow
regimeinthe intactcoldlegs is stratifiedwithsteamflowingoverthe ECC flowto the
downcomer. The condensationefficiencyis nearly100%. The uncondensedsteam
vents to containmentvia the downcomerand brokencold leg.

The steam flow aroundthe downcomerreducesthe water levelinthe downcomerby
entrainingwater out the break. Voiding due to heat release from the walls also
reducesthe collapsedwater level in the downcomer. The reductionof downcomer
collapsedwater levelreducesthe drivingheadfor core refloodandthereforethe core
flooding rate. However,as discussedin Section4.2.1, calculationsshow that the
effect of the levelreductionon claddingtemperaturesis small (about 10 - 13K--see
ReferenceU-455).

Duringthe LPCIportionof reflood,a two-phase mixtureof steamwith entrainedwater
flows out the break. The pressuredrop associatedwith this flow pressurizesthe
downcomer relati"e to containmentand increasesthe system pressure. Tests at
CCTF and SCTF indicate increasingsystem pressure improvescore cooling (see
Section4.6.1).
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3.2 COMBINED INJECTION PLANT

The ECC systemsin four-loopGerman(Siemens/KWU;1300 MWe) PWRsconsistof
three types of coolant injectionsystems,namely: high pressure coolant injection
(HPCI), accumulator(ACC) injection,and low pressurecoolant injection (LPCI). A
uniquefeature of the GPWRdesignisthat each of the ECC systemsinjects coolant
intothe primarysystemthroughnozzlesinthe hotlegs aswell as throughnozzlesin
the cold legs. This type of injectionscheme is termed "combinedinjection."

Duringan LBLOCA,the HPCI systemis actuated at a primary system pressureof
about 11,000 kPa. When the pressure in the primary system has decreased to
2,600 kPa, the ACCs automaticallystart to inject ECC. When the primary system
pressurereachesabout 1,100 kPa, injectionby the LPCIsystemcommences. HPCI
continuesthroughoutthe ACC and LPCIphases,but ECC flow rate is dominatedby
the ACC and LPCI flows.

Overallsystembehavior ina combinedinjectionPWRduringan LBLOCAis described
below based on findingsfrom 2D/3D tests and the resultsof a TRAC-PF1/MOD1
calculationwith 5/8 injection (ReferenceG-661). Schematics depicting system
behaviorat severaltimes in a UPTF test are shownin Figure3.2-1. The discussion
belowisdividedintothefollowingtimeperiods:blowdown,end-of-blowdown/refill,and
reflood.

Blowdown

System behaviordu#ng blowdownwas not investigatedwithinthe 2D/3D Program.
This discussionis ba3edontest resultsfromothersafety researchprograms,and the
resultsof code analyses. Overall,systembehaviorduringblowdownis independent
of the ECCS configurationuntilACC injectionstarts.

During blowdown,the initialcontentsof the primarysystemare expelledthroughthe
breakto containmentas the systemdepressurizes.The netflow inthe reactorvessel
isfrom the core to the lowerplenumand up the downcomerto the broken cold leg.
The rate at whichprimarycoolantis dischargedis controlledby the criticalflowat the
break. For a 200% cold leg break, the pressures in the primary systemand the
containmentequalizeapproximately35 secondsafterbreakinitiationat a pressureof
about 400 kPa.

End-of-Blowdown/Refill(see Figure3.2-2)

When the primary system pressure has decreased below 2,600 kPa, the ACCs
automaticallystart to injectECC intothe hot andcoldlegs. Afew secondslaterhighly
subcooledECC from the hot legs is deliveredto the upper plenumand penetrates
throughthe tie plate to the core. Water penetrationto the core occursonly within
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definedareas (20-40% of the total core area, depending on the number of activated
hot leg ECC systems--seeFigure4.7-7) located in front of the deliveringhot legs.
While a significantportion of the steam in the hot legs and the upper plenum is
condensedby ECC injected intothe hot legs, UPTF tests indicatethat ECC which
penetratesthroughthe tie plateis stillhighlysubcooled(-70 K).

Waterdownflowfromthe upperplenuminitiatescorecoolingduringend-of-blowdown.
SCTFtestsindicatethe portionsof the core inthe downflowregionsare immediately
quenched. CCTF tests indicatethat heat transfer in the remainderof the core is
slightlyenhancedby the waterdownflow. Some of the waterdownflowis vaporized
and steam flows out the top and bottomof the core; however,most of the water
downflowis heatedto nearsaturationand flowsto the lowerplenum. Whenthe steam
flow around the bottom of the core barrel is high, a substantialpart of the water
downflowwhichreache_the lowerplenumis entrainedout the break;the remainder
of the waterdownflowis acc,Jmulatedinthe lowerplenum. As the steamflowaround
the bottomof the corebarr¢,ldecreases,entrainmentdecreasesandthe rateof water
accumulationto the lower Ir,ienum increases.

UPTFtests (ReferencesG..018and G-218) and a TRAC analysis(ReferenceG-661)
indicatethat the lowerplenuminventorystartsto increaseaboutten secondsbefore
the endof depressurizationat a systempressureof 1,000 kPa. Thislevel increaseis
primarilydue to hot legECC injectionwhichpenetratesthroughthe tie plateand core
becausemost of the ECC injectedin the coldlegs is entrainedout the break by the
upflow in the downcomer. However, as blowdown progresses and the upflow
decreases,bypassalso decreasesand ECC penetratesdownthe downcomerto the
lower plenum. Based on UPTF tests, delivery of ECC injected into the cold legs
initiatesat the cold legs away from the breakwhen the systempressuredecreases
below 800 kPa.

In the end-of-blowdownphase, water plugs form in the cold legs as steam is
condensedby the highflowof subcooledECC. These plugsoscillateupstreamand
downstreamfromthe injectionnozzlelocationresultinginfluctuationsin ECCdelivery
to the downcomer. In the hot legs, water plugs form and collapse periodically;
consequently,ECC deliveryto the upper plenumalsofluctuates.

By the completionof blowdown,the lowerplenumis filledto the bottom of the core
barrel. A few seconds later, the vesselfillsto the core inletand refillis complete.
Hence,the end-of-blowdownand refillare overlappingratherthanconsecutive. This
reducesthetimeto core refloodandthereforethe heat-upperiodof the non-downflow
regionsof the core;consequently,claddingtemperaturesinthe non-downflowregions
at refloodinitiationare lower than for consecutiveend-of-blowdownand refill. As
indicatedin Section 4.1.3, the reductionin claddingtemperaturesat refloodinitiation
is about 80 - 100 K.
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Reflood

Initially,the downcomerwaterlevelincreasesrapidlyas ECCinjectedintothe c_ld legs
is deliveredto the downcomerand ECC injected intothe hot legspenetratesthrough
the core to the lowerplenumand flows intothe downcomer. When the downcomer
water levelreachesthe coldlegelevation,waterspillsoutthe brokencoldleg andthe
water levelstabilizes.

Core thermal-hydraulicbehavior during reflood is strongly heterogeneous (see
Figure3.2-3). Specifically,the core is separatedinto two regions. Withinthe water
downflowregion, the core is mainly quenched from the top down by the water
downflowfrom the upper plenum. Outside the water downflowregion,core cooling
initiatesat the bottom of the core as waterenteringthe core from the lowerplenum
is vaporized. Water entrainedby the boilingprocessis carriedto the upper regions
of the core initiatingcore coolingat ali elevations.

UPTFtestsindicatemore than 80% of the steamgenerated inthe core is condensed
inthe upperplenumand hot legs. The uncondensedsteamflowsthroughthe loops.
However,sincemostof the steamiscondensedinthe upper plenumand hotlegs,the
loopsteamflowsare minimaland the flowpressuredropis small. Consequently,the
core floodingrate is high (0.15 - 0.25 m/s per SCTF tests).

The steam flow in the intact loops is completelycondensed in the cold legs e,nd no
steam enters the downcomer;consequently,there isnoreductionindowncomerw_.'Qr
leveldue to entrainmentout the break.

Water plugsformin both the hotand cold legs due to condensationof steam by the
highflow of subcooledwater. UPTFtestsindicatethe hot legplugsare unsteadyand
the cold leg plugsoscillate. In both cases, deliveryto the reactorvesselfluctuates.
The fluctuatingnatureof ECC deliverydoesnotadverselyaffectcoreheattransferand
quenchtimes.

In a TRAC calculationof an LBLOCA,the average powered rods were quenched
90 secondsafterbreakinitiation.Wholecorequenchoccurredwithin130 secondsof
break initiation(ReferenceG-661).
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3.3 DOWNCOMER INJECTION PLANTS

TheECCSconfigurationofPWRswithdowncomerinjectionvariesconsiderablyamong
the threecountriesparticipatinginthe 2D/3D Program;consequently,overallsystem
behaviorduringan LBLOCAisdescribedina separatesubsectionforeach PWR. The
subsectionand correspondingPWR are listedbelow.

• 3.3.1 US Downcomer InjectionPlant

• 3.3.2 FRG Downcomer InjectionPlant

• 3.3.3 Japanese DowncomerInjectionPlant



3.3.1 US DowncomerInjectionPlant

Babcock & Wilcox(B&W) PWRs are 2 x 4 loop designswith once-throughsteam
generators, lt has been conservativelypostulatedthat, during an LBLOCA in a
loweredloop B&WPWR,stablewaterplugscan form inthe portionsof the cold legs
upstreamof the pumpsand therebypreventsteamflowthroughthe loops. To provide
an alternativeflow path for steamto ventto containment,ventvalvesare installedin
the reactorvesselcore barrel. There are eightvent valveslocatedaroundthe core
barrel approximately1 m above the cold leg centerline (see Figure4.1-11). ECC
systems for B&W PWRs consist of three types of coolant injection systems:
accumulator(ACC) injection,lowpressurecoolantinjection(LPCI),andhighpressure
coolantinjection(HPCI). ForB&WPWRs,the ACC and LPCIsystemsinjectECC into
the primarysystemthroughnozzleslocatedinthe downcomerandthe HPCI system
injects ECC through nozzles inthe cold legs.

Duringan LBLOCA,waterfromthe pressurizedaccumulatorsisautomaticallyinjected
into the reactor vessel downcomer when the reactor pressure drops below the
accumulatortank pressure. HPCI flowis simultaneouslyinjectedinto the cold legs,
butthe HPCI flowissmallcomparedto the accumulatorflow. The accumulatortanks
are sizedso thatwhen emptied,the lowerplenumisfilledand core reflood has begun. "
At low pressures, LPCI flow begins and continues indefinitely. HPCI normally
continuesthroughoutthe LPCI injectionphase, but the flow rate is dominatedby the
LPCI system. Design parametersfor ECC systemsof B&W PWRs are tabulated in
Table 3.3.1-1.

Thermal-hydraulicbehavior in the reactor coolant system during an LBLOCA is
describedbelow. The discussionis dividedchronologicallyinto the followingtime
periods: blowdown, end-of-blowdown/refill,early reflood, accumulator nitrogen
discharge,and late reflood.

Blowdown

The 2D/3D Programdid not investigatesystembehaviorduringthe blowdownportion
of an LBLOCA. Based on resultsfrom other reactor safety researchprograms, it is
knownthatduringblowdown,mostof theinitialcontentsof the reactorcoolantsystem
are rapidlyexpelledthrough the break. A significantfractionof the water initially
presentinthe reactorcoolantsystemflashesto steam, whichdrivesthe flow out the
broken cold leg. The pressurein the primary systemdecreases as the blowdown
progresses.
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End-of-Blowdown/Refill (see Figure 3.3.1-1)

During the end-of-blowdown, the reactor coolant system is filled with steam except for
a small amount of water in the lower plenum. Vent valves located in the core barrel
above the cold leg centerline provide a steam path from the upper plenum directly to
the downcomer. Steam is vented to containment by flowing around the bottom of the
core barrel and up the downcomer to the break and by flowing through the vent
valves and around the downcomer to the break. The water inventory in the lower
plenum continues to decrease from entrainment by the steam flow around the core
barrel and from flashing due to decreasing system pressure. Steam flow in the core
provides limited core cooling which is eliminated as the flow stops at the end-of-
blowdown.

When the system pressure has decreased below the accumulator pressure
(4,200 kPa), the accumulators automatically inject ECC into the downcomer. There
is a small amount of HPCI injection to the cold legs, but this flow is negligible relative
to the ACC injection. Inthe downcomer, the steam upflow initiallyentrainsthe injected
ECC directly out the broken cold leg (ECC bypass) thereby preventing ECC from
refilling the lower plenum. However, as blowdown proceeds and the steam flow
decreases, bypass also decreases and ECC is delivered to the lower plenum. In
UPTF tests for cold leg injection, ECC delivery to the lower plenum from the loops
away from the break begins at a pressure of about 800 kPa. As discussed in
Section 4.1.2, there were no transient full-scale tests which simulated B&W PWRs.
However, because the steady-state full-scale test results for downcomer injection (with
vent valves) were similar to the test results for cold leg injection, ECC delivery to the
lower plenum for downcomer injection is expected to begin at approximately the same
pressure. Thus, delivery to the lower plenum from the nozzle opposite the break
begins at approximately 800 kPa. Delivery from the nozzle adjacent to the break
begins later in the end-of-blowdown when the steam upflow is significantlyreduced.

At the completion of blowdown, the lower plenum is filled almost to the bottom of the
core barrel. Within a few seconds of the end of depressurization, the vessel is filled
to the core inlet and refill is complete. Hence, refill and blowdown are overlapping
rather than consecutive. Overlapping blowdo,_rnand refill reduces the time to core
reflood, and therefore the adiabatic heat-up period, lt was estimated in
Reference U-460 that the reduction in cladding temperature at reflood initiation for
overlapping blowdown and refill versus consecutive blowdown and refill is
approximately 100 K (see Section 4.1.2).
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Early Reflood (Accumulator Injection)

In the early portionof reflood,the downcomerwater level increases rapidly due to the
high ECC flowfromthe accumulators.Basedon CCTF test results,the downcomer
water levelreachesthe cold leg elevationresultingin water spilloverout the broken
cold leg. Heat releasefrom the vesselwall is initiatedas the downcomerfills. Tests
and analyses show that this heat release does not cause vaporization of the
downcomer water inventorybecause the subcoolingof the water deliveredto the
vessel is sufficientto suppressboiling.

The downcomer water levelincreasedriveswater intothe core. Steam generationin
the corebeginsfirstat the bottomof the coreaswaterentersthe core from the lower
plenum. However,withina few seconds,water entrainedby the boilingprocess is
distributedthroughoutthe core and core coolingoccursat ali elevations. In B&W
loweredloopplants,stablewaterplugscan form inthe intactcold legswhichprevent
steam flowthroughthe intact loops. Thus, aliof the steam generated in the core is
vented through the vent valves to the downcomer and then out the break to
containment. Someof the water inthe uppercore is carriedby steamflowout of the
core to the vent valves.

Initially, the core flooding rate is high and the collapsed water level in the core
increasesrapidly. When the downcomerwater level reaches the cold leg elevation
and water spillsout the break, the core flooding rate decreases quickly. However,
sincethe core steam generationis essentiallythe same as duringearly reflood,the
reductionin the core floodingrate resultsin lowerratesof water accumulationinthe
core and water carryoverout of the core.

Water carried outof the core iseitherde-entrainedinthe upper plenumor carriedwith
the steamthroughthe ventvalvesto the downcomer.Water which is de-entrainedin
the upperplenumeitheraccumulatesas a two-phasemixtureor fallsbackto the core.

AccumulatorNitrogenDischarge

When the water in the accumulatorsis depleted, the nitrogen that pressurizes the
accumulatorsescapesthroughthe ECC piping. Water inthe top of the downcomer
is pushedtoward the break. The primarysystem(particularlythe regioninto which
the nitrogenis injected)is pressurizedfor a shorttime untilthe nitrogenescapesto
containment. Systempressureis further increaseddue to the suppressionof steam
condensationby the presenceof the non-condensiblenitrogen. The accumulationof
uncondensedsteamcontributesto the temporary pressurizationof the downcomer
and cold leg regionsof the primarysystem.
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There were no full-scale nitrogen discharge tests with downcomer injection and vent
valves; however, the phenomena discussed in Section 3.1 for PWRs with cold leg
injection are applicable to B&W PWRs. Before the nitrogen discharge begins, the
pressure above the core is higher than the pressure in the downcomer due to the
steam flow through the vent valves. From tests without vent valves, it is known that
the nitrogen discharge tends to pressurize the downcomer relative to the upper
plenum, lt is possible that the pressurization of the downcomer due to the nitrogen
discharge temporarily closes the vent valves, although data in this regard are not
available. Regardless of vent valve position, it appears that a portion of the water in
the downcomer is forced into the lower plenum, displacing lower plenum water into
the core. The magnitude of core water level increase with vent valves is not known.

Water in the lower plenum is subcooled, in part due to the rise in pressure. As the
water surges into the core, heat is absorbed until, after a brief delay during which the
water is heated to saturation, additional steam is produced. The increased steam
production in th_ core increases the upper plenum pressure such that the upper
plenum-to-downcomer pressure difference is re-established, and steam flow through
the vent valves resumes. When this occurs, the core level decreases.

Late Reflood (LPCI} (see Figure 3.3.1-2)

As previously indicated, water carryover out of the core decreases prior to the
termination of accumulator injection when the downcomer water level reaches the cold
leg elevations. Later in reflood, however, water carryover out of the core increases
as the quench front reaches the upper regions of the core. Reflood ends when the
entire core is quenched.

The upper plenum water inventory, which was increasing during early reflood,
decreases due to the reduction in water carryover from the core. In the downcomer,
steam is condensed by subcooled ECC; however, due to the lower ECC flow (LPCI
flow only), only a portion of the steam flow is condensed. The condensation efficiency
is nearly 100%. The uncondensed steam vents to containment via the broken cold
leg.

The steam flow around the downcomer reduces the water level in the downcomer by
entraining water out the break. In UPTF, almost ali of the water injected into the ECC
nozzle adjacent to the broken cold leg was directly entrained out the break. (This
phenomenon may be strongly dependent on nozzle position relative to the break and
it is not clear that this will occur to the same extent in B&W PWRs.) Water injected
into the ECC nozzle opposite the break penetrates into the downcomer and
contributes to downcomer inventory; entrainment of this water is limited. Overall, the
downcomer water level is similar to cold leg injection. Voiding due to heat release
from the walls also reduces the downcomer water level. This reduction in downcomer

level reduces the driving head for core reflood and therefore the core flooding rate.
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However, as discussed in Section4.2.2, calculationsshow that the increase in
cladding temperature due to the level reduction is small (about 13- 18 K-see
ReferenceU-460).
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3.3.2 FRG DowncomerInjectionPlant

The Muelheim-Kaerlich(MK) plant in the FRG, which was built by Brown Boveri
Reactor(BBR--nowAsea BrownBoverior ABB), isa 2 x 4 loop PWRsimilarin design
to a raised loop Babcock & Wilcox(B&W) PWR. Uke B&W PWRs, the MK reactor
vessel is equippedwithvent valvesin the core barrel to allowsteam to vent directly
from the upper plenumto the downcomer during a LOCA. The vent valves are
located approximately1 m above the hot leg nozzles.

The configurationof ECC systemof the MK PWR is shown in Figure 3.3.2-1. The
ECCS has four separatesystems. Two of the systemsinjectECC directly into the
downcomer and two systems inject ECC into the loops. For each loop, ECC is
injectedinto only one of the two cold legs. Each systemconsistsof three types of
injection;namely,highpressurecoolantinjection(HPCI), accumulator(ACC)injection,
and low pressurecoolantinjection(LPCI). The primarysystempressureat whichthe
differenttypes of injectioninitiateare listedbelow.

• HPCI 12,750kPa

• ACC 4,200 kPa

• LPCI 1,300 kPa

Overallbehaviorin an ABB/BBR PWR duringan LBLOCAis describedbelow based
onfindingsfrom 2D/3D testsand the resultsof a TRAC-PF1/MOD1 calculationfor the
MK PWR (ReferenceG-662). The discussionbelowis dividedintothe followingtime
periods:blowdown,end-of-blowdown/refill,and reflood.

Blowdown

Systembehaviorduringblowdownwas not investigatedwithinthe 2D/3D Program.
This discussionis based on the resultsof other safety researchprograms,and the
resultsof code analyses.

..

Uponinitiationof the break, the pressurein the primarysystemdecreasesrapidlyas
the water inventoryexpands andfluidisdischargedout the break. When the system
pressurereachessaturationpressure(12,500kPa),steamisproducedbyflashingand
heattransferinthe core,and the rateof depressurizationdecreases. Steamproduced
inthe coreventsto containmentbyflowingthroughthe ventvalvesto the downcomer
and out the break. As the primarysystem inventorydecreases,the lowerplenum
water seal is lost. This allows some of the steam in the core to flow around the
bottomof the core barrel and up the downcomerto the break.
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End-of-BI.owdown/Refill (see Figure 3.3.2-2)

During the end-of-blowdown, the primary system is filled with steam except for the
lower plenum which still contains some water. Steam in the reactor vents out the
broken cold leg by flowing through the vent valves and around the downcomer to the
break, and by flowing around the bottom of the core barrel and up the downcomer
to the break. Based on UPTF tests, the steam flow through the vent valves constitutes
30-40% of the total steam flow (see Section 4.1.2).

When the primary system pressure decreases below 4,200 kPa the ACCs
automatically start to inject ECC intothe downcomer and cold legs. Steam condenses
on the high flow of highly subcooled ECC. The high condensation rate reduces the
system pressure and accelerates system depressurization. At the end of blowdown,
the primary system pressure is actually lower than containment pressure; therefore
steam flows into the primary system from containment.

The upflow in the downcomer initially entrains ali the ECC flow directly out the broken
cold leg (ECC bypass); however, as blowdown proceeds and the upflow decreases,
bypass also decreases and ECC is delivered to the lower plenum. Per the UPTF
tests, ECC injected adjacent to the break is largely bypassed during blowdown.
Consequently, lower plenum refill is primarily due to delivery of ECC injected away
from the break (see Section 4.1.2).

By the completion of blowdown, the lower plenum is filled to the bottom of the core
barrel. A few seconds lat¢_r,the vessel fills to the core inlet and refill is complete.
Hence, the end-of-blowdown and refill are overlapping rather than consecutive. This
reduces the time to core reflood and therefore the core heatup period. Consequently,
cladding temperatures _t reflood initiation are lower than for consecutive end-of-
blowdown and refill. As indicated in Section 4.1.2, the reduction in cladding
temperatures at reflood initiation is about 100 K.

Reflood (see Figure 3.3.2-3)

ECC flows down the downcomer to the lower plenum and into the core. Steam
generation initiates at the bottom of the core as water enters the core. Quench
propagation is therefore from the bottom up. Water entrained by the boiling process
is carried to the upper regions of the core providing core cooling above the quench
front. Overall, thermal-hydraulic behavior in the core is similar to that described in
Section 3.1 for cold leg injection PWRs. However, the core flooding rate is higher than
in cold leg injection PWRs because, as discussed below, the back pressure for venting
steam from the core is lower.
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Steamgeneratedinthe core isventedto containmentviathe upperplenumand either
the vent valves or reactor coolant loops. Since the flow resistanceof the reactor
coolantpumpsis largecomparedto the ventvalves,mostof the steamflowsthrough
the ventvalvesand onlya smallamountflowsthroughthe loops. Due to the low flow
through the loops, the flow pressure drop for the steam venting from the core
(i.e., systemback pressure)is lowerthan for cold leg injectionPWRs.

In the upperplenum,someof the watercarriedout of the corede-entrainsand either
fallsback to the core or accumulates.The remainderof the water is eitherentrained
by the steam flow throughthe vent valvesor carried over to the loops. However,
sincethe steamflowthroughthe loopsis small,carryoverto the hot legs and steam
generatorsis low.
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3.3.3 JapaneseDowncomer InjectionPlant

Some Japanese PWRs whh a power ratingof about 500 MWe are equippedwith
downcomerinjection-typet!CCS. These PWRshave two reactor coolant loopswith
one hot leg and one cold leg per loop. Unlikethe B&W and ABB/BBR PWRswith
downcomerinjection,these PWRsdo not havevent valvesinthe core barrel.

As shown in Figure3.3.3-1, the ECCS for these two-loop PWRs consists of
accumulators,highpressureinjection(HPl) pumps,and low pressureinjection(LPI)
pumps. The designparametersfor each partof the ECCSare listedin Table 3.3.3-1.
The LPIpumpsinjectwaterdirectlyintothe downcomer. The twoinjectionnozzlesare
locatedonthe sidewallofthe downcomerat about the coldlegelevation.Sinceeach
of the two LPI pumps are connected to both injection nozzles, ECC is injected
symmetricallyin both the no-LPI-pumpfailurecase and the single-failurecase. The
ratioof the effectiveLPI flowrate to core power is approximately20% higherthan in
four-loopPWRs.

The ACCs and HPl pumpsinjectECC throughnozzlesin the cold legs. Each of the
two ACCs is connectedto bothcold legs. Similarly,both HPl pumps injectECC into
both of the cold legs. The ratio of the effectiveACC water volumeto core power is
approximatelythe same as in the four-loopPWRs.

The cold leg diameterand downcomergap for thesetwo-loopPWRswithdowncomer
injectionare comparableto those of four loop PWRs. However,since the primary
systemvolumeis about halfthat of four-loopplants,the break area relativeto system
volumeis larger in the two-loop PWRs.

System behavior in a two-loop PWR with downcomer injection is described briefly
below. The descriptionis dividedintothe followingtime periods: blowdown,end-of-
blowdown/refill,earlyreflood,accumulatornitrogendischarge,and late reflood. The
descriptionof laterefloodincludesbothevaluationmodel(EM) andbest-estimate(BE)
conditions.

Blowdown

System behavior during the blowdown portion of an LBLOCA for the two-loop
downcomer injectionPWR shouldbe essentiallythe same as that for the four-loop
coldleg injectionPWR (seeSection3.1). However,as indicatedabove,the breakarea
relativeto the system volume is larger for the two-loop PWR. Consequently,the
primarysystempressureis expectedto decreasefasterin the two-loop,downcomer
injectionPWRsthan in largerfour-loop PWRs(i.e., blowdownis shorter).
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End-of-Blowdown/Refill

When the primary system pressure has decreased below the ACC pressure, the ACCs
automatically start to inject ECC into the cold legs. A water plug forms in the intact
cold leg as the steam flow through the loop is condensed by the high flow of
subcooled ECC. The water plug oscillates in the cold leg causing fluctuations in the
flow of ECC into the downcomer. Shortly after the start of ACC injection when the
primary system pressure has decreased further, the LPI system starts to inject ECC
directly into the downcomer.

Initially, the two-phase (steam with entrained water) upflow in the downcomer entrains
the ECC out the broken cold leg (i.e., ECC bypass); however, as blowdown proceeds
and the upflow decreases, the bypass also decreases and ECC is delivered to the
lower plenum. Lower plenum refillis initiatedprimarily by ACC injection into the intact
cold leg. Since the LPI flow rate into the downcomer is small in comparison to the
ACC injection into the intact cold leg, lower plenum refill behavior should be
comparable to that for cold leg injection PWRs (see Section 3.1).

By the completion of blowdown, the lower plenum is filled almost to the bottom of the
core barrel. Within a few seconds of the end of depressurization, the lower plenum
water level reaches the core and refill is complete. Hence, refill and blowdown are
overlapping rather than consecutive. This limitsthe cladding temperatures at reflood
initiationby reducing the duration of the adiabatic heat-up period.

Early Reflood (Accumulator Iniection)

In the early portion of reflood, the downcomer fills rapidly with subcooled water. The
water level inthe downcomer stabilizesat the cold leg elevation as water spills out the
broken cold leg. This increase in downcomer water level forces water into the core.
Steam generation initiatesat the bottom of the core as water enters the core from the
lower plenum; however, withina few seconds, water entrained by the boiling process
is present throughout the core and core cooling is occurring at ali elevations.

Steam and entrained water from the core enter the upper plenum where part of the
water de-entrains and accumulates. Steam exits the upper plenum via the intact and
broken loop hot legs. The steam which flows through the intact loop is completely
condensed in the cold leg by the subcooled ECC injection.

Accumulator Nitroqen Discharge

Thermal-hydraulic behavior during ACC nitrogen discharge is expected to be the same
as that described in Section 3.1 for cold, leg injection PWRs. Specifically, the flow of
nitrogen into the downcomer pressurizes the downcomer and suppresses
condensation in the intact cold leg until the nitrogen is vented out the break. The
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increase in downcomerpressureforceswater from the downcomer into the core;
however, this insurge of water increases steam generation in the core which
pressurizesthe upperplenumand forceswater back intothe downcomer.

Late Reflood(LPCI)

ECC injectedinto the cold leg and downcomerflows down the downcomerto the
lower plenum and into the core. Due to the downcomer water level oscillations
describedbelow,the core floodingrateisoscillatory.The averagecore floodingrate,
however,isnearlyconstantforthe durationof thetransient. Overall,thermal-hydraulic
behaviorin the core is similarto that describedin Section 3.1 for cold leg injection
PWRs.

Some of the watercarriedout ofthe corede-entrainsand eitherfallsback to the core
or accumulatesin the upperplenum,hot legs,and steam generatorinletplena. The
remainderofthe watercarryoverfromthe core is carriedover to the steamgenerator
U-tubes. Heat transfer from the secondaryside vaporizes entrainedwater in the
U-tubes;hence, flow in cold legs consistsof single-phase,superheatedsteam.

Inthe intactcold leg,steam is condensedby the subcooledECC injection;however,
due to the reductionin ECC injectionintothe cold leg (HPCI versusACC and HPCI),
onlya portionof the steamflow is condensed. The resultantflowregime inthe intact
cold leg is stratifiedwith steamflow overthe ECC flowto the downcomer.

The steamflowfrom the intact loopentersthe downcomerwheresome of the steam
is condensedby the ECC injectionintothe downcomer. Condensationis intermittent
as U-tube oscillationsof the core and downcomer water levelsoccur. When the
downcomer water level is below the ECC injectionnozzle, steam condensation
increasesdueto goodsteamaccessto the ECCinjectionstreamandsubcooledwater
on top of the downcomer water column. Increased condensation reduces the
pressureinthe downcomerrelativeto the corepressurewhichforceswateroutof the
core and intothe downcomer. The increaseinsteam condensationalso warms the
top portion of the downcomerwater columnto near saturation. As the downcomer
water levelrises,steam accessto the ECC injectionstream is blockedby saturated
water and condensationis reduced. The reduction in condensationincreases the
downcomerpressurewhichforceswaterfrom the downcomerback intothe core and
startsthe cycleagain (ReferenceJ-973). The characterof thisoscillationisinfluenced
by the verticalpositionof the downcomerinjectionnozzlesslightlybelowthe cold leg
nozzles.

Overall,condensationin the two-loop downcomer injection PWRs is low because
contactbetweensteamandthe LPCIflowis limited;consequently,ECC accumulating
in the downcomer is still subcooled. The subcooling is sufficientto suppress
downcomervoiding.
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The downcomer water level and condensationoscillationsdescribed above are
expectedto occur onlyfor the single-failurecase. In the no-failurecase, complete
condensation of the steam flow from the intact cold leg into the downcomer is
expected.
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3.4 UPPER PLENUM INJECTION (UPI) PLANT

In some two-loopPWRsin the US and Japan, low pressurecoolant injection(LPCI)
is into the upper plenum, ratherthan into the cold legs ns in three- and four-loop
plants. Except for the LPCI injection location,the ECC system configurationand
injectionsequenceat these PWRsare similarto that describedinSection 3.1 for cold
leg injectionPWRs.

Blowdown,Refill,EarlyRefl¢,o0and AccumulatorNitroaenDiscnar_Qe

Earlyinthe LBLOCAtransient,untilthe accumulator(ACC)waterinventoryisdepleted,
systembehaviorin an upperplenuminjection(UPI) PWR is similarto that for a cold
leg injectionPWR. Thisis becauseACC injectionis intothe cold legs in both typeu
of plants, and the ACC injectionrate is much higher than the LPCI flow rate.
Accordingly,the behavior during the blowdown, end-of-blowdown/refill,and early
reflood phases is similar to that described in Section_.1. The only significant
differenceis that some upper pl(.,:,'._maccumulationand coolingof the rods near the
top of the core occurs due to the LPCI flow into the upper plenum during refill and
early reflood. The effects of accumulator nitrogen discharge in a UPI plant are also
expected to be the same as those in a cold leg injection plant (see Section 3.1), since
the locations, timing, and relative amounts of nitrogen discharge are similar.

Late Reflood

The late reflood (LPCI) period, after depletion of accumulator inventory, is qualitatively
different in a UPI PWR. Figure 3.4-1 shows the hydraulic behavior in a UPI plant
during the late reflood period. The most notable characteristicis that ECC enters the
core from the top and the net flow rate at the bottom of the core is negative (toward
the downcomer). A positive flow rate (flow from the downcomer to the core) is the
flooding mech_'nismfor plantswith cold leg injection. Even though flow directions are
different for the two types of injection, there is similar liquid accumulation in the core
which provldes global core cooling; i.e. the net core flooding rate _ssimilar to that for
cold leg injection.

ECC water flows from the upper plenum down to the core in a local region, covering
about 10% of the core. The size of the downflow region in a UPI plant is determined
by interpol_ting between CCTF (subscale)and UPTF(above full-scale). UPTFresults
show there is a small amount of subcooling (10 - 15 K) in the downflow. The
downflow region is beneath the ECC injection nozzle and does not change during the
transient. CCTF results show that the initial downflow partially quenches the rods in
the downflow region so that less steam is generated in that region for the remainder
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of the transient,and, consequently,there is lessresistanceto waterdownflow. Near
the top of the core in the downflow region, core cooling is enhanced by the
downflowingwater. In othercore regions,an upflowingsteam/watermixtureprovides
cooling,comparableto that in cold leg injectionPWRs.

Subcooled injectionwater and steam generated lr',the core mix completelyin the
upper plenum and the top of the core, leadingto significantsteam condensation.
Based on UPTFdata withan extensivenetworkof thermocouples,it appears mostor
aliof the mixingoccurs in the upper plenum. As discussedabove, thismeans that
waterdeliveredto the corehasa smallamountof subcooling.Themajorresultisthat
the amountof steamwhichneedsto be ventedthroughthe loopsto containmentis
decreasedby condensation.Fora single-failureLPCIassumption,the injectedwater
condensesabout40% of the steamproducedinthe core atthe beginningof reflood,
and a higher fraction as the core heat release decays. For a no-failure LPCI
assumption,the steamflow is entirelycondensed.

Intimeupperplenum,accumulationofwaterto a steady-stateinventoryoccursquickly;
i.e., withinseveralsecondsafterstart of reflood. UPTF resultsshowthat the water
distributionacrossthe flow area is uniform",xceptat the breakthroughregionwhere
morewateraccumulates.Thedifferentialpressursresultingfrom wateraccumulation
is a smallfraction of the total loopdifferentialpressure.

In a UPI plant,a largerfractionof the injectedwateris carriedoverto the hot legsand
steamgenerators,incomparisonto a coldleg injectionplant. me resultisthat more
water is vaporizedin the steamgenerators,contributingto the steam bindingeffect
which degradescore cooling. Thus, the UPI configurationhas two opposingeffects
on steam binding;condensationinthe upperplenum(discussedabove) reducesthe
amount of steam flowingthrough the loops, while liquid carryover to the steam
generatorsincreasesthe steam flow rate. CCTF resultsindicatethe net effect is a
benefff (less resistance to steam venting) compared to a cold leg injection
configuration. In the PWR, the carryover rate is expected to be less, and the
condensationrate the same, as in CCTF (basedon scalingeffectsas deducedfrom
comparisonof CCTF and UPTFresults)so the net effect of UPI in a PWR shouldbe
lesssteam binding.
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Section4

EVALUATIONOF..TESTSAND ANALYSESTO
ADDRE_ KEYREA(_TQRSAFETYISSUES

Thissection summarizesthe evaluationsof the experimentaland analyticalresultsof
the 2D/3D Programto addressvariousreactorsafetyissues. Eachissueis covered
individuallyin the mannershownin Figure4-1. Foreach issuethe phenomenaand
theirimportanceare defined,testsandanalysesrelatedto the issueare identified,and
the conclusionsandapplicationsto the PWRsare discussed. Eachissueisdiscussed
ina separatesection. Forissuesrelevantto PWRswithdifferentECCSconfigurations,
the applicationof the test and analysis resultsto PWRs are covered in separate
subsections by ECCS configuration. These separate subsectionsalso include
technicalfindingsand conclusionswhichare specificto a givenECCS configuration.
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4.1 ECC DELIVERYTO LOWERPLENUM DURING DEPRESSURIZATION

Definitionof Issueand Descriptionof Phenomena

In a large, cold leg break LOCAat a PWR, mostof the initialcontentsof the reactor
coolant system are rapidlyexpelledthrough the break. A two-phase mixtureof
flashingandentrainedfluidisforced upthe downcomerandout the brokencold leg,
as the pressurein the primarysystemdecreasesfrom its initialvalue of 15,500 kPa
to an "equilibrium"valueof 200 - 400 kPa, whichrepresentsthe equilibriumpressure
betweenthe primary systemand containment. Whenthe pressurehas decreasedto
a predeterminedvalue inthe range of 1,400 - 4,600 kPa,dependingon plantdesign,
the accumulatorsbeginto automaticallyinject ECC intothe reactor coolantsystem.
The purposeof thisECC isto rapidlyrefillthe reactorvessel lowerplenumandstart
refloodingthe reactorcore.

Whenthe accumulatorECC (whichishighlysubcooled)is firstinjected,the systemis
stillblowingdown. Duringthe end-of-blowdown(EOB), the steam/water flow pathis
up the clowncomerandout the brokencold legnozzle (see Figure4.1-1). The two-
phase upflowmay entrainsomeor aliof the ECC injected intothe cold legs and/or
downcomerdirectlyoutthe brokencold leg. Thisis referredto as "ECC bypass". As
blowdown proceeds and the downcomer upflow decreases, the bypass also
decreasesand ECC canbe delivered,allowingsome initialfillingof the lowerplenum.

In PWRswith combinedinjection,ECC injectedintothe hot legs is deliveredto the
lower plenum via the upper plenum and core. When the steam flow around the
bottom of the core barrelto the downcomeris high,a substantialpart of the water
downflowwhichreachesthe lowerplenumis entrainedout the break. However,as
the steam flowdecreases,entrainmentdecreasesand deliveryincreases. The water
downflow through the core initiates core cooling during end-of-blowdown (see
Section4.6.3).

The "refill"phase of the LOCA starts with the initiationof ECC accumulationin the
lowerplenumand lastsuntilthe reactorvesselwater levelreachesthe bottom of the
core. Duringthisphase,the reactorvesselaveragewalltemperaturetends to be near
its fullpowervalueof 560 K;hence,steamgenerationonthe hotwallscan contribute
to the overallsteam flow up the downcomer.

Importanceof Issueto PWR LOCA

The rapiddepressurizationof the reactorvesseland the resultingtwo-phaseflow in
the lowerplenumand downcomertend to preventthe accumulationof ECC in the
lower plenum. The interactionof the steam/water flow in the lower plenum and
downcomer is important since it affects how quickly the reactor vessel refills.
Specifically,for coldlegor downcomerinjection,ECC deliveryto the lowerplenumis
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controlledby the countercurrentflow limitationin the downcomer. However, for hot
leg injection,ECC accumulationin the lowerplenumis controlledby entrainmentby
the steam flow around the bottom of the core barrel. Higher ECC deliveryand
accumulationduringthe blowdownphase reduces the durationof the refillphase,
limitingthe clad temperatureat the beginningof reflood.

Testsand Analysesthat Relateto the Issue

ECC delivery to the lower plenum during blowdown has been investigatedin
numeroustransientandquasi-steadytestsbothinthe 2D/3D Programandelsewhere.
The transienttests evaluatedthe transientprogressionof phenomenaundertypical
PWR conditions at the EOB and the quasi-steadytests evaluated downcomer
countercurrentflow under controlledconditions. Table 4.1-1 lists only the tests
consideredinthis report. Inthe 2D/3D Program,testswere performedat UPTF and
CCTF to investigateECC deliveryat large-scale. The UPTFtests includedtestswith
coldlegECC injection,downcomerECC injection,andcombinedECC injection.The
cold legECC injectiontestsconsistedof Tests4A and 5Awhichwere transientEOB
simulations,andTests 5B, 6, and 7 whichwere quasi-steadytests. The downcomer
ECC injectiontests consistedOfTests 21A, 21B, and 22 which were quasi-steady
tests,and Test 24 whichwas a transienttest. The combinedinjectiontests included
Tests3, 18, 19, and 28 whichwere transienttests. In CCTF, three cold leg injection
transienttests (C2-11, C2-14, andC2-17) and threecombinedinjectiontransienttests
(C2-19, C2-20, and C2-21) simulatedEOB/refillconditions.

Outsidethe 2D/3D Program,severalsmall-scaletests withvariousgeometriesand
flow conditionshave been performed(see ReferenceE-401). Table4.1-1 liststhe
facilitiesthat are includedin the scale comparisonspresentedin this report.

The evaluationsof the UPTFcold leg injectiontests and downcomerinjectiontests,
includingcomparisonsto subscaletestsare providedinReferencesU-455and U-460,
respectively. Evaluation of the UPTF combined injection tests is covered in
ReferenceG-411. The major resultsof these evaluationsand comparisonsare
summarizedbelow.

Severalpost-testTRAC calculationsof the UPTF tests have also been performed
(ReferencesU-711 and U-715). These have includedTRAC-PF1/MOD1 calculations
ofaliUPTFTest 6 runs(ReferenceE-611), andTRAC-PF1/MOD2calculationsofUPTF
Test4A; Test 5A; Test 6, Run 133; and Test 7, Runs200 and 201; Test 21A; and
Test 22A (see AppendixB).

Summaryo.fKey Resultsand Conclusionsfrom Testsand Analyses

The followingdiscussionfocuseson thetestsandanalysesinwhich ECCwas injected
into only the cold legs and is applicableto PWRs with cold leg injection,cold



leg/downcomer injection,and combined injection. Application of these resultsto
PWRs are covered in the following subsections by ECCS configuration. The
subsections on downcomer injection (Subsection4.1.2) and combined injection
(Subsection4.1.3) also cover tests and analysis results specific to these ECCS
configurations.

The resultsof the full-scaleUPTF testshave shownmultidimensionalphenomena in
the downcomernot previouslyobservedinsmall-scaletests. The steam upflowand
the calculatedECC deliveryto the lowerplenumfor the quasi-steadyUPTFtestswith
cold leg injection are plotted in Figure4.1-2. This plot shows that delivery
characteristicsare very diffel ,lt betweenthe loop near the break (Loop 1) and the
loopsaway from the break (Loops2 and 3). Specifically,ECC injectedintothe loop
near the break was mainlybypassedwhileECC injected in the loopsaway from the
break was delivered to the lower plenum. Contour plots of fluid temperature
measurements (i.e., subcooling) in the downcomer are consistent with these
observations(see Figure4.1-3). Basedon the deliverydata in Figure4.1-2 and fluid
temperature contour plots, Siemens identifiedthe followingflow regimes for ECC
deliveryin UPTF (ReferenceG-907).

• Completebypass from Loop 1 with partialdeliveryfrom Loops2 and 3 for high
steam flows(>320 kg/s).

• Completebypassfrom Loop 1 and nearlycompletedeliveryfrom Loops2 and 3
for intermediatesteam flows(__100kg/s and<__320kg/s).

• Partialdeliveryfrom Loop 1 and completedeliveryfrom Loops 2 and 3 for low
steam flows(< 100 kg/s).

Severalmethodshave been proposedto correlatethese UPTF floodingdata. Each
method is discussedbrieflybelow.

• The Siemens analysis (ReferenceG-907), discussed above, identified three
differentflow regimesfor countercurrentflowin the downcomer. These analyses
indicatedthat ECC deliveryfromLoops2 and3 appearsto be injectionlimitedfor
steamflowsup to 320 kg/s. Thissuggeststhat the UPTF data do not revealthe
truecountercurrentflow limitationat steam flows lessthan 320 kg/s and leadsto
a representationof UPTF floodingcharacteristicsas a three-regioncurve (see
Figure4.1-2).

• The correlationproposedby H. Glaeserincludesa term for the proximityof each
ECC injectionlocationto the brokencoldleg to accountfor the multidimensional
behaviorobserved inthe tests (see ReferencesG-415 and G-915). This term is
applied to steam flow (K*o) for each cold leg, resultingin a lower effective,
dimensionlesssteam upflo_vat the loops away from the break, and therefore
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higherECC deliveryfrom these loops. Similarly,for the cold leg near the break,
the effectivesteam flow is higher, and ECC is more easily bypassed. The
correlationis plottedin Figure4.1-4.

• MPR calculated a simple best-fR correlationof the UPTF data using the j*
parameter (ReferenceU-455). Separate correlationswere done for runs with
Loop 1 injectiononly and runs with uniforminjectionto ali three loops. The
resultingcurvesare shownon Figure4.1-5. Sincesomeof the data are injection-
limited, the correlationis not a CCFL correlation;however, the correlationis
considereda usefultool for thecomparisonandapplicationevaluationsdiscussed
in ReferenceU-455.

Although UPTF has provided the only full-scaletestdata on this issue,a large body
of data has been obtainedfrom small-scaletests, particularlyfrom the Create and
BattelleColumbusLaboratoryfacilities(ReferencesE-417,E-O01throughE-O04,E-414,
and E-420). The principaleffortof thesesmall-scaletests was to evaluatethe effect
of variousdowncomerfloodingparameterson countercurrentflow limitation(CCFL)
curves, at differentfacilityscales. CCFL curves determined from the Battelleand
Creare facilitieswere presentedin RIL-128 (ReferenceE-412).

The previousevaluationof the small-scaledata from Creare and BattelleColumbus
Laboratory(ReferenceE-412) recommendedusingmomentumfluxscaling(i.e., using
the Kutateladzeparameteror K=,to scale the completebypass point) for applying
small-scaleresultsto full-scale. However,thefu,-scale UPTFdata indicatethat Wallis
parameter(j') scalingmay be moreappropriate.Thecalculatedsteamvelocity,j*_ at
a givendeliveryrate,j*, is plottedversusthescalefactor for UPTF andthe fiveCreare
and Battelle subscalefacilitieson Figure4.1-6. The two plots show the calculated
steamupflow(j*_)thatwouldallowdeliveryrates(j'f) of 0.0125 (500 kg/s at full-scale)
and0.025 (1000"kg/s at full-scale)for a giveninjectionrate (j*:,_nof 0.037, or 1500 kg/s
at full-scale). The calculatedj*g'sfor the subscalefacilitieswere obtainedusingthe
correlationand constantsfrom ReferenceE-412; the UPTF values were calculated
using the best-fit correlationshown in Figure4.1-5. Note that the j*Qvalue for
500 kg/s deliveryat UPTF is from the CCFL-limitedportionof the data, whilethat for
1000 kg/s deliverymay be artificiallylow becausedeliverymay have been injection-
limited. Asshowninthefigure,the steamflowat full-scalefor the givendeliveryrates
isbetter predictedbyconstantj*scalingthanconstantmomentumfluxscaling;hence,
j* scaling may be more appropriate for predicting ECC delivery at full-scale
(ReferenceU-455).

UPTF Test 4A was a transienttest which simulatedthe EOB and refillphases of a
LOCA. The pressureand lowerplenummass inventorytransientsfor this test are
shown in Figure4.1-7. In terms of ECC delivery and bypass, two important
characteristicsof thetransientwere identified.First,ECC deliverybehavioroccurred
intwo distinctphases: an initialperiodofveryhightwo-phasedowncomerupflowwith
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little ECC delivery and rapidly decreasing lower plenum inventory, then quickly
changingto a periodof high,probablyinjection-limited,ECC delivery. The transition
betweentheseperiodsoccurredat a relativelyhighpressure(about800 to 1200 kPa),
well before the end of the blowdownphase). Second, the lower plenuminventory
deficit was rapidlyrecovered,and by the time blowdownwas complete, the lower
plenumwas filledalmostto the bottomof the core barrel. The liquidlevelcould not
be higherthan the bottom of the core barrelsincea flow path from the core to the
downcomer is requiredduringblowdown.

Figure4.1-7 also comparesUPTF Test 4A with EOB/refill transientsfor open loop
testsat CCTF (CCTF TestsC2-14 and C2-17). The lowerplenummass is scaledup
to UPTF usingthe lowerplenumvolume scale factor. Note that althoughthe initial
pressureforthe testsisdifferent,blowdowniscompletedfor alitests at approximately
the same time (19 to 24 seconds). More importantly,however,the locationof the
mass turnaroundpoint (the time at minimumlowerplenuminventory) relativeto the
pressuretransientis very differentfor UPTF and the CCTF tests. Specifically,this
pointoccurshighonthe pressuretransientcurvein UPTF(about800 kPa),butalmost
at the end of the transientat CCTF (about200 to 300 kPa). Thiskey differencewas
also observed in comparisonsof blocked loop tests (includingUPTF Test 5A with
Creare 1/5-scale Test 9066, and CCTF Test C2-11--ReferenceU-455).

Althoughthe massturnaroundpoint occursearlier in UPTF, the general shape of the
inventorytransientis similarfor alitests: beforethe turnaround,massis lostfrom the
lowerplenumvery quickly,butafter, ECC deliveryincreasesrapidlyand mayevenbe
injectionlimited. This indicatesthat the periodof partialdeliveryof ECC may be very
brief (for the loops away from the break) and that large uncertaintiesin the flooding
curve may have littleeffect on the rate of water accumulationin the lower plenum
when appliedto estimatingthe EOB/refilltransient. However,predictingthe detailed
timehistoryof lowerplenumrefill(e.g., initiationof delivery)dependson the accuracy
of the floodingcurve.

Post-testTRAC calculationsof thequasi-steadyUPTFtestswereperformedusingboth
MOD1 and MOD2. The MOD2 calculationspredictedthe multidimensionalbehavior
observedin the tests whenadequate modelnodingwas used. Specifically,a model
witheight azimuthalsectors, ratherthan four, was requiredto suitablypredict multi-
dimensionalbehavior. In the MOD2 calculations,the predicted deliverywas greatly
improvedoverMOD1calculations.This improvementinthe predictionof ECCdelivery
withMOD2 isshowninFigure4.1-8whichcomparesthe ECCdeliveryratescalculated
with MOD1 and MOD2 with the UPTF test data.

Post-testTRAC-PF1/MOD2 calculationsof the transientUPTFtests predictedthe key
characteristicsof thesetransients.Specifically,TRACpredictedan initialperiodof high
downcomer upflowwith little ECC delivery and decreasinglower plenum inventory
whichquicklychangedto a periodof highECC delivery. Also,TRAC predictedthat



the lowerplenumwu filledby the end of depressurization,which is consistentwiththe test data.



4.1.1ColdLea Injection

Two important implicationsfor US/J PWRsarisefrom the UPTF countercurrent flow
test results. Deliveryoccursfirstat loopsawayfrom the breakand, a short time later,
fromthe loopnear the break. The transitionfrom very lowto very highECC delivery
also occursquickly(forthe loopsawayfrom the break), and littletime isspent on the
partialdeliveryportionof the CCFL curve. Thusitappearsknowledgeof the full-scale
CCFL curve with a high degree of certaintyis not a requirementfor accurate,best-
estimate,EOB/refillpredictic ,s. In addition,the full-scaleresultsappear to be better
predictedby j*, ratherthan K*, scalingfrom small-scaleresults,which givesa more
favorablefull-scaleECC delivery (ReferenceU-455).

Second, the massturnaround point (i.e., the beginningof refill) duringthe EOB/refill
transientoccurswellbeforetheprimarysystemiscompletelydepressurized.Because
of this,UPTFtest resultsindicatethat the lowerplenumwas essentiallyrefilledto the
bottom of the core barrel by the time the primarysystem pressureequalizedwith
containment. In a PWR best-estimatecalculation,allowingthe lower plenumto be
refilledby the end of the blowdownphase reducesthe core adiabaticheat-up time
before the beginningof the refloodphase. Assumingan overlappingblowdownand
refill reduces the time to core reflood by about 10 seconds over a consecutive
blowdownand refill. This reducesclad temperaturesat the beginningof reflood by
about100K(ReferenceU-455). Similarreductionsintheoverallpeakcladtemperature
wouldalso be expected. Thisindicatesthe conservatisminthe assumptionthat refill
is not initiateduntilblowdownis complete.

Several key differences, however, may have an effect on the applicabilityof these
UPTF resultsto PWRs. These differencesinclude:

• Cold Leg Arrangement- Wider cold leg spacing than in UPTF (which has loops
spacedat 45° and 135° intervalslikea Westinghouseplant)may resultindifferent
bypass/deliverybehaviorfromthe loopnearthe break. Withwiderspacing(such
as in the reference Combustion Engineeringplant with 60°x 120° spacing),
deliveryfrom the loop near the break may be enhanced.

• Thermal Shield - No thermal shieldwas present in the UPTFdowncomer. A "pad"
type shield is estimated to reduce the downcomer flow area by about 10%,
increasingsuperficialvelocitiesby a similaramount. For a cylindricalshield,
howeverthe flow area blockage and superficialvelocity increase is about 30%.
Whilesuchan increaseinvelocitycouldreduceECC delivery,thecylindricalshield
couldalsocreatetwo flowchannels,separatingthe upwardanddownwardflows,
and possiblyimprovingdelivery.
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• ECC FlowRate- In the UPTFtestswithECC injectionto three loops,the flowrate
was about500 kg/s perloop. However,the typicalECC injectionrate at the end
of the accumulatordischargeperiod is about 700 kg/s per loop for 3400 MWt
class Westinghouse PWRs and about 970 kg/s per loop for Combustion
EngineeringSystem80 PWRs. Becausemore steam can be condensedat the
higher ECC flow rates, deliverywould be higher, and the UPTF results are
conservative.

The conclusionisthatthe UPTF resultsare representativeof PWR behavior,although
downcomer configurationdifferences(such as cylindricalthermal shield) must be
consideredin applyingthese results (ReferenceU-455).

The abilityof TRAC-PF1/MOD1 to predict ECC delivery to the lowerplenum for cold
leg injectionPWRswas evaluatedas partof the USNRC's Code Scaling,Applicability,
and Uncertainty(CSAU)study. The evaluationwas basedlargelyon the analysesof
UPTFtests. WhileMOD1significantlyunderpredictsdeliveryto the lowerplenum(see
Section4.1), the CSAU study determinedthat the impact of the poor predictionof
delivery on the predictionof PCT was small. Specifically,it was estimatedthat
TRAC-PF1/MOD1 overpredictsPCT by as muchas 19 K due to underpredictingECC
deliveryto the lowerplenum(ReferenceE-611).



4.1.2 DowncomerInjection

The resultsof the UPTF tests with downcomer injectionrevealed multidimensional
characteristicsof ECC deliverysimilarto that observedinthe cold leg injectiontests.
The core simulatorsteam injectionrate and calculatedECC penetrationrate for the
downcomer injectiontests are plotted in Figure4.1-9. The plots show that ECC
injectedthroughthe nozzlenearthe break (Nozzle 1)was largelybypassedwhileECC
injected through the nozzle away from the break (Nozzle 2) penetrated clownthe
downcomer. For example,in an open ventvalvetestwith a steam flow of 100 kg/s
and an ECC injectionrateof 900 kg/s, the penetrationratefor injectioninto Nozzle 1
was near zero whilethe penetrationrate for injectioninto Nozzle 2 was 750 kg/s.
Fluid temperature contour plots also show this multidimensionalbehavior (see
Figure4.1-10).

For downcomer injectionwith the vent valves open, the delivery rate was essentially
constantforalisteamflowstested,indicatingthatcountercurrentflow limitation(CCFL)
conditionswere notreachedduringthe tests (see Figure4.1-9). The deliveryratefor
injectionto Nozzle 2 onlywas similarto the deliveryrate for injectionto bothnozzles,
again confirmingthat ECC injectedadjacentto the break was bypassed and ECC
injectedoppositethe breakwas delivered. HighlysubcooledECC injectionhad little
effect on the ECC delivery rate, for two reasons: (1) the vent valves provided a
noncountercurrentflow path for steam, reducingthe potentialfor condensation;(2)
CCFL conditionswere apparentlynot reached,so anyreductionin steamupflowhad
littleeffect on ECC delivery. Finally,increased ECC injectionvelocity (due to the
installationofthermalsleevesinthe downcomerinjectionnozzles)had no appreciable
effect on ECC delivery.

For downcomer injectionwith the vent valves locked shut, the ECC delivery rate was
substantiallyaffectedbythe steaminjectionrate, indicatingthat CCFL conditionswere
reachedduringthesetests(see Figure4.1-9). AsshowninFigure4.1-9, ECC delivery
withclosedventvalveswaslowerthanwithopenventvalves. Thisdifferencein ECC
deliveryisdue to differencesinthe amountof steamupflowin the downcomerandthe
steam flow pattern in the top of the downcomer. Specifically,with the vent valves
open, the steam upflowwas lowerbecause about 1/3 of the steam injectionflowed
throughthe vent valves. The ventva!ve steamflow created a circumferentialflow in
the downcomerwhichappeared to reduce/redirectdowncomerupflowand facilitate
ECC delivery. Finally, Figure4.1-9 indicatesthat, for closed vent valves, highly
subcooled ECC injection produced much higher delivery than saturated ECC.

Figure 4.1-9 includes the results of the UPTF downcomer countercurrent flow tests
with cold leg injection. Comparisonof the coldleg injectionteststo the downcomer
injectiontests indicatesthat ECC deliveryfor downcomerinjectionwith closed vent
valves was significantlyless than for cold leg injection. However, delivery for
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downcomer injection with open vent valves was comparable to cold leg injection over
the range of conditions tested.

Post-test analyses of the quasi-steady UPTF tests with downcomer injection were
performed using TRAC-PF1/MOD2. The tests analyzed included tests with closed
vent valves (Test 21A) and open vent valves (Test 22A). ECC delivery to the lower
plenum was significantly underpredicted for Test 21A (closed vent valves) and well
predicted for Test 22A (open vent valves); however, since countercurrent flow
conditions exist for only a short period of time, poor prediction of ECC downflow does
not significantly affect the overall prediction of the EOB transient (Reference U-715).

Transient behavior during end-of-blowdown (EOB)/refill was investigated in an integral
test at UPTF (Test 24). This test simulated an ABB/BBR PWR with accumulator
injection into the downcomer and cold legs. The test results indicate that the lower
plenum was filled to the bottom of the core barrel by the completion of blowdown;
i.e., blowdown and refill overlapped. This is a beneficial result with respect to core
cooling. Specifically, relative to a consecutive blowdown and refill, an overlapping
blowdown and refill reduces the core adiabatic heat-up time before reflood initiation
and therefore the cladding temperatures at reflood initiation. Comparison of the test
results with a TRAC analysis of an ABB/BBR PWR indicates that the reduction in
cladding temperatures at reflood initiation is about 100 K.

The UPTF tests did not investigate transient EOB/refill behavior in a Babcock & Wilcox
(B&W) PWR with accumulator into only the downcomer. However, as indicated above,
downcomer injection with vent valves provided ECC delivery comparable to cold leg
injection. This suggests that transient behavior with downcomer (only) injection and
vent valves would be similarto that observed in the transient EOB/refill tests with cold
leg injection. As previously discussed, the lower plenum was filled to the bottom of
the core barrel prior to the end of depressurization in the cold leg injection tests.
Reference U-460 estimated the reduction in cladding temperature for an overlapping
EOB and refill relative to a consecutive EOB and refill to be 100 K for a B&W PWR.

Two differences between UPTF and ABB/BBR and B&W PWRs may influence the
applicabilityof the full-scale test results (Figure 4.1-11):

• Cold Leg Arrangement - The UPTF cold legs are spaced in a 45°x 135°
arrangement around the downcomer circumference while the ABB/BBR and B&W
cold legs are spaced in a 60° x 120° arrangement. In both configurations, the
ECC injectionnozzles are located between adjacent cold legs, so one ECC nozzle
is always in close proximity to the broken cold leg; however, the nozzle is closer
in UPTF than in ABB/BBR and B&W PWRs. Delivery from the nozzle near the
break could be enhanced somewhat in PWRs relative to UPTF.
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• '_'entValve FlowArea - Whilethe vent valvesin UPTF and ABB/BBR and B&W
PWRsare identicalinsize and number,the two ventvalvesin UPTFoppositethe
ECC injectionnozzleswere locked shut throughoutthe UPTF tests. Thus, the
ventvalveflow area inthe UPTFtestswas 6/8 or 75% of the B&Wventvalveflow
area, reducingthe bc_¢-_efitof vent valve steam flow in UPTF (relativeto PWRs).

= The largerflow area availablein PWRs for vent valve steam flow could produce
higherECC deliveryratesthanwere found in the UPTF tests.

The UPTF resultsare consideredto be representatk'eof ABB/BBR and B&W PWR
behavior,providedthat the _"ove differencesare consideredin applyingthe results.
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4.1.3 Combined Iniection

ECC delivery to the lower plenum for combined injection ECC systems was
investigatedin transient tests at UPTF (see Table 4.1-1). These tests included
depressurizationtransientsfor simulationof the end-of-blowdown(EOB)/refillphase.
The UPTFtestswere open looptests;that is,steam from the test vesselwas vented
to containmentthroughthe intact loops and broken loophot leg, as well as around
the bottom of the core barrel and up the downcomer to the broken cold leg. The
resultsof the UPTFtestsare summarizedbelow.

After a briefdelay for accumulationinthe coldlegs, ECC injectedintothe cold legs
entered the downcomer. As previouslydiscussed,the steam upflowin the down-
comer initiallyentrainedalmostali ECC deliveredto the downcomerout the broken
leg;however,as the upflowdecreased,bypassdecreasedandcoldlegECC injection
penetrated to the lower plenum. The transitionfrom complete bypass to partial
deliveryand to essentiallycompletedeliverywas very rapid.

ECC injectedinthe hot legsflowedtoward the upperplenum,counterto the steam
flowthroughthe loops. The interactionof steamand ECC inthe loopsresultedinthe
formationof water plugsand fluctuationsin ECC deliveryto the upper plenum(see
Section 4.3.2). In the hot legsandupperplenum,steamwascondensedby the ECC
injected inthe hot legs.

ECCdeliveredto the upperplenumfloweddown throughthe tie plateand core to the
lowerplenum. In the UPTFtests, the steam upflowthroughthe tie plate was small
sincemo._tof the steamin the test _esselventedto containmentby flowingaround
the bottom of the core barrel and up the downcomerto the break; consequently,
almostaliECC deliveredto the upperplenumpenetratedthroughthe tie plateto the
lowerplenum. Testsat CCTF and SCTF showedthat water downflowthroughthe
core initiated core cooling in the downflowregion. In SCTF tests, rods in the
downflowregionwere almostquenchedbefore blowdownwas complete. Analyses
and code calculationsindic¢.ethat,for the GP_.#Rcase,the fuel rodsinthe downflow
regionsare quenched priorto reflood(see Section4.6.3).

In the UPTFtests, lowerplenumrefillwas initiatedat a systempressureof 1000 kPa
by the downflowof ECC injectedinthe hot legs. Shortlylater,at a systempressure
of 800 kPa, ECC injectedinthe cold legspenetratedto the lowerplenum. The lower
plenumwas filledto the bottomof the core barrelpriorto the end of depressurization
(i.e., the equilibrationof primarysystemand containmentpressures).

A TRAC calculationof a best-estimateLOCAtransip.ntin a GPWR indicatedthat the
lowerplenum massturnaroundpoint (i.e., initiationof lower plenumrefill)occurred
about 10 seconds before the end of depressurizationat a system pressure of
1000 kPa. The lower plenumliquidfractionat that time was 10%. Like the UPTF
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tests, lower plenum refill was complete prior to the end of depressurization
(ReferenceG-661).

In conclusion,the test resultsdemonstratedthat hot leg ECC injectioncontributed
significantlyto lowerplenumrefillduringthe end-of-blowdownphase of an LBLOCA.
With combinedhot leg and cold leg injection,the lower plenuminventoryincreased
rapidly and reached the bottom of the core barrel before depressurizationwas
complete. Rapid filling of the lower plenum reduces the period for core heat-up
therebylimitingclad temperaturesat the beginningof reflood. Fora GPWRwithfive
of the eight injection locationsactive, calculationsindicate that refillingthe lower
plenum during the end-of-blowdownreduces the core heat-up period by about
ten secondsandthe claddingtemperaturesat refloodinitiationby 80 - 100 K relative
to the case where the lowerplenumis assumedto be empty at the completionof
blowdown. Withinthe waterdownflowregionsof the core, mostof the fuel rods are
quenchedduringEOB by the flow of ECC from the upper plenumthroughthe core
to the lowerplenum.
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Table 4.1-1

Page 2 of 2
NOTES:

1. Scale is relativeto the UPTF downcomerdiameter (OD) (4870 mm or 192 in).
For comparison,the downcomerdiametersfor typicalcold leg injection PWRs
are: 4630 mm (182 in) for a CombustionEngineeringSystem80 PWR; and
4390 mm (173 in) for a Westinghouseor Japanese3400 MWt PWR. The
downcomerdiameterof a 3900 MWt Siemens/KWUPWR with combined
injectionis 5000mm.

2. The UPTFtests with downcomerECC injectionwere performedboth with the
ventvalveslocked closedand withthe ventvalvesfree to open.
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4.2 ENTRAINMENTIN DOWNCOMERDURING REFLOOD

Definition of Issue and Descriptionof Phenomena

In a cold leg break LOCA, the beginning of the "reflood" phase occurs when the
reactor vessel water level reaches the bottom of ttle core. This creates a seal
between the core and the downcomer, and further ECC injectiontends to fill the
downcomerto near the cold leg elevation. The differencein water levelbetween
the downcomer and the core providesthe driving head for core flooding. This
drivinghead also creates a pressuredifferencefrom the top of the core to the top
of the downcomerwhich tends to cause core steam generationto flow out of the
core and through the loops to the downcomor. In combined injection PWRs,
essentiallyaliof the steam flow is condensedby hot leg and/or cold leg ECC and
there is no steam flow into the downcomer. In cold leg injectionor downcomer
injectionPWRs, steam flows to the downcomer via intact loops or vent valves.
Some of the steam is condensed by ECC injected in the cold legs or in the
downcomer. Any steam not condensed, along with steam generated in the
downcomer due to superheated walls, flows circumferentially around the
downcomerand out the broken cold leg, potentiallyentrainingand carryingaway a
portion of the ECC. These refloodphenomenaare illustratedin Figure4.2-1.

Importanceof Issueto PWR LOCA Behavior

The circumferential flow of steam around the downcomer and the generation of
steam on superheateddowncomer walls tend to entrain ECC in the downcomer
region. The interaction of steam flow, wall boiling, and ECC entrainment is
important since it affects the water level iri the downcomer. Reduction of the
downcomerliquidlevelbelow the spilloverlevel (whichis at the bottomof the cold
leg nozzles) reduces the available driving head and tends to reduce the core
flooding rate. This prolongs quench times and potentially allows higher clad
temperaturesin the core.

Testsand Analysesthat Relateto the Issue

The steam/water interaction and entrainment in the downcomer have been
investigatedin separateeffectstestsat UPTF and integraltests at UPTF and CCTF.
The separate effects tests evaluatedthe influenceof steam flow and downcomer
wall superheaton downcomerwater level and entrainment,and the integraltests
provided informationon the transient characteristicsof these phenomena. The
tests includedtests with cold leg ECC injection,downcomer ECC injection,and
combinedECC injection. Table 4.2-1 liststhe tests consideredin thisevaluation.

4.2-1



The evaluationsof the UPTF cold leg injectiontests and downcomer injectiontests,
includingcomparisonsto the CCTF tests, are provided in ReferencesU-455 and
U-460, respectively. Evaluationof the UPTF combinedinjectiontests is coveredin
ReferenceG-411. The major results of these evaluationsand comparisonsare
summarizedbelow.

Post-test TRAC calculationshave been performed for tests at both CCTF and
UPTF. These analyses include TRAC-PF1/MOD1 calculationsof several CCTF
tests (ReferencesU-621 through U-628, and U-631) and of UPTF Test2
(ReferenceU-714). TRAC-PF1/MOD2 calculationshave been performed for CCTF
Test C2-4 (ReferenceU-714), and UPTF Tests23 and 25 (ReferencesU-715 and
U-714, respectively).

Summaryof Key Resultsand ConclusionsfromTestsand Analyses

The UPTF separateeffects tests were designedto create a steady-stateequilibrium
among the downcomerwater level, steam flow rate, ECC entrainmentrate, and
vessel drainage. Steam entered the downcomerfrom eitherthe intactcold legs or
the vent valves,and ECC was injectedintoeitherthe cold legs or downcomer. The
vessel was simultaneouslydrainedto simulatethe loss of water inventoryfrom the
vaporizationof ECC in the core that wouldoccur in an actual PWR. The intentwas
to hold these conditionsconstantlong enoughfor the downcomerwater level and
entrainmentrate to reach equilibrium. Similarflow conditionswere created with
cold leg injection,downcomer injectionwith vent valves, and downcomer injection
withoutventvalves.

The results of the separateeffects tests indicatethat as the steam flow increased,
liquidentrainmentout the broken cold leg increasedwhich tended to reduce the
downcomerwater level. As the ECC injectionrate increased,the downcomerwater
level increased due to the combinationof reduced steam flow from increased
condensation and the higher rate of excess ECC supply to the downcomer.
Correlationswhich relate the '_oicl height" (reductionin the collapsedwater level
below the cold legs) to the steam and entrainmentflow rates were independently
developedby Siemensand MPR. Both correlationsare basedon the results of the
UPTF tests with cold leg injection. While the assumptionsand approachesof the
two correlationsare different,both correlationsare consistentwiththe test data and
predict about the same level reductionfor given flow conditions. Each correlation
is describedbelow.

° The Siemenscorrelationassumesthat entrainmentprimarilyoccurs in front of
the brokencold leg nozzle becausethe steamflow and water levelare highest
at that location. This correlationis based on fundamentalhydraulicequations,
while the shear stress coefficient and constants in the correlation were



4.2.1 Cold Leg Injection

The preceding discussion of test results covered UPTF Test 25 which evaluated the
effect of parametric variations in the loop steam flow and cold leg ECC injection
rates on entrainment and level reduction in the downcomer. The following
discussion covers the results of integral tests and the effect of wall boiling on the
downcomer water level reduction.

In integral tests at UPTF and CCTF, the downcomer water level (and therefore the
driving head available for core flooding) was reduced below the cold leg elevation
by ECC entrainment in the steam flow and by boiling on superheated downcomer
walls. Note that while water spillover out the break due to water level oscillations
can also contribute to the downcomer water level reduction, entrainment and wall
boiling are considered the dominant phenomena.

Figure 4.2-3, the plot of the MPR void height correlation, includes data points from
CCTF Test C2-4 and UPTF Test 2. These integral tests were counterpart tests. As
shown on Figure 4.2-3, the dimensionless steam flow and top void height were
much lower in CCTF Test C2-4 than in UPTF Test 2. This is a result of scale

effects which greatly reduced the top void height in the scaled CCTF. This
reduction was due to the relatively enlarged circumferential flow area in the
subscale facility. Figure 4.2-4 illustrates how these geometric differences affect
dimensionless velocities, lt also shows that the UPTF and CCTF results bound the

behavior expected in a PWR (i.e., J*CCTF< J'PWR< J'UPTF)"

In the UPTF tests with wall superheat, the initial downcomer liquid inventory was
saturated water and ECC delivered to the top of the downcomer was warmed to
nearly saturation by condensation in the cold legs. Accordingly, essentially ali of
the downcomer wall heat release contributed to steam generation. However, in
CCTF tests, the steam generation was temporarily suppressed because the
downcomer inventory was initially subcooled. Although it was not observed in
CCTF tests, it appears there could be situations where LPCI water is not fully
heated to saturation in the cold legs. The delivery of subcooled water to the
downcomer can suppress wall boiling and downcomer voiding.

CCTF tests also displayed a transient wall boiling effect whi,..'hwas not observed in
the UPTF tests, but which is likely to occur in a PWR. The top diagram of
Figure 4.2-5 shows the calculated heat release and estimated steam generation
rate for CCTF Test C2-4. With the high flow of subcooled ECC during accumulator
injection, the initial downcomer inventory was highly subcooled (by as much as
100 K) and most of the energy initially released by the superheated walls simply
heated the downcomer inventory. Steam generation began to occur after
accumulator injection was terminated, when ECC entering the downcomer was
saturated, not subcooled. As saturated water slowly replaced the subcooled water



determined from UPTF tests. The steam flow in the correlation is the total
steam flow out the break, which includessteam generationin the downcomer.
Figure4.2-2 is a plot of the correlationwith the test data. The developmentof
thiscorrelationis discussedin detailin ReferenceG-411.

• The MPR correlation assumes entrainment can occur throughout the
downcomerdue to the azimuthalsteam flow, and that the level reductionsdue
to entrainmentand steam generationare separate and additive. Wall steam
generationis taken intoaccountby correctingthe measuredvoid heightfor the
voidingdue to the steam generation. The void height due to wall boiling (or
bottom void height) is based on the steam generationrate correspondingto
the calculated downcomerwall heat release, and a void fraction correlation
developedby JAERI for verticalsteam flow in a columnof liquid. As shown in
Figure4.2-3, the '_op" void height (level reduction due to entrainment)was
plottedas a functionof the ratio of the effectivesteam flow and the entrainment
rate. The effective steam flow is defined as the injected steam flow less
condensation. A detaileddescriptionof the developmentof this correlationis
providedin ReferenceU-455.

Detailed discussions of the 2D/3D Program results are provided in
Subsections4.2.1, 4.2.2, and 4.2.3 for cold leg injection,downcomerinjection,and
combinedinjection,respectively.



at the top of the downcomer, steam generation increased to a maximum, but then
fell off as the total wall heat content and heat release rate decreased.

Also shown in Figure 4.2-5 is the collapsed downcomer water level for Test C2=4.
This figure illustrates the influence of the wall steam generation on the downcomer
level/entrainment behavior observed in most CCTF Core-II reflood tests. As steam
generation increased in the first 150 seconds after the downcomer was filled,
voiding due to steam generation (bottom voiding) increased, corresponding to the
decrease in the collapsed water liquid level. After about 200 seconds, the steam
generation rate dropped, decreasing bottom voiding and corresponding to the
increase in the collapsed wat_=r level. Thus the variation in the downcomer water
level appears to be mostly due to bottom voiding, while the void height created by
ECC entrainment in the loop steam flow (the top void height) remains fairly
constant at a small value.

Comparisons to the TRAC analyses showed that the TRAC-PF1/MOD? analysis of
CCTF Test C2-4 did not show the observed level reduction transient due to
downcomer wall steam generation. Instead, the calculated downcomer level was at
the spillover elevatior, throughout the transient, lt appears the code did not
correctly calculate steam condensation in the cold legs which allowed saturated
water to be delivered to the downcomer in the tests. Instead, subcooled water was
delivered to the downcomer, which suppressed steam generation from wall heat
release.

The TRAC-PF1/MOD2 analysis of UPTF Test25 generally underpredicted
downcomer water level. Since it is unclear as to why TRAC underpredicted the
downcomer water level, the accuracy of the code in predicting local downcomer
phenomena could not be evaluated. Reference E-609 concluded that, since the
impact of dow ncomer entrainment and wall boiling on PCT is small, the
underprediction of downcomer level is not a significant contributor to code
uncertainty.

Using the test results and evaluations described above, the best-estimate driving
head available in a Westinghouse PWR during the reflood period was calculated.
]lle void height contribution due to entrainment in the loop steam flow was based
on the loop steam flow rate and the core inlet mass flow rate from best-estimate
CCTF tests. The ECC entrainment rate was calculated from the ECC injection rate
and the core inlet flow rate, assuming a steady downcomer level. Using the MPR
entrainment correlation, the top void height was estimated as essentially zero to=

0.25 m. The higher value (0.25 m) corresponds to the single-LPCI-pump failure
ECC flow rate of 240 kg/s, while the zero void height corresponds to the no-failure
ECC flow rate of 420 kg/s. In the no-failure _ase, ali of the intact Iooo steam flow
is condensed, so there is no steam flow out the broken cold ley and no level
depression due to entrainment.



The contribution to the total void height resulting from wall boiling was estimated
based on conduction-limited wall heat release and the fraction of that available for
steam generation. For the no-failure LPCI case, steam generation was suppressed
throughout the transient. For the single-failure case, ECC delivered to the
downcomer was assumed to be saturated as observed in CCTF, and steam
generation gradually increased as the saturated water replaced subcooled water in
the downcomer. Steam generation in the PWR (for single-failure LPCI case) would
be about five percent of the total loop steam flow.

With an effective downcomer length of 5 m, the PWR bottom void height was
calculated to range from 0.3 m initiallyto 0.7 m for the majority of reflood. The total
maximum estimated void height in the PWR was therefore 0.95 m. The resulting
downcomer liquid level is shown on Figure 4.2-6. Assuming the core liquid level
rneasured in CCTF Test C2-4 is representative of that for a PWR, the downcomer
driving head would be about 2.6 m of water. Note that since the bottom of the
cold legs are at an elevation of 4.95 m in the Westinghouse PWR, the maximum
downcomer driving head would be about 3.5 m. Based on the calculated driving
head, it was estimated that, relative to no downcomer voiding (i.e., the full 3.5 m
driving head), the overall increase in PCT during reflood would be 13 K
(Reference U-455). Thus, while assuming the downcomer remains completely filled
(to the bottom of the cold leg nozzles) is a nonconservative assumption, the overall
influence of downcomer voiding on the reflood PCT is estimated to be relatively
small.

4.2-6



4.2.2 Downcomer Injection

As previously indicated the separate effects tests at UPTF were intended to
maintain constant flow conditions long enough for the downcomer water level and
entrainment rate to reach equilibrium. However, in the tests with downcomer ECC
injection, the downcomer water level did not always reach steady state in the time
allowed. This was apparently due to the fact that a large fraction (40 - 50%) of the
ECC bypassed the downcomer entirely and traveled directly out the break,
meaning less ECC was delivered to the vessel than expected. Direct bypass of
about half of the injected ECC appeared to be a result of the close proximity of one
of the ECC injection nozzles to the break at UPTF (see Figure4.1-11).
Accordingly, this result is not necessarily directly applicable to B&W and ABB/BBR
plant configurations.

The results of the UPTF separate effects tests with downcomer injection are shown
in Figure 4.2-7, a plot of void height versus steam flow. For comparison,
Figure 4.2-7 also includes data from the cold leg injection tests. The steam and
ECC flow rates were similar for ali the tests. Note that the circled data points were
the only ones which achieved equilibrium, so the other data points would be
expected to move to a lesser void height as they approached equilibrium.

As shown in Figure 4.2-7, the void height for downcomer injection without vent
valves was significantly higher than for cold leg injection. This difference was
attributed to the location of the downcomer injection nozzles above the cold legs
(where steam enters the downcomer). This configuration favored bypass
(Reference U-460).

Figure 4.2-7 also shows that the void height for downcomer injection with vent
valves was lower than for downcomer injection without vent valves because the
steam entered the downcomer via the vent valves rather than the cold legs. With
the vent valves open, steam entered the downcomer at a higher elevation which
favored flow stratification and reduced entrainment. This reduction in entrainment

compensated for direct ECC bypass. Consequently, as shown in Figure 4.2-7, the
void height for downcomer injection with vent valves was comparable to cold leg
injection (Reference U-460).

The UPTF tests with open vent valves simulated both single-phase steam flow and
two-phase steam/water flow through the vent valves. Test results indicate that, for
the same steam flow, the void height with two-phase flow through the vent valves
was higher than with single-phase flow (see Figure 4.2-7). Apparently, entrainment
out the break increased due to the higher momentum flux in the downcomer
(Reference U-460).



The UPTF data are p!otted in Figure 4.2-8 to show the downcomer top void height
versus the ratio of the dimensionless steam flow and entrainment rates. The

amount of direct bypass was subtracted from the total break water outflow to
obtain an "entrainment" outflow comparable to that evaluated in cold leg injection
tests. Note, for the test with two-phase flow through the vent valves (i.e.,
Test 23C), j * was calculated based on the two-phase flow and not just the steamQ
flow; hence the data points are shifted to the right relative to the single-phase data
points. Most of the UPTF downcomer injection data were out of the range of the
cold leg injection correlation (Reference U-455) because the high ECC bypass
caused the entrainment rates to be much lower than in the cold leg injection tests.
The downcomer injection data indicate that the downcomer water level will
approach a lower asymptote (i.e., maximum void height) with high steam flows.
This suggests that the cold leg correlation should not be extrapolated beyond the
range of cold leg data (i.e., beyond dimensionless steam flow/entrainment ratio
of 2).

Two downcomer injection tests, one with vent valves and one without vent valves,
were performed at CCTF. In the test without vent valves, the downcomer water
level periodically exceeded the cold leg elevation as the downcomer and core water
levels oscillated. These oscillations were attributed to the location of the

downcomer injection nozzles slightly below the cold leg elevation (see References
J-973 and U-414).

For comparison with the UPTF tests, data from the two CCTF tests are included on
Figure 4.2-8. The vertical bars indicate the magnitude of the significant water level
oscillations that occurred during these tests. The entrainment rates were
determined assuming direct bypass of the ECC injected in the nozzle near the

break. For the test with open vent valves, jg* was calculated based on the
estimated steam flow through the vent valves because the two-phase flow could

not be readily determined. If !Q was calculated for the two-phase flow, the data
points would be shifted to the right. Review of Figure 4.2-8 indicates that the top
void height for the CCTF tests was small compared to that in the UPTF tests (less
than 0.75 m versus greater than 0.85 m). This is consistent with the scale effect
observed in cold leg injection tests (see Section 4.2.1). Also, due to two-phase
flow through the vent valves, the top void height was larger with vent valves than
without vent valves.

A post-test analysis of UPTF Test 23B was performed using TRAC-PF1/MOD2
(Reference U-715). The analysis results indicate that TRAC can predict downcomer
level/entrainment phenomena for downcomer injection with vent valves.
Specifically, TRAC predictions of the collapsed water level in the downcomer and
ECC entrainment out the broken cold leg were in reasonable agreement with the
test data.



To determine what effect entrainment and downcomer voiding may have on an
actual PWR with downcomer ECC injection, the increase in PCT for a B&W
2600 MWt plantwas estimated. The assumptionwas made that halfof the injected
ECC was bypassed (as in the UPTF tests), and the cold leg injection correlation
was used to estimate the void height due to entrainment. Use of the cold leg
correlationis reasonablesince the UPTF data in Figure 4.2-7 indicatesimilarvoid
heightsin the downcomerinjection/ventvalveand cold leg injectiontests; also, the
expected PWR flow conditionsare withinthe range of the cold leg injectiondata.
The increasein PCT due to the bypassand entrainmentphenomenawas estimated
to be in the range of 13 - 18 K at a B&W plant, indicatingthat the overall influence
of downcomervoidingon reflood PCT is relativelysmall (ReferenceU-460). Note
that this estimate is based on the downcomer water level reaching steady-state
early inthe refloodperiod. If ECC bypassoccurs in the B&W plant as in the UPTF
tests, the attainmentof steady-statedowncomerwater levelcould be delayed such
that an additionalincreasein refloodPCT could result (ReferenceU-460).



4.2.3 Combined Injection

The results of combined injection integral tests at CCTF and SCTF indicate that
most of the downcomer wall heat transfer was tc subcooled water which was
present in the downcomer due to high ECC injection rates. The presence of
significant subcooling was confirmed in UPTF tests. The subcooling was sufficient
to completely suppress wall boiling; therefore no voiding due to wall heat release is
expected in combined injection PWRs.

In the UPTF tests with combined ECC injection into cold leg and hot leg, the ECC
flows were sufficiently high (about 400 kg/s per injection port) to condense ali of
the loop steam flow during reflood; consequently, there was no downcomer water
level reduction due to entrainment flow out the broken cold leg.

In conclusion, downcomer level reductions due to wall boiling or entrainment are
not expected in a PWR with combined cold and hot leg ECC injection.
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Table 4.2-1

SUMMARY OF TESTS RELATEDTO
DOWNCOMER ENTRAINMENT DURING REFLOOD

Facility
Type of Test and Facility References

Test Scale

Cold Leg Injection UPTF: 12,3 U-455, G-411
SeparateEffe,'ttsTests Test 25A G-025, G-225

Test 25B G-025, G-225

Cold Leg Injection UPTF: 12,3 U-455, G-411
IntegralTests Test 2 G-002, G-202

CCTF-II: 1/213 U-414
Test C2-4 J-052, J-250, J-448

DowncomerInjection UPTF: 1.52,4 U-460, G-411
SeparateEffectsTests Test 21D G-021, G-22.1

Test 23B G-023, G-223
Test 23Ce G-022, G-222

DowncomerInjection CCTF-II: 1/16 4 U-414
IntegralTests Test C2-AA2 J-048, J-246, J-446

Test C2-10 J-058, J-256

CombinedInjection UPTF: 12,5 G-411
IntegralTests Test 3 G-003, G-203

Test 18 G-018, G-218
Test 28 G-028, G-228

qOTES:

1. Facilityscale is based on core thermalpower.

2. The scale of UPTF is based on the thermalpower of its referencePWR --
3900 MWt.

3. Relativeto a 3400 MWt Westinghouseor JapanesePWR.

4. Relativeto a 2600 MWt Babcock& WilcoxPWR.

5. Relativeto a 3900 MWt Siemens/KWU PWR.

6. UPTFTest 23C was actuallythe second portionof Test 22A.
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Note: For simplicity hot legs are not shown.
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Legend:
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Notes"

I. This figure shows reflood phenomena for PWRs which inject ECC into the
cold legs.

2. For combined injection, ECC is also injected into the hot legs.

3. For downcomer injection, ECC is injected through nozzles in the
downcomer rather than the cold legs, and the phenomena are similar to
that shown in this figure.

4. For PWRs with vent valves, steam flows directly from the upper plenum to
the downcomer through vent valves (not shown).

PWR REFLOOD PHENOMENA
IN THE COLD LEG/DOWNCOMER REGION

FIGURE 4.2-1
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4.3 STEAM/ECC INTERACTIONSIN LOOPS

Definitionof Issueand Descriptionof Phenomena

Duringan LBLOCA,ECC is injectedinto the reactor coolant systemto refill the lower
plenumand refloodthe core. For most PWRs,the ECC is injectedthrough nozzles
in the reactor coolantpiping;i.e., cold legs and/or hot legs. The interactionof the
loop steam flow with subcooled ECC results in either a plug flow regime or a
separated flow regime depending on the steam flow rate, ECC flow rate, ECC
subcooling,and ECC injectionconfiguration.

• Plugflow regimesare characterizedby the formationof a waterplug which fillsthe
pipecrosssection. In plugflow,the plugcan eitherremainstationaryor oscillate
relativeto the injectionnozzle location.

• Separated flow is typicallystratified flow. The steam and water flows can be
cocurrent (e.g., cold leg ECC injection)or countercurrent(e.g., hot leg ECC
injection).

Because the steam and ECC flow rates change with time during the course of a
LOCA, changes in flow regimealso occur. In some cases an "intermediate"flow
regimecan occur, in whichthe flowswitchesbetweenplugand separatedregimes,
even for relativelyconstantconditions;this regime is calledunstableplugflow.

With cold leg injection,both the ECC and steam flows are toward the downcomer
(i.e., cocurrent). In thiscase, plugformationis determinedby steamcondensation.
Oscillatoryplugflowoccursat highECCflowsdue to condensationoscillations.When
the plug/steaminterfaceis downstreamof the ECC nozzle,the steamcondenseson
the plug interfacewhich is continuouslysuppliedwith subcooledECC. This strong
condensationcausesa reductionin steampressurein the cold legwhichdrawsthe
plugupstream. When the plug/steam interfaceis upstreamof the ECC nozzle,the
interfacebecomessaturatedand condensationreducessignificantly.Steampressure
increasesandpushesthe plugdownstreamuntilthe interfaceis exposedto the ECC
nozzleand the processrepeats. As the ECC flow decreases, the magnitudeof the
oscillationsdecreases. At low ECC flows,the plugbreaks down intothe cocurrent
stratifiedflowregime (see Figure4.3-1).

For hot leg injection, the ECC and steam flows are countercurrent rather than
cocurrent. In thiscase, the steam/ECC interactioninvolvesboth condensationand
the countercurrentflow limitation(CCFL). Flowin the hot legs can be stratifiedflow
or plug flow. Plugformationoccursat highsteam flowsdue to the reversalof the
ECC flow by the momentum of the steam. The plug grows toward the steam
generator(SG) aswater accumulatesinthe hot leg. Water whichreachesthe SG U-
tubes is evaporatedby heat transfer fromthe secondaryside. The plug is discharged
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into the upper plenum when either the hydrostatichead of the plug, or the pressure
increasedue to the evaporationinthe U-tubesexceedsthe loopdifferentialpressure.

In combinedir,,jectionPWRs,the phenomenadescribedabove occursimultaneously
in the hot legs and cold legs. Also, the steam/ECC interactionin the hot leg can
influencebehaviob"inthe cold leg and viceversa.

Overall,the steam/ECC interactionin the loopsand the resultantflow regimeaffect
the steam condensationrate, the steam flow in the loops, and the rate and
temperatureof ECC deliveryto the reactorvessel.

Importanceof Issueto PWR LOCA Behavior

The steam/ECC interactionin the loopsand the resultantflow regimedeterminethe
steamcondensationrate,and the temperatureandrateof ECC deliveryto the reactor
vessel. Plugformationinthe loopscouldblocksteamflow in the loops andthereby
impairventingof steam generatedin the core. These phenomenaaffect the overall
systemLOCAresponse,includingcore floodingrateand co_'ecooling. The plugflow
regimecan also resultin largeoscillationsof steamflow,wat,_rdeliveryto the reactor
vessel,andsystemand looppressureswhichmayimpactthe time thatrefloodinitiates
and may excite downcomer-coremanometeroscillationsduringreflood.

Tests and Analysesthat Relateto Issue

The steam/ECC interactionin the loops and associatedflow regimes have been
investigatedin severaltestsand analyseswithinthe 2D/3D Programand elsewhere.
Table4.3-1 lists the tests which are considered in this evaluation. Within the
2D/3D Program,separateeffectstestsatUPTFinvestigatedflowregime,condensation
effects and countercurrent flow effects under controlled conditions. These tests
covered cold leg injection,hot leg injection,and combinedinjection. Also, integral
tests at CCTF and UPTF provided informationon steam/ECC interactionsduring
simulatedtransients. Outsidethe 2D/3D Program,numerousseparateeffectstests
were performedat small-scalefacilities.The small-scaletests includedtestswithcold
leg injectionandtests withhot leg injection.

The evaluation of the UPTF separate effects with cold leg injection including
comparisonsto the applicableintegraltests at CCTF and UPTF, and the separate
effectstests at small-scalefacilitiesis providedinReferenceU-458. Evaluationof the
UPTFseparateeffectstestswithhotleg injectionis providedinReferencesG-411and
G-911. ReferenceG-411alsocoversthe evaluationof the combinedinjectionintegral
tests. The majorresultsof theseevaluationsand comparisonsare discussedbelow.



Post-testTRAC calculationshavebeen performedfor severalof the UPTF and CCTF
tests. TheseanalysesincludeTRAC-PF1/MOD1 calculationsof UPTF Tests8 and 9
(ReferencesG-641 and G-642, respectively)and TRAC-PF1/MOD2 calculationsof
UPTF Tests8A, 25, 2 and 17B, and several CCTF tests (ReferenceU-714). In
addition, a post-test analysisof UPTF Test 26A was performed using ATHLET
(ReferenceG-646).

Summaryof Key Resultsand Conclusionsfrom Testsand Analyses

The test results indicate that the loop flow regime depends strongly on the
thermodynamicratio (RT)whichis the ratio of the potentialcondensationrate to the
steamflow. A thermodynamicratioof one indicatesthat the ECC can fullycondense
the steam.

RT =
/14STM (hsru - h_

In general,stratifiedflow occurredwhen the condensationpotentialof the ECC was
less than the steam flow (RT <1), and plug flow occurredwhen the condensation
potentialof the ECC exceededthe steamflow (RT> 1). Whetherplugflowwas stable
or unstablewas determinedby the momentumfluxof the loopsteamflow. Detailed
discussionsof the resultsare providedin Subsections4.3.1, 4.3.2, and 4.3.3 for cold
leg injection,hot leg injection,and combinedinjection,respectively.
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4.3.1 Cold Leg Injection

The results of the UPTF separate effects tests with cold leg injection are plotted in
Figure 4.3-2. This figure indicates that plug flow only occurred when the condensation
potential of the ECC exceeded the steam flow (i.e., thermodynamic ratio greater than
one). At low steam flows plug flow was unstable because the momentum of the steam
flow was not sufficient to maintain the plug. The cyclic formation and decay of water
plugs in unstable plug flow resulted in large pressure and flow oscillations.

Figure 4.3-2 also indicates that stratified flow always occurred when the steam flow
exceeded the ECC condensation potential (i.e., a thermodynamic ratio less than one).
Stratified flow also occurred at thermodynamic ratios slightly greater than one. In
these cases, thermal stratification of the water layer in the bottom of the cold leg
limited condensation to less than its maximum value and prevented total consumption
of steam. The highest thermodynamic ratio for which stratified flow was observed was
about 1.3.

For comparison, Figure 4.3-2 includes data from UPTF integral test results covering
flow conditions from end-of-blowdown through refiood. As shown in the figure, the
integral test data were consistent with the separate effects test data.

As indicated above, for stratified flow conditions, the steam was only partially
condensed. Condensation in this case was evaluated in terms of condensation

efficiency, defined as the ratio of the measured condensation rate to the condensation
rate needed to heat the ECC to saturation. The condensation efficiency for the UPTF
separate effects tests was found to be 80-100% with saturated and slightly
superheated steam as shown by the circle data on Figure 4.3-3. UPTF integral test
results, where stratified flow conditions existed (the triangle data points in
Figure 4.3-3), were consistent with the separate effects test results.

The flow regime results from subscale tests were found to be consistent with the UPTF
results in that the transition from stratified flow to plug flow occurred at a
thermodynamic ratio somewhat greater than one. A summary of the flow regime
transition boundary vs. scale is shown in Figure 4.3-4. Scale appears to have a small
influence on flow regime, whereas the nozzle orientation appears to have a more
significant influence. The flow regime transition thermodynamic ratio tended to
decrease slightly towards 1.0 with increasing sca,le for tests with top ECC injection
nozzles. Results for tests with side ECC injection nozzles indicate that flow regime
transition occurs at thermodynamic ratios around "1.3instead of about 1.0 for top ECC
injection. The thermodynamic ratio for the transition to plug flow was higher for side
injection than top injection because side injection tends to result in thermal stratification
of the water layer in the cold leg which, as indicated above, limits steam condensation
and prevents plug formation. The condensation efficiencies determined from the
scaled tests were close to 100%.



Post-test runs of the TRAC-PF1/MOD2 code (Versions 5.3 and 5.4) were used to
assessthe code's abilityto predictcold leg flowphenomenafor UPTFTests 8A, 25,
2A, and 17B,andCCTF TestsC2-SH2 andC2-4 (ReferenceU-714). Resultsindicated
that the code predictsthe flow regimeand thetransitionpointbetweenplugflow and
stratifiedflow. For plug flow, the code predicted the frequency of the flow and
pressure oscillationsbut slightlyunderpredictedthe amplitude of the oscillations.
Condensationduringplugflowconditionswasalsounderpredicted. Forstratifiedflow
conditions,code predictions of condensationrate and the temperature of ECC
deliveredto the downcomerwere in good agreementwiththe test results.

Typically, cold leg injectionP'"Rs use top injectionfor the ECC; hence, plug flow is
expectedto occur when the ECC flow is high enoughto cause the thermodynamic
ratioto exceed1.0. Duringan LBLOCA,the highECC flow from accumulatorinjection
is sufficientto cause plug flow. Accumulatorinjectionoccurs during the end-of-
blowdown,refill,andearlyrefloodphasesof the LBLOCA. The plugdoes notprevent
steam flow through the cold leg as has sometimesbeen conservativelyassumed;
instead condensationon the plug interfaceinducesa steam flow. The late reflood
phase ischaracterizedby lowerECCflowratesfrom the pumpedlowpressurecoolant
injectionsystem. For this phase, stratifiedflow is expected except for selected
combinationsof conditionslike low steam flow coupled with flow from both low
pressureinjectionpumps (i.e., no-LPCI-failurecase). Condensationefficiencyduring
the stratifiedflow regimeis expectedto be near 100%.
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4.32 Hot Leg I_ection

In the UPTF tests with hot leg injection, three different flow regimes were observed;
specifically,stable plug flow, unstable plug flow, and stratifiedflow. Each of these flow
regimes is described below.

• In stable plug flow, a wat:erplug formed adjacent to the injection nozzle. The plug
grew toward the steam generator as ECC accumulated in the hot leg. For tests
in which steam was injected in the steam generator simulator (SGS) to simulate
vaporization of the plug in the steam generator U-tube_, the plug was discharged
into the upper plenum when the combination of the increase in SGS pressure and
the hydrostatic head of the plug exceeded the momentum flu_ of t,le steam flow.
For tests in which steam was not injected in the SGS, the plug was discharged
into the upper plenum when the hydrostatic head of the plug exceeded the
momantum flux of the steam flow into the hot leg. In both cases, ECC delivery to
the upper plenum fluctuated over time.

• In unstable plug flow, water plugs alternately formed and decayed. The cyclic
formatio_ and decay of water plugs resulted in pressure and flow oscillations,and
fluctuations in ECC delivery to the upper plenum.

• ;n strat!_ed P,ow, steam flowed toward the steam generator in the top portion of
the hot leg while ECC flowed toward the upper plenum in the bottom portion of
the hot leg. In son,e cases, the water layer was thermally stratified. At high steam
flows, the ECC flow was partially reversed resulting in temporary water
accumu;ation (or hold-up) and fluctuations in ECC delivery. However, at low
steam flnws, there was no significant hold-up and ECC delivery fluctuated only
slightly.

Reg&rdless of whether water delivery to the upper plenum fluctuated or was nearly
steady, almost ali of the ECC i_,jected into the hot legs was delivered to the upper
plenum.

Figure 4.3-5 is a plot of the steam flow versus condensation potential of the ECC
which indicates the _]owregime bstablished under differentconditions. Included inthe
figure is a line which shows the condensation potential and steam flow are equal
(i.e., thermodynamic ratio, R_ of one). Figure 4.3-5 shows that when the
condensation potential was less than the steam flow (i.e., RT<1), flow in the hot leg
was stratified to provide a vent path for the uncondensed steam flow.

Figure 4.3-5 shows that plug flow, either stable or unstable, occurred only when the
condensation potential of the ECC exceeded the steam flow (i.e., RT> 1). The UPTF
data also show that, for a given condensation potential, unstable plug flow occurred
at low ste&m flows.
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Siemens calculated the minimum steam flow for stable plug flow assuming that the
plug does not decay when the flow force acting on the end of the plug balances or
exceeds the hydrostatic pressure on the plug end and the momentum flux of the ECC
(Reference G-411). The calculations predict that the minimum steam flow for stable
plug flow in the hot legs is dependent on the pressure, the pipe diameter, and the
condensation potential of the ECC (Reference G-911). The results of these
calculations are compared to the UPTF data in Figure 4.3-5 and to the Creare data in
Figure 4.3-6. As shown in these figures, the calculated minimum steam flow for stable
plug flow is consistent with the data.

Post-test calculations of the UPTF tests were performed using both TRAC-PF1/MOD1
and ATHLET. The momentum interaction between the steam and ECC was well
predicted by the codes. Specifically, the code predictions of flow parameters such as
mass flow rates, liquid levels, entrainment, and countercurrent flow limitationwere in
good agreement with the test data. However, the code predictions of interfacial heat
transfer were deficient (References G-641 and G-646).

Based on the full-scale UPTF tests, the following conclusions can be made regarding
LBLOCA behavior in PWRs with hot leg ECC injection.

• For typical core exit steam flows (i.e., 50 kg/s to 100 kg/s) and ECC flow rates
up to 150 kg/s, the flow regime in the hot leg is stratified countercurrent flow and
ECC delivery to the upper plenum is steady. However, for ECC flow rates higher
than 150 kg/s, the flow regime is plug flow and delivery of subcooled ECC to the
upper plenum fluctuates.

• Regardless of the hot leg flow regime, almost ali ECC injected into the hot legs is
delivered to the upper plenum. In the case of plug flow, a small amount of water
is evaporated if the water plug enters the SG U-tubes.



4.3.3 (_ombinedInjection

In the UPTFseparateeffectstestwith combinedinjection(Test 9), stratifiedflowwas
observed in both the hot and cold legs for ECC injection rates less than 100 kg/s.
However,for ECCflowsgreaterthan 200 kg/s, plugsformed in boththe hot leg and
cold leg. Formationof the plugs was affected by changes in the pressureof the
steam volumebetweenthe plugs(i.e., betweenthe steam generatorsimulator[SGS]
and the pump simulator). Specifically,condensationon the pump simulatorside of
the cold leg plug andthe SGS side of the hot leg plugreducedthe pressurein the
steamvolumebetweenthe plugs. Consequently,the plugsgrewtowardeachother.
When the hot leg plugenteredthe SGStube region,steamwas injectedintothe top
of the SGS to simulatevaporizationof water in steam generator U-tubes. This
pressurizedthe steamvolumebetweenthe plugsand pushedthe hot leg plugto the
upper plenumand the coldleg plugto the downcomer. After the hot leg plugwas
dischargedintothe upperplenum,anothercycleof plugformationstarted.

A post-testanalysisof UPTFTest 9 wasperformedusingTRAC-PF1/MOD1to assess
the code's abilityto predictflow phenomenain the intactloops (ReferenceG-632).
The resultsof the analysisare summarizedbrieflybelow.

• Overall,the TRAC predictionswere ingood agreementwiththe test. Specifically,
plug movementwas dependent on the pressurehistoryin the steam volume
between the hot legplugand the coldlegplug,and deliveryof ECC to the upper
plenumwas intermittent.

• TRAC correctlycalculatedthe cold leg liquidtemperatureson both sidesof the
ECC injectionnozzle. This indicatesthat heat transfer from the vapor to the
subcooledliquidby direct contact condensationis adequatelymodeled in the
code.

• TRAC correctlycalculatedthe formationof a plug in the hot leg between the
injectionpipe (Hutze)and the SGS. Whilethe calculatedtemperatureinthe water
plugbehind the injectionnozzlewas too low, the calculatedtemperatureof the
ECC streambetweenthe injectionnozzleand upperplenumwas too high.

For ECC injectionrates typical of combined injection PWRs (i.e., >200 kg/s per
injectionnozzle),the followingconclusionscan be rr=ade.

• The flow regime in both the hot and cold legs is plug flow and deliveryto the
reactor vessel(upperplenumand downcomer)fluctuates.



• Essentiallyali ECC injectedintothe intactloopsis deliveredto the reactorvessel.

• The steam flow in the intact loops is completelycondensedin the loops.



Table4.3-1

SUMMARYOF TESTS RELATEDTO STEAM/ECC INTERACTIONIN THE LOOP_

Page 1 of 2
i i i i

Facility
Type of Test Facility Scale1 References

ii

Cold Leg Injection UPTF: 1 U-458, G-411
SeparateEffects Test 8 G-008, G-208

Tests Test 25 G-025, G-225

Cold Leg Injection UPTF: 1 U-458, G-411
IntegralTests Test2 G-002, G-202

Test 4 G-004, G-204
Test 17 G-017, G-217

CCTF-II: 1/5 U-414
Test C2-2 J-046, J-244
Test C2-4 J-052, J-250
Test C2-12 J-060, J-258

_ Test C2-14 J-062, J-260

Cold Leg Westinghouse 1/14 E-435
Hydraulic
ResistanceTests Westinghouse 1/3 E-435

Combustion 1/5 E-431
Engineering

Combustion 1/3 E-432
Engineering

,=

Cold Leg Flow Creare 1/20 E-433
RegimeTests "

Tokyo Instituteof 1/25 E-911
Technology J-936,,

ii
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Table4.3-1

SUMMARY OF TESTS RELATEDTO STEAM/ECC INTERACTIONIN THE LOOP_

Page 2 of 2
I "r '" ii, i ,llS i ii ' lr' ' ' i Ii i

Facility
Type of Test Facility Scale1 References

i= ii i i ii i1_ ii i1{1111 I I T ] I i iii i ii i ii i ii i | iii |1 i i

Hot Leg Injection UPTF: 1 G-411, G-g11
SeparateEffects Test 8 G-008, G-208
Tests Test 26 G-026, G-226

,, ,, , ,,

Hot Leg Flow Creare 1/5 E-434
RegimeTests 'Creare 1/10 E-434
,, , ,, , , , ,,

Combined UPTF: 1 G-411
InjectionSeparate Test 9 G-009, G-209
EffectsTests

, i , • ,,, ,,, ,,, ,, ,i ,

Combined UPTF: 1 G-411
InjectionIntegral Test 3 G-003, G-203
Tests Test 14 G-014, G-214

Test 18 G-018, G-218
Test 19 G-019, G-219

, i ,, ,, ,, , ,

CCTF-II: 1/5
Test C2-19 J-067, J-454, J-
Test C2-20 455
Test-C2-21 J-068, J-456

J-069, J-456
- , ,, ,, ......... : ....... : .............. : i, r i, i i i ,i , i

NOTE:

1. The facilityscale is based on the loopdiameterand is relativeto a typical
PWR.
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4.4 EFFECT OF ACCUMULATORNITROGEN DISCHARGE

Definitionof Issue and Descriptionof Phenomena

In some PWRs, dependingon accumulatordesign,the dischargeof nitrogenfrom
ECC accumulatortanks intothe primarysystemoccursshortlyafterthe start of the
reflood phase of the LOCA transient. When the water in the accumulatortank
attachedto the coldlegof eachcoolantloopis depleted,the nitrogenthat pressurizes
the tanksescapes throughthe ECC piping(see Figure4.4-1). The nitrogenflowsat
a muchhighervolumetricratethan the precedingwaterbecausethe pressurelosses
in the pipingare less for the lowerdensity gas. The effectsof the nitrogenflow
transienthave been discussedpreviouslyin ReferenceU-911, a summaryof TRAC
analysesof the phenomenon.

The nitrogen quicklypushes ECC water from the intact cold legs ir.to the reactor
vesseldowncomer. Also,water inthe top of the downcomerand inthe brokencold
leg ispushedtowardthe break. The primarysystem(particularlythe regionintowhich
the nitrogenis injected)is pressurizedfor a short perioduntilthe nitrogencan leave
the system.

System pressure is further increasedby suppressionof steam condensation. As
nitrogenmixeswithor displacessteam,the rateof condensationbecomesmuchlower
than when pure steam was in contact with the subcooledwater (see Figure4.4-1).
The accumulationof uncondensedsteamcontributesto thetemporarypressurization
of the downcomerand coldleg regionsof the primarysystem.

Note that just before the nitrogendischargebegins, the pressure above the core
exceedsthe pressurein the downcomer due to the pressuredrop of steam flowing
from the upperplenum aroundthe intactloops. The pressuredifferencekeeps the
water levelinthe core lowerthan inthe downcomer (see Figure4.4-2). The nitrogen
pressurizationof the downcomerdisruptsthe existingpressuredistributionand forces
a portion of the water in the downcomer into the lower plenum, displacinglower
plenumwater intothe core (see Figure4.4-3). The lowerplenumwater is subcooled,
in part due to the rise in pressure. As the water surges into the core, heat is
absorbed until, after a brief delay duringwhich the water is heated to saturation,
additionalsteam is produced.

The increasedsteam productionin the core increasesthe pressureabove the core.
The pressureincrease,coupledwith a decreasingnitrogendischargerate, eventually
stopsthe rise in core water (see Figure4.4-4) and then forces some of the water to
flow out of the core and back intothe lowerplenum(see Figure4.4-5). More water
may remainin the core than was presentbeforethe nitrogen-inducedsurge.
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Importanceof Issueto PWR LOCA Phenomena

Proper understanding and characterizationo1"the nitrogen discharge transient is
importantbecause the refloodturnaroundin clad temperaturescan be significantly
affected. Specifically,the volumeanddurationof the water surge intothe core may
be sufficientto quench some portions of the core and to temporarilyarrest the
temperaturerise in other portions. The ensuingrefloodwouldbeginwith lowerclad
temperatures.

The goalsof the 2D/3D testsand analysesdiscussedin this sectionwere to confirm
the occurrence of, and quantify the magnitude and duration of, the following
phenomena:

• Thedilutionor displacementof steam inthe downcomerand cold leg regionsby
nitrogen,

• The rapid increasein core water inventory,

• The subsequent drop in core water inventory,and

• The quench or cooling of the fuel rods and the reduction in clad temperatures.

Note that the issueof the effect of accumulatornitrogendischargeis not applicable
to GPWRswith combinedinjectionbecausethe accumulatorsare designednot to
emptycompletelyduringan LBLOCA.

Testsand Analysesthat Relateto the Issue

Testsand analyses related to accumulatornitrogendischarge,which are evaluatedin
this report, are listed in Table4.4.-1. Withinthe 2D/3D Program, one CCTF test
(TestC1-15) and oneUPTFtest (Test27A)simulatedthe nitrogendischarge. Outside
the 2D/3D Program, a nitrogendischargetest was conducted at Achilles. Three
TRAC PWR calculationsincludedaccumulatornitrogen discharge as part of the
LBLOCAtransient. The resultsof the 2D/3D tests and TRAC PWR analyses are
summarizedin Tables 4.4-2 and 4.4-3, respectively.

CCTF Test C1-15 apparentlywas not successtulin simulatingthe nitrogendischarge.
Inthe test, ECCwaterwas injectedintothe intactcoldlegsfrom a singleaccumulator
tank pressurizedby nitrogen. The water inventory and valve timing for the tank
allowedthe nitrogento flow out of the tank:for 10 seconds after the water was
depleted. However, test measurementsindicatethat most or ali of the nitrogen
apparentlywasexpendedinclearingoutthe lengthyECCpipingbetweenthetank and
the loop nozzles. Water was stillpassingthrough the cold leg injectionnozzles until
just before the accumulatortank outletvalve was closed. Observedeffects on the
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downcomer and core water levels were minimal, and no nitrogenwas detectec_iby "<
calculationsof the steam partial pressure in the cold legs and reactor vessel.
Accordingly,thetestdidnotyielddetailedinsightintoeffectsofthe nitrogendischarge
in the primarysystem.

UPTF Test 27 PhaseA was successfulin injectingnitrogeninto the primary system
and inducedmeasurableeffects,butthe durationof the nitrogendischargewas much
shorterthanplanned. Dueto facilitylimitations,the test injectednitrogendirectlyinto
the upper downcomerrather than through each cold leg ECC nozzle. Downcomer
injectionwasjudgedto havean equivalenteffecton coreand downcomerwater levels.
Unfortunately,lessthan one second after the nitrogendischargeinitiated,automatic
shutdownof the test occurreddue to an excessiveindicatedwater levelrise of over
four meters inthe core region. In all, about 11 m3 (40% of the downcomervolume)
of nitrogen was injectedbefore the test ended.

The three TRAC PWR analysesmodelled core cooling following a large-break LOCA
infour-loopreactorplants. Theanalysesare summarizedinReferencesU-724, U-726,
and U-727. As showninTable 4.4-3, the assumptionsin one analysisvariedslightly
from assumptionsinthe others,but the resultswere very similar. In additionto the
PWRanalyses,a post-testTRAC analysisof UPTFTest 27A, whichsimulatednitrogen
discharge,was performed.

The reviewsof the resultsof the TRAC evaluationandthe analysesof the CCTF and
UPTF tests are detailed in Reference U-459. The Achillestest is discussed in
ReferenceE-031.

Summaryof Key Resultsand ConclusionsfromTests and Analyses

The resultsof the evaluationof UPTF Test27A are summarized in Table 4.4-2.
Evaluationof the UPTF test resultsrevealedthat the large indicatedcorewater level
increaseand downcomerwater leveldecrease were not representativeof true level
changes. The fluid in each regionwas displacedso rapidly that inertialand flow
velocitypressuregradientsinthe fluiddistortedlevelindicationsthat were based on
differentialpressure. The pressure gradients and corrected water levels were
calculatedusinga simplifiedhydraulicmodelof the regions (ReferenceU-459). The
correctedcoreand downcomerwaterlevelsduringthe transientare plottedin Figure
4.4-6. The beginningof nitrogeninjectionand the end of the test are indicatedinthe
figure. In the shorttime that the test ran duringthe nitrogeninjection,the corrected
core levelroseby about 1.5 metersfrom 20% of the core heightto 60% of the core
height. The test was terminatedbefore the peak leveloccurred. The UPTF test did
not simulatethe peak magnitudeand durationof the core levelsurge,the long-term
effectsof the nitrogen,or the effectof the levelsurgeon core cooling.

Evaluationof UPTFTest 27A alsoshowed that steam in the downcomer and cold legs
was significantlydilutedby nitrogen. The compositionof the steam/nitrogenmixture
in the downcomerand one intactcold leg is plotted in Figure 4.4-7. Pressureand
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temperature_'neasurementsat three locationsaroundthe top of the downcomerand
ina coldlegbetweenthe ECC inj;_ctionnozzleand the pumpsimulatorwere usedto
determine the Ioc_l partial pressures of steam and nitrogen and the relative
compositionof the mixture. Figure4.4-7 showsthe mass fractionof steam in the
downcomerwas reducedto lessthan 10%within0.3 seconds. The steaminthe cold
legwas dilutedto a similarconcentrationa short time later. (Note,the delaybetween
the downcomerand cold legs is not anticipatedto occur in actualPWRswhere the
nitrogendischargesintothe coldlegs.) Dilutionof thesteamwithnitrogensuppresses
steam condensation in the cold legs and downcomer which contributes to
pressurizationof the downccmer;however,the effect of this dilutionon the rate of
steam condensationwas notmeasuredin the UPTF test.

In the Achillestest, the surge of ,:_aterinto the core enhanced core coolingand
temporarilyincreasedsteamgeneration. Also,watercarryoverto the upper plenum
increased,resultingin a decreasein the core/downcomer inventory. The surge of
waterback intothe downcomerfromthe core resultedinmanometeroscUlaticnsand
waterspillovc,out the broken coidieg,which further decreasedthe downcomer/core
inventory. Core coolingwas degraded for about 50 seconds until the inventory
decreasewas recovel'edby accumulationof ECC (ReferenceE-£31).

The resultsof the T.q_A.CPWR analysesare summarizedin Table 4.4-3. The water
inventoryin the core justpriorto the nitrogendischargewas low-the volumefraction
of only 0% to 20%. Duringthe nitrogenrelease,the core water inventorypeaked at
a volume fraction of 60% to 70%. Alithree analysespredictedtflat the surge would
quench the hot_t portion of the hottest rod, with a sustainedturnaround in the
claddir_gte_w_peratures.Within10-15secondsof the initialnitrogensurge, the rising
pressureabovethe core drovewater from the core back in*.othe downcomer. The
minimumcore invento.,'yafter nitrogendischargewas 30% to 40% (whichis greater
than the inventorybefore nitrogendischarge).

In additionto the PWR analyses,with nitrogendischarge,a post-testTRAC analysis
of UPTF Test 27A was performed. As shown in Figure4.4-8, TRAC predicted the
pressure trends in the upper plenumand downcomerduring nitrogendischarge.
However,becauseTFIACoverpredictedthe rate of condensationin the downcomer,
the calculated downcomer pressuredid not exceed the upper plenum pressure;
consequently,TRAC underpredictedthe core levelsurge.

In summary, the UPTF test confirmedsome phenomena related to accumulator
nitrogen discharge which werE,predicted in TRAC PWR analyses; namely, the
pressurizationof the downcomer,the dilutionof steam in the downcomerand cold
legs,and the surpe in th_,,c_rewaterlevel. Whilethe UPTFtest did notsimulatethe
effects of nitrogen disct_argeon core cooling,TRAC PWR analyses suggest that
accumulatornitrogendischargeand the resultingsurge _1the core water levelare
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beneficialto core cooling. Specifically,TRAC predictsthat the hottestportionof the
hottestrod is quenchedby the levelsurge.



Table 4.4-1

SUMMARY OF TESTS AND ANALYSES ADDRESSING
THE EFFECT OF NITROGEN DISCHARGED FROM ECC ACCUMULATORS

, , =,|i

Type of Test or
Analysis Facility References

End-of Blowdown, UPTF Test 27A U-459
Refill & Refiood G-027

Test G-227
G-411

Refill & Reflood CCTF Test C1-15 U-459
Test J-020

J-218
J-407

Reflood Test Achilles E-031

TRAC-PF1/MOD2 --- U-716
Post-test Analysis
of UPTF Test 27A

TRAC-PF1/MOD1 --- U-724
PWR Analyses

--- U-726

--- U-727
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4.5 THERMAL MIXING OF ECC AND PRIMARY COOLANT

Definition of Issue and Description of Phenomena

Thermal mixing of ECC and primary coolant refers to the mixing phenomena which
occur in the cold legs and downcomer of a PWR as a result of high pressure coolant
injection (HPCI) into the cold legs at a time when the reactor coolant system is at an
elevated temperature. This mixing relates to the overall reactor safety issue of
pressurized thermal shock (PTS). In PTS, the concern is that simultaneous
occurrence of the following conditions could result in brittle crack growth in the vessel
wall and possibly even vessel failure.

• High pressure

• Sudden, localized reduction of reactor vessel wall temperature

• Reduced reactor vessel metal ductility due to prolonged irradiation

• Existing flaw in weld metal of reactor vessel

Hypothesized scenarios by which these conditions could occur simultaneously include
inadvertent HPCI actuation and an SBLOCA with HPCI. For these scenarios the key
concern is how the ECC mixes with the primary coolant. If mixing is good, a slow and
drawn-out cooldown occurs, which provides sufficient time to prevent the development
of significant temperature gradients in the vessel wall. However, if mixing is poor, the
ECC can "stream" through the cold leg and into the downcomer (see Figure 4.5-1).
This stream of ECC could possibly cool local regions of the vessel wall, leading to wall
temperature gradients and to a localized reduction of wall temperature.

Importance of Issue

Typically, if there is flow through the cold legs, either forced flow (i.e., reactor coolant
pumps running) or natural circulation, good mixing is obtained in the cold legs.
Hence, thermal mixing is of interest only in SBLOCA's where the flow in one or ali cold
legs has stagnated. Thermal mixing in the cold legs and downcomer determines the
temperature transient to which the vessel wall is subjected.

Tests and Analyses that Relate to Issue

Within the 2D/3D Program, one test related to thermal mixing in the cold leg and
downcomer was performed at UPTF (Test No. 1). Test No. 1 consisted of five
separate test phases. In each phase, the primary system was initially filled with hot
water and cold ECC was injected into a single cold leg; the cold leg with ECC injection
was blocked at the pump simulator. Since there was no heating during the test, each
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phase was a gradual cooldown of the entire system. Due to facility design limitations,
the initialprimary system temperature was significantly lower than the primary system
temperature in a PWR during a PTS-related transient.

Pre-test evaluation of the side-mounted ECC injection pipe in UPTF and GPWRs
showed that mixing was poor and not typical of US/J PWRs which inject ECC into the
top of the cold leg. To simulate mixing phenomena more typical of US/J PWRs, a
modified ECC injection nozzle was used in UPTF. The design of the modified nozzle
was developed by the USNRC (Reference U-913).

Outside the 2D/3D Program, numerous subscale tests investigated mixing inthe cold
leg and downcomer. These tests were used to characterize the mixing phenomena
and develop computer codes (e.g., REMIX and NEWMIX). The results of these tests
are not discussed in detail in this report. Evaluation of the UPTF and subscale tests,
and comparison to REMIX and NEWMIX predictions are documented in
Reference U-457. The data and quick-look reports for the UPTF test are provided in
References G-001 and G-201, respectively. References E-441 and E-921 through
E-926 discuss the results of some of the subscale tests as well as comparisons to
code predictions.

Summary of Key Results and Conclusions from Tests and Analyses

The flow regime associated with mixing in the cold leg and downcomer were
characterized based on the subscale tests. The phenomena are shown in
Figure 4.5-1. The following description is taken from Reference U-457.

"...A 'cold stream' originateswith the HPl plume at the point of injection, continues
toward both ends of the cold leg, and decays away as the resulting plumes fall
into the downcomer and pump/loop-seal regions. A 'hot stream' flows counter
to this 'cold stream' as in,'Jicated, supplying the flow necessary for mixing
(entrainment) at each location. This mixing is most intensive in certain locations
identified as mixing regions (MRs). MR1 indicates the mixing associated with the
highly buoyant, nearly axisymmetric HPl plume. MR3 and MR5 are regions where
mixing occurs because of the transitions (jumps) from horizontal layers into falling
plumes. MR4 is the region of final decay of the downcomer (planar) plume. The
cold streams have special significancesince they induce a global recirculatingflow
pattern with flow rates significantlyhigher than the net flow through-put (QHPI...."

The UPTF test results were consistent with the subscale results described above.
Figure 4.5-2 shows the fluid and wall temperatures measured in the cold leg for two
phases of Test 1. These measurements show that flow in the cold leg was thermally
stratified between the injectionnozzle and the downcomer. Specifically, a cold stream
flowed along the bottom of the cold leg from the injection nozzle to the downcomer
and a hot stream flowed along the top of the cold leg countercurrent to the cold



stream. The cooldownof fluid in the cold leg betweenthe injectionnozzle and the
pump simulatorfolloweda '_ell mixed"transient;i.e., the verticalfluid temperature
distributionwas relativelyuniform.

Figure 4.5-2 alsoshowsthe temperature difference between the hot and coldstreams
increasedwith increasingECC injection. Due to mixingin the cold leg, the cold
stream enteringthe downcomerwas significantlywarmer than the ECC injectionfor
ali ECC flowstested.

The cold stream from the cold leg penetrated down the downcomer as a plume.
Temperaturemeasurementsinthe downcomerindicatethat,due to mixinginthe cold
legs and at the cold leg/downcomer interface,the temperature of the plume was
significantlyhigher than the temperature of the ECC injection. Also, the plume
decayed withinapproximatelyfour to five cold leg diameters(see Figure4.5-3).

A post-testREMIXcalculationwas performedto investigatethe code'sabilityto predict
systembehavioranddecay of the downcomerplumeat full-scale. Thecalculationof
entrainmentandstratificationin the coldleg was artificiallyalteredto accountfor the
modifiedECC injectionnozzleusedinthe UPTFtest. The predictedfluidtemperatures
at various locationsin the downcomerwere in close agreementwith the measured
temperatures;hence, REMIX can accuratelypredictdowncomerplumedecay at full-
scale (ReferenceU-457).

Post-testcalculationshave also been performed for many subscale tests. These
calculationsincludeREMIX calculationsfor testswithECC injectionintothe top of the
coldlegand NEWMIXcalculationsfor testswith highFroudenumberinjectiononthe
side of the inclinedportionof the coldleg. Boththe REMIX and NEWMIX accurately
predictedthe mixingphenomena(ReferenceU-457).

REMIX calculationsfor PWRswithlow Froudenumbertop injection(i.e., Combustion
EngineeringPWRsandWestinghousePWRs)indicatethata recirculationflowinvolving
the lowerplenum,downcomer,cold leg, and pumpseal is establishedeven though
the degree of stratificationis small. Due to the small degree of stratification,the
downcomer plume is weak and decays rapidly (i.e., within about five cold leg
diameters--ReferenceE-922). Similarly,NEWMIX calculationsfor PWRs with high
Froude numberside injection(i.e., Babcock& WilcoxPWRs), predicta smalldegree
of thermalstratificationin the cold legand a weak downcomerplumewhich decays
rapidly (ReferenceE-923).
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4.6 CORE THERMAL-HYDRAULICBEHAVIOR

Definitionof Issue and Descriptionof Phenomena

During the reflood phase of a LOCA, water enters the core and can be vaporized,
accumulatedin the core, or transportedout of the core. Water transportout of the
core can occur with the steam upflowout the top of the core or by downflowof
excesswater out the bottomof the core (for combinedinjectionor UPI).

Water accumulation and vaporization and the resulting two-phase flow provide
coolingto remove stored energy and decay heat from the fuel rods. Duringthe
post-blowdownLOCA transi¢..c,the progressionof claddingtemperaturesand heat
transfermechanismsis typicallyas follows:

• During the refill phase, cladding temperatures increase almost adiabatically,
except for regions with water downfiow due to top injection ECC (combined
injectionor UPI). Water downflowprovidescore coolingand can quench fuel
rods in local regions.

• After core reflood begins when the lower plenum water level reaches the
bottom of the core, global core cooling initiates. A variety of heat transfer
mechanisms exist simultaneouslyin different parts of the core including
steam/droplet convective cooling, film boiling, transition boiling, nucleate
boiling,and convectionto subcooledwater. As this phase progresses,typical
cladding temperatures rise slowly, turn around and then decrease. Regions
quenched by water downflow during the refill phase continue to be cooled
effectively.

• Quenching occurs when nucleateboiling initiatesat a particular location and is
characterized by the cladding temperature rapidly decreasing to near the
saturationtemperature. Quenchingoccurs firstwhere the liquidfraction is high
and the heat fluxis low.

Core thermal-hydraulicbehavior is influenced by the axial and radial distributionsof
stored energy and decay power withinthe core. These distributionscan result in
multidimensionalflow,void, and temperatureeffects.

In a PWR withcold leg or downcomer ECC injection,flooding of the reactor core is
initiatedfrom the bottom. Aftercore refloodingis initiated,a variety of heat transfer
modes existsimultaneously.At a particularaxial location,the progressionis from
steam/droplet convective cooling, through film and transition boiling to nucleate
boilingas the local liquidfraction of the steam-water mixture increases. These
modes are illustratedon Figure4.6-1. Quench front propagationis predominantly
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from the bottom upward. A more detailed description of the heat transfer modes
which exist during both reflood and blowdown is provided in Reference E-401.

In PWRs with upper plenum injection or combined injection, almost ali of the ECC
delivered to the upper plenum flows downward through the core toward the lower
plenum. The water downflow initiates during end-of-blowdown providing core
cooling prior to reflood. During reflood, the water delivered to the lower plenum
either flows up the downcomer to the break, or back up into the core accelerating
bottom reflood. The fuel rods are cooled either directly by water downflow or by
two-phase upflow from the lower part of the core. Quench front propagation is
mainly from the top downward in the water downflow regions and from the bottom
upward in the two-phase upflow regions.

Importance of Issue to PWR LOCA Behavior

Core thermal-hydraulic behavior directly affects core heat transfer, since the rate of
heat transfer is determined by the rod cladding temperature and by the local
temperature, quality, flow rate, and flow pattern of the steam-water mixture
surrounding the rods. The peak cladding temperature and cladding temperature
history during a postulated LOCA transient are key factors in evaluating the
performance of ECC systems.

Test and Analyses that Relate to the Issue

An extensive database on core thermal-hydraulics and heat transfer exists, and
includes results of tests performed both within the 2D/3D Program and in other
f_cilities. The majority of the large-scale tests related to core heat transfer during
the refiood phase of a LOCA have been performed within the 2D/3D Program at
the Cylindrical Core Test Facility (CCTF) and the Slab Core Test Facility (SCTF).
Outside the 2D/3D Program, much of the relevant test data has been obtained
from the Westinghouse FLECHT and FLECHT-SEASET facilities. Other data
relevant to core reflood thermal-hydraulics have been obtained from tests at man_
small-scale facilities, including: Semiscale, the UCLA facility, JAERI's small-scak_
facility, LOBI, PKL, and REBEKA. Table 4.6-1 provides a comparison of these tes_
facilities. (Reference E-401 includes an extensive list of references.)

The CCTF and SCTF tests investigated core thermal-hydraulic behavior for bottom
reflood conditions and top injection conditions. Bottom reflood tests included
gravity flooding tests with cold leg or downcomer ECC injection, and forced
flooding tests with lower plenum injection. Top injection tests covered UPI and
combined injection. For both bottom reflood and top injection conditions, the tests
addressed a wide variety of parameter effects with respect to core thermal-
hydraulic behavior. Also, tests were performed under both EM and BE conditions.
Table A.1-1 in Appendix A of this report summarizes the CCTF and SCTF test
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matrices according to ECCS configurationsand phenomena investigated. The
JAERI data, quick look and evaluationreports for the CCTF and SCTF tests are
listedin the bibliography(Section5) by test series.

A typical test sequence for simulatingreflood conditions involvedfirst preheating
the core and then injectingECC intoappropriatelocations(one or a combinationof
cold legs,hot legs, upper plenum,downcomer,or lower plenum). Throughoutthe
test, the core power was controlledto simulate decay heat. Parameterswhich
were varied in these tests includedthe ECC injectionrate, ECC subcooling,system
pressure,core power magnitudeand distribution(axialand radial), and core initial
temperature level and distribution. System configurationparameters which have
been varied includethe pump simulatorresistance,and the use of vent valves.

Predictive models for core thermal-hydraulics have been incorporated in many
computer codes including: TRAC, RELAP,COBRNTRAC, ATHLET, and REFLA.
TRAC calculationshave been completed for many of the CCTF and SCTF tests.
Detaileddiscussionsof these TRAC analysesand comparisonsof measured and
predicted resultsare containedin ReferencesU-601, U-621, U-62.2,U-641, U-661
and U-681. ATHLET calculationsof a CCTF and an SCTF test are documented in
ReferencesG-611 and G-622, respectively. Calculationsof CCTF and SCTF tests
usingREFLAare documentedin ReferencesJ-984 and J-995.

Summaryof Key Resultsand Conclusionsfrom Testsand Analyses

CCTF and SCTF are the largestscale, heated-coretest facilitieswhich have been
used to provide thermal-hydraulicand heat transfer data for reflood conditions.
These facilitiescloselysimulatedthe major PWR core and ECC parameterswhich
influencethe core heat transfer process;such as, core heightand geometry, core
power and temperature,ECC injectionrate, and ECC subcooling. Accordingly,the
resultsare judged to be closelyrepresentativeof the behaviorwhichwould resultin
a PWR core under reflood conditions, lt should be noted that the heated rods
used in CCTF and SCTF have differentthermal characteristics than nuclear fuel
rods in terms of heat capacity, gap conductance, thermal conductivity, and
cladding material. For example, the heated rods in CCTF and SCTF had heat
capacities30 to 40% higher than that of nuclearfuel rods. Hence, the temperature
rise in PWR fuel rods would be expected to be slightlyhigher than observed in
CCTF and SCTF tests. Resultsof the CCTF and SCTF bottom floodingtests are
discussedand evaluated in detail in References U-401, U-414, U-421, U-431, and
U-441. ReferenceU-412 summarizesthe evaluationof the CCTF Core-II UPi tests.
For combined ECC injection, the CCTF and SCTF results are evaluated in
ReferencesG-401,J-455, J-553, J-555, and J-557.



The results of the tests and analyses and major conclusions related to core
thermal-hydraulicbehavior are summarized by ECCS type in the following
subsections. Specifically,Section 4.6.1 covers cold leg injection/downcomer
injectionwith and withoutvent valves, Section4.6.2 coversupper plenuminjection,
and Section 4.6.3 coverscombinedinjection.



4.6.1 Cold LeQ Injection/Downcomer Injection with and without Vent Valves

One of the major findings of the CCTF and SCTF tests was that liquid which
accumulated in the core was distributed quickly throughout the core. Figure 4.6-2
shows the measured void fraction in six axial regions of the core for a typical CCTF
test. The figure indicates that some liquid was present at high elevations in the
core very soon after the beginning of reflood, and that the liquid inventory at these
high elevations slowly increased over time. The rapid distribution of liquid was
measured in both high flooding cases and low flooding cases.

Rapid distribution of liquid throughout the core was also observed in small-scale
visual tests conducted by ,,AERl (References J-928 and J-975). In the visual tests,
the flow regime in the portion of the core above the quench front appeared to be
dominated by the '11ow transition regime," as defined in Figure 4.6-1
(Reference E-462). lt is reasonable to assume that in the CCTF and SCTF tests,
flow in portions of the core above the quench front was also dominated by the flow
transition regime.

Heat transfer began to increase shortly after reflood since film boiling occurred at
ali elevations. Typical CCTF tests showed that the heat transfer coefficient at
middle elevations in the core increased from about 10 W/m 2 K to over 50 W/m 2 K
only five seconds after the beginning of reflood. Heat transfer coefficients reached
about 200 W/m 2 K just above the quench front. The heat transfer coefficients are
expected to be typical of PWR behavior because of the realistic fuel geometry
simulation in CCTF and SCTF. The temperature rise during reflood in CCTF and
SCTF tests was typically limited to about 100 K or less. (Note, the temperature rise
for nuclear fuel rods is expected to be slightly higher than observed in the
tests--see discussion on p. 4.6-3.)

Another important finding was that, for a given core power and initial core energy,
the rate of the quench front propagation was determined by the core liquid head,
the amount of cooling above the quench front by the two-phase upflow, and axial
heat conduction in the fuel rods. Phenomena which reduced the core liquid head
(e.g., increased steam binding) retarded the quench front propagation.
Figure 4.6-3 shows the propagation of the bottom quench front for a typical CCTF
test. Also shown on the figure is the core collapsed liquid level. Note that the
flooding rate was less than 0.025 m/s which was typical of most tests during the
LPCI phase. Also note that although an initial offset developed between the low
power and high power bundles, the quench front speed was nearly identical in ali
regions. This suggests preferential cooling of the high powered region, a result
confirmed by SCTF tests.

Comparison of the FLECHT-SEASET tests and the CCTF and SCTF tests showed
similar overall behavior, including similar core liquid inventories. Multidimensional



effects, such as the core heat transfer enhancement due to radial power
distributioncould not be evaluated in FLECHT-SEASET because of the small cross-

sectional area. Other differences in hydraulic behavior occurred which were the
result of the larger scaled upper plenum flow area and volume and smaller core
flow area in FLFCHT-SEASET.

The typical CCTF and SCTF results have compared favorably with void fraction and
heat transfer coefficient correlations developed by JAERI (References J-906 and
J-910). These correlations were developed based on the results of small-scale
JAERI tests, and were incorporated in the REFLA code, which was able to predict
reflood transient cladding temperatures.

A significant number of tests were conducted in CCTF and SCTF to determine the
separate effects of various parameters on core thermal-hydraulics. The effects of
varying several parameters are shown in Figures 4.6-4(a) and 4.6-4(b). Major
parameter effects which were observed to influence typical test behavior are
summarized on Table 4.6-2 and are discussed below.

• System Pressure. Decreasing the system pressure resulted in a significant
decrease in core heat transfer. Figure 4.6-4(a) shows the resulting increase in
the cladding temperature rise and peak cladding temperature. The effect of
system pressure on heat transfer was related to the change in steam density.
Decreasing system pressure reduced the steam density which increased the
void fraction in the core. The decrease in steam density also enhanced steam
binding, which reduced core liquid inventory. The increased void fraction and
enhanced steam binding allowed core temperatures to increase.

• Core Power. Higher core power increased the adiabatic rod heat-up prior to
reflood and the rate of steam generation during reflood. Higher core power
increased core temperatures at the beginning of reflood and the overall
temperature rise, even Tor the same initial temperature. The higher steam
generation rate increased the core void fraction and reduced core liquid
inventory, thereby slowing que:lch front propagation, and increasing the
quench time.

• Initial Cladding Temperatures. Lower cladding temperatures at the beginning
of reflood reduced the overall peak cladding temperature, but core heat
transfer was somewhat degraded since the temperature difference between the
rods and the fluid was smaller. The temperature rise during reflood, therefore,
increased. For CCTF tests with initial cladding temperatures 200 K less than
the typical tests, the temperature rise was about 50 to 100 K greater.

• Core Power and Initial Cladding Temperature Distribution. The effects of stored
energy and power distribution have been evaluated by comparing results of
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tests withthe same totalcore powerand the same core heat-up time, but with
differentradialpower profiles. In steepradialpower profiletests, peak cladding
temperatures were consistentlyhigher (by about 120 K) than in flat power
profiletests. This differencewas primarilydue to the higher adiabaticheating
(before reflood) in the high-poweredbundles. The maximumtemperaturerise
appeared to be only slightlydependenton powerprofileand was generallyless
for steep power profile tests. This behavior represents a two-dimensional
coolant redistributionphenomenon, whereby water flow was increased to
higherpoweredregionsclueto greatersteam generationin these regions. This
coolantredistributionkeeps the core liquidinventoryprofileessentiallyfiat. The
void fraction,therefore, is principallya functionof elevationand time, as shown
in Figure4.6-1. The enhanced coolingin high-poweredregions is due to both
the highertemperature differenceand higher heat transfer coefficients. The
higher heat transfer coefficientsare the result of the coolant redistribution
effect, and the degree of heat transferenhancementis governedmainlyby the
bundle power ratio. Figure4.6-5 shows the difference in heat transfer
coefficientsresultingfrom differentradialpeak powerprofiles.

The distribution of power and stored energy does not have a strong effect on
refloodbehavioroutsidethe core. Comparisonsof key differentialpressuresas
well as core pressures for tests with different power profiles show little
difference,and it is concludedthat system performance is dominated by the
totalcore powerand storedenergyand not by their distribution.

• ECC InjectionRate. The effect of increasingthe accumulator injection rate was
to rapidlyincreasethe core floodingdrivinghead, causinga suddenincrease in
steam generationand rapid core cooling. This can reduce the peak cladding
temperature. However, once the downcomerwater level stabilizesat the cold
leg elevation, prolonging the duration of the accumulator injection can
adverselyaffectcore heat transfer. Thisis because increasedcondensationof
steam in the intact loops lowered the system pressure, reducing core heat
transfer. Increasingthe ECC injectionrate duringthe LPCI phase (forexample,
no-LPCI-pump-failurecase versussingle-pump-failurecase) can also adversely
affect core heat transfer for the same reason. Figure4.6-4(b) shows that
cladding temperaturesat the same locationcan actually increaseslightlywith
the higherLPCI flow rate.

• ECC Subcooling. In integral tests, the ECC subcooling at the core inlet
depended on heat release from structures (e.g., vessel wall) and condensation
of steam in the cold legs and downcomer. Based on forced flooding tests at
SCTF, increased core inlet subcooling tends to reduce the amount of ECC
needed and the length of time needed to quench the core. Core inventory also
increased.
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• Loop Flow Resistance. As shown of Figure 4.6-4(a), the net effect of
increasing the loop resistance was to slightly increase the peak cladding
temperature and to prolong the core quench time. The higher loop resistance
increases the loop pressure drop and reduces the core flooding rate.

• Evaluation Model versus Best-Estimate Conditions. Tests conducted in CCTF
and SCTF with "best-estimate" conditions had significantly lower core power
and initial cladding temperatures, and higher containment pressure and LPCI
flow rates, relative to the typical (evaluation model type) tests. Because of the
higher system pressure and lower core power, core cooling was improved and
the temperature rise and quench time were reduced. In the CCTF BE test,
system-wide hydraulic oscillations occurred due to intermittent water carryover
to the steam generators. A brief core re-dryout with a small heat-up prior to re-
quench occurred during these oscillations. (See Reference U-413 for a detailed
discussion of the oscillations.)

• Core BlockaDe. Results of SCTF-I tests showed that the effect of 60% coplanar
core blockage on core heat transfer was negligible. A small effect on peak
cladding temperatures was observed, and only a slight effect on quench times
was noted (see Figure 4.6-4(b)).

Comparisons of tests with cold leg and downcomer injection revealed that the
overall differences in core thermal-hydraulics were relatively minor (see
Figure 4.6-4(b)). For downcomer injection, reduced interaction of steam and ECC
occurred; consequently, less steam was condensed and ECC subcooling
remained higher in the downcomer. The effects of vent valves were also relatively
minor. In tests with open vent valves, steam binding was reduced, allowing
increased core flooding rates, and better core cooling. The peak cladding

temperature reduction was about 20 K (36°F) in CCTF tests. (Reference U-414).

Calculations of CCTF and SCTF tests using the TRAC-PF1/MOD1 code showed
overall reasonable agreement with the test results. TRAC-PF1/MOD1 used a
generalized boiling curve for heat transfer. The predicted heat transfer in the core
is closely tied to the prediction of liquid distribution in the core. In TRAC-
PF1/MOD1 calculations, entrainment of liquid in the core was generally
underpredicted, resulting in deficiencies in predicting the axial void fraction
distribution. Specifically, the liquid inventory in the core above the quench front
was underpredicted (see Figure 4.6-6). This typically resulted in an overprediction
of core temperatures in the upper half of the core; however, as shown in Figure
4.6-7, overall peak cladding temperatures were generally in reasonable agreement
with the test data. A detailed statistical evaluation comparing predicted and
measured temperatures was carried out for eight SCTF-III tests (see Figure 4.6-8).
Turnaround temperature comparisons were made for three elevations (quarter-
height, mid-height, and three-quarter height) in four bundles yielding 12
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comparisons per test. The mean bias was -19.4 K and the standard deviation was
59.8 K, which reflects the generally favorable comparison. Rod quench times and
turnaround times were predicted with reasonable agreement as weil.

Post-test analyses of three CCTF and SCTF tests have also been performed using
TRAC-PF1/MOD2. MOD2 has a new reflood model which is based on post-critical
heat flux flow regime descriptions developed by DeJarlais and Ishii
(Reference E-455). These flow regimes are shown in Figure 4.6-1. The models
and correlations developed for MOD2 mechanistically address the key phenomena
in each flow regime. The PCT prediction accuracy of MOD2 is similar to MOD1.
The deficiency in core liquid °istribution discussed earlier for MOD1 was also
observed for MOD2. Figure 4.6-9 shows the measured and calculated collapsed
liquid levels in the core upper half for a CCTF test. The measured value
considerably exceeds the predicted value.

The CCTF and SCTF results confirmed that assumptions used in PWR safety
systems evaluations are generally conservative. The single-LPCI-pump-failure
assumption was found to have an adverse but minor effect on core cooling. With
regard to core heat transfer, the 2D/3D results showed that, for a core flooding
velocity of 2 cm/s, core cooling was not degraded.



4.6.2 U_)_)erPlenum InjectionT

While tests with upper plenum injection (UPI) were performed at CCTF, SCTF, and
UPTF, only the CCTF tests simulated thermal-hydraulic behavior in the core. The
SCTF and UPTF tests focused on water delivery and distribution in the upper
plenum which is discussed in Section 4.7.1. The CCTF tests consisted of a series
of five integral tests which evaluated core behavior with UPI. These tests simulated
both evaluation model (EM) and best-estimate (BE) conditions. The tests also
evaluated the effect of parametric variations in UPI flow rate, injection configuration,
core power, and initial core stored energy on thermal-hydraulic behavior in the
core. Results of the CCTF UPI tests are described in detail in Reference U-412.
Key results related to core thermal-hydraulic behavior are summarized below.

During reflood in the CCTF UPI tests, water penetrated to the core from the upper
plenum. Flow exited the core at both the top (steam and water) and at the bottom
(water only). In the UPI base case test (C2-16), about 55% of the water which
penetrated from the upper plenum to the core continued to the lower plenum, up
the downcomer, and out the break.

Rod cladding temperature measurements indicated water downflow occurred only
in a limited region of the core. Specifically, rod temperatures near the top of the
core, over an area covering about 1/3 to 1/2 of the core, dropped sharply at the
beginning of the test, indicating water downflow. Rod temperatures in the
remainder of the core indicated no water downflow. In tests with injection into only
one of the two UPI ports, the downflow occurred under the injection port; however,
the asymmetric downflow occurred in tests with injection into both UPI ports as well
as in tests with one port injection. The location of the downflow region did not shift
as the test progressed. Figure 4.6-10 shows the downflow region for the CCTF
UPI base case test (Test C2-16; one port injection).

In the remainder of the core, rod temperatures were comparable to those in bottom
flooding tests with similar conditions. This result indicates that these regions were
cooled by water which flowed down through the core to the lower plenum and
back up into the core; i.e., bottom flooding behavior (see Section 4.6.1). In this
portion of the core, a two-phase mixture of steam and water flowed upward
through the core to the upper plenum.

Core cooling near the top of the core was enhanced in the water downfiow region.
Specifically, peak cladding temperatures were lower and qu_ lch times earlier
compared to those in the two-phase upflow region and also compared to those in
bottom flooding tests. Figure 4.6-11 shows quench times at the 3.05 m (10 ft)
elevation in the CCTF UPI base case test ('['est C2-16) and a bottom flooding (i.e.,
cold leg injection) test with comparable conditions (Test C2-SH2). Quench times
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are significantlyshorter in the UPI test between about the 90° and 240=
azimuths--thewater downflowregion. At lower elevations,includingthe mid-core
elevationwhere peak claddingtemperaturesare highest,there appearedto be very
little direct cooling from the water downflow. This indicates the effects of local
water downflowwere evened out, perhapsby cross-flowor by vaporizationof the
water, before the downflow reaches the mid-coreelevation. Quench times in the
two-phase upflowregionwere similarto those for the bottom floodingtest.

The effects of various parameters on core thermal-hydraulicswere investigatedin
the CCTF UPI tests. The resultsof these testsare discussedbelow.

• UPI Distribution. For comparable injection rates, injecting ECC through both
UPI nozzles versus only one nozzle had little effect on core thermal-hydraulic
behavior.

• UPI Flow. Increasingthe UPI flow from the single-LPCI-pump-failurecase to
the no LPCI-pump-failurecase significantlyreduced the claddingtemperatures
and quench times throughoutthe core. This effect was more pronounced in
the waterdownflowregion.

• EvaluationModel versus Best-EstimateConditions. The test conducted with
"best-estimate"conditionshad significantlylowercore powerand initialcladding
temperatures,and highercontainmentpressurerelativeto the evaluationmodel
(or base case) test; however,both tests simulatedthe single-LPCI-pump-failure
case. Due to the lower core powerand initialcladdingtemperatures,the peak
claddingtemperaturesand quenchtimeswere significantlyreduced.

LANL analyzed the CCTF UPI tests using the TRAC-PF1/MOD1 computer code.
ReferenceU-622 summarizes the results. In general, the code predicted
multidimensionalcore reflood conditions,negative core inlet flow, location of the
liquiddownflow,and averagevalues for fuel rod temperatures. However,the code
overpredictedthe amountof UPI downflowto the core while also not predictingthe
core void distributionaccurately. Overall,the TRAC predictionswere in reasonable
agreementwiththe test results.

lt is expected that the same core phenomena observed in CCTF will occur in the
full-sizePWR. Specifically:

• The delivery of UPI water to the core region should occur in an asymmetric
manner. Core cooling in the water downflow region should be enhanced
relativeto a cold leg injectionplant.

• Heat transfer in the two-phase upflow region should be comparable to PWRs
with bottom flooding as a result of the following flow mechanisms:
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-- Accumuaationof water in the lower plenumand lower core region and
coolingas a resultof bottomreflood.

-- Umited interactionbetween waterdownflowand two-phaseupflowin the
upperportionof the core.
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4.6.3 CombinedInjection

During tests simulating the end-of-blowdown/refill phase with combined injection,
ECC entered the upper plenum and flowed downward through the tie plate to the
core in distinct regions located adjacent to the loops with ECC injection. Core
cooling was initiated in these downflow regions (top quenching) while the
remainder of the core heated up. Evaluation of SCTF and CCTF data reveals that,
during the EOB/refill phase, heat transfer coefficients were high (200 W/m 2K) in
the water downflow regions and low (less than 50 W/m 2K) in the remainder of the
core. Water flowing down through the core in conjunction with ECC injected in the
cold legs quickly refilled the _-wer plenum.

During the reflood phase, bottom flooding of the entire core initiated, and IL,_,._IECC
penetration through the core to the lower plenum continued. Outside th_,,water
downflow regions, water was carried by steam to the upper regions of t:le core.
This two-phase upflow enhanced heat transfer throughout the core. Most of the
steam which vented out the top of the core was condensed in the upper plenum
and hot legs by the hot lec3ECC injection. The condensed steam, as well as water
carried over to the upper plenum, was returned to the core with the water
downflow; i.e., a circulation flow path was established.

In SCTF Test $3-13 (Run 717), hot leg ECC injection was simulated by continuous
water injection into the upper plenum just above two of the eight fuel assemblies.
Plots of cladding temperature shown in Figure 4.6-12 clearly indicate immediate
quenchingof the rods in the downflowregion after the start of injection. A rapid
core refloodwith floodingvelocitiesof 15 to 25 cm/s was observed.

The void fraction and heat transfer coefficients for the two-phase upflow region
were well predicted using correlationsdeveloped for bottom flooding behavior;
however,the correlationshad to be modifiedto account for the high floodingrate
(ReferencesJ-970 and J-972).

The effectsof variousparameterson core thermal-hydraulicswere investigatedin
the CCTF and SCTF tests. The resultsof these tests are discussedbelow.

• Power Distribution.Core thermal-hydraulicbehaviorwith a typicalGPWR radial
power profile was similar to that with a uniform power profile. Specifically,
water downflow occurred only in distinct regions adjacent to the injection
locationwhiletwo-phaseupflowoccurredover the remainderof the core. With
a non-uniformpower profile,core coolingin the two-phase upflow region was
slightlyenhanced in the high-poweredbundles and slightlydegraded in the
low-poweredbundles. Overall, core behavior was not sensitiveto the power
profile.
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• ECC Injection Rate. Increasing the ECC injection rate increased the water
downflow and core flooding rates. Consequently,core cooling in both the
water downflowand two-phaseupflowregionswas enhanced. In a CCTF test
with a 100% increasein the initialECC injectionrate into the hot legs (i.e., 5/8
vs. 7/8 injection)quenchtimeswere reducedby about 100 seconds.

• ECC Configuration. In SCTF tests with intermittentECC injectionabove the tie
plate, water downflowthrough the core occurred intermittently;consequently,
core cooling in the downflow region temporarily increased and decreased.
However, since the time averaged injection was the same for intermittent
injectionand continuousinjection,overallcore coolingwas about the same as
for continuousinjection(see Figure4.6-13).

The SCTF tests also alternated ECC injection between different injection
nozzles. In this case, water downflowalternatedbetween local regionsbelow
the nozzle locations. Core cooling in the water downflowregions increased
and decreased with the water downflow. Unlike intermittentinjection,overall
core cooling for alternating injection was slightly degraded relative to
continuousinjection.

• ECC Downflow Area. Distributingthe ECC over a larger area of the core
increasedthe water downflowregion and hence the area of the core which
experiencedearly quenching. However,distributingECC over a wider region
of the upper plenum, increased condensationin the upper plenum thereby
increasing the temperature of the water downflow. As discussed below,
increasingthe temperatureof the waterdownflowdecreasedcore cooling.

• ECC Temperature. Increasingthe ECCtemperaturedecreasedcore coolingin
the two-phase upflow regionbecausethe energy removalcapacityof the water
downflow was lower. Also, since circulationbetween the core and upper
plenum is governed by the density difference between the two-phase upflow
and the water downflow,increasingthe temperatureof the downflowreduced
the flow circulation.

Tests at SCTF covered a wide range of ECC temperatures which bounded
expected PWR. In ali cases,the corewas adequatelycooled.

• EvaluationModel versus Best-EstimateConditions. Tests conducted in CCTF
and SCTF with "best-estimate"conditionshad significantlylower core power
and initialcladdingtemperaturesthan the evaluationmodel tests. Also,ali four
hot leg ECC injectionsystemswere active rather than only two (7/8 injection
versus 5/8 injection). As discussedabove, increasingECC injectionabovethe
tie plate increaseswater downflowthroughthe core and the core floodingrate.
Due to the higher core flooding rate, and the lower core power and initial
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cladding temperatures, core cooling in the two-phase upflow region was
significantlyimproved. In SCTF tests quench times in the two-phase upflow
region were reduced by 42 seconds at the core midplane relative to the
evaluationmodel tests (53 seconds versus 95 secondsafter reflood initiation).
For both the best-estimateand evaluationmodelcases, portionsof the core in
the downflowregionswere quenchedearly in the transient.

UPTF integraltests with combined ECC injectionprovideddetailed informationon
thermal-hydraulicboundary conditions for the core thermal-hydraulicbehavior.
Significantfindingsfrom UPTF tests relatedto combinedinjectionphenomena are
summarizedbelow:

• ECC delivery to the core from the upper plenum was either continuous or
intermittent.

• Water downflowregionswere establishedin portions of the core adjacent to
hot legswhere ECC was injected.

• Up to 70 K subcoolingwas observed in the water downflow region (below the
tie plate).

• Full-scalestronglyfavoredwater breakthroughat the tie plate, which enhances
core coolingrelativeto small-scale.

SCTF tests investigatedthe core thermal-hydraulicresponseto the system effects
observed in UPTF testsdescribedabove.

Results of UPTF Test 18, a combined injection integral test, show similar
phenomena to that calculatedby TRAC-PF1/MOD1 large break LOCA analyses,
with respect to multidimensionalphenomena withinthe core region, downcomer
behavior and loop behavior (ReferenceG-909). In general, good agreement
between analysisresultsand findingsof UPTF and SCTF/CCTF tests was obtained
for phenomenasuch as: (1) entrainmentto the broken cold leg, (2) precoolingand
earlyquenchingof parts of the core duringend-of-blowdown,(3) formationof water
downflow and two-phase upflow regions in the core during reflood, and
(4) intermittentdelivery of the injected ECC water. Accordingly, the range of
calculatedcladdingtemperaturehistoriesdepicted in Figure4.6-14 is consideredto
envelopePWR fuel rod temperaturesunder licensingconditions.

For GPWRs with combined cold and hot leg ECC injection,the following behavior
duringa cold leg LBLOCAis expected based on test resultsand analyses:
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• ECC injectionintothe hot legs flowsdown throughthe core in distinctregions.
Quenching of the fuel rods in these regions initiates shortly after the
accumulatorsstart to inject.

• The ECC injected into the hot legs contributes to rapid refillingof the lower
plenumand thus an early start of bottomreflood.

• At BOCREC a two-phaseupflowregionis establishedwhich providesrelatively
good core cooling.

• Intermittenthot leg ECC deliverydoes not have significantadverse effectson
corecoolingrelativeto continuousdelivery.

• A radial power profilehas almost no influenceon the overall thermal-hydraulic
behaviorin the core region. The heat transferin hot bundlesis better than that
in cold bundlesduringrefloodinthe upflowregion.

• The condensationof steamin the upperplenumand hot legs as wellas in cold
legs reducesthe differentialpressurebetween UP and DC which supportsthe
core water level increase.
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Table 4.6-1

SUMMARY OF TEST FACILITIESRELATEDTO_
CORE THERMAL-HYDRAULICBEHAVIOR

Page 2 of 2

NOTES:

1. Facilityscale is based on core flowarea.

2. Total number of rods includesheatedand non-heatedrods.

3. ReferencePWR is a Westinghouseor Japanese3400 MWt classPWR.

4. Area shownis that withoutany core blockage.

5. Facilityscale is based on numberof heated rods.

6. The core flowareas are not availablein the referenceddocument.

7. Core rods in UCLAfacility h,_atedby external inductionheaters before tests.

8. ReferencePWR is a Siemens/KWU 3900 MWt PWR.
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Table 4.6-2

SUMMARYOF PARAMETEREFFECTSON
CORE HEAT TRANSFERFOR BOTTOM FLOODINGTESTS

i

Parameter Effect on Overall Effect on Reflood
Parameter Variation Peak Clad Temperature Temperature Rise

Pressure Decrease Increase Increase

Core Power Increase Increase Increase

Initial Decrease Decrease Increase
Temperature

Power/Initial Increase(1) Increase SlightDecrease
Temperature
Distribution

Accumulator Increase(2) Decrease Decrease
Injection Rate

LPCI Increase Negligible Negligible
Injection Rate

ECC Subcooling Increase SlightIncrease Slight Increase

FlowResistance Increase Increase Increase

EvaluationModel Best Significant Decrease
versus Estimate Decrease

Best-Estimate

Core Blockage Increase Negligible Negligible
,,,

NOTES:

1. In_reasedradialpowerprofile.

2. Increased ECC flowrate, not duration. Prolongingaccumulatorinjection
aft.=rthe downcomerwas filledto the cold leg elevationincreasedthe peak
cl_d temperature,
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4.7 WATER DELIVERYTO AND DISTRIBUTIONIN THE UPPER PLENUM

Definitionof Issueand Descriptionof Phenomena

Some PWRs have ECC systemswhich deliver subcooled ECC to the reactor vessel
upper pienum. These includeupper plenum injection(UPI) plants and combined
injectionplants(whereECC injectedinthe hot legsentersthe upperplenum). During
a large-break LOCA, steam or two-phase upflow from the core interacts with
subcooledECC in the upperplenum. The interactioninfluencesECC deliveryto the
core and subsequentlycore cooling.

Key phenomena in the upper plenum include the following:

• Steam condensation in the upper plenum by subcooled ECC, which improves
core venting(i.e., decreasessteambinding).

• Water accumulation, which stores water in the upper plenum and creates a
hydrostatic head which contributes to the core-to-downcomer pressure drop.

• Water distributionin the upper plenum, which can influencethe locationof water
downflow.

• Saturated/subcooled water mixing, which "dilutes" the subcooling and can
influence the amount of water penetration to the core.

• Liquid entrainmentand carryover intothe hot legs, which removes liquid from the
reactor vessel and may contribute to steam binding.

• Liquid delivery to the core, which is directly related to core cooling.

Tests in the 2D/3D Program providedimproved insighton these phenomena for both
UPI and combined injection.

In a UPI plant, low pressure coolant injection (LPCI) water is injected into the upper
plenum. This injection is the principal source of ECC during the reflood phase of a
large-break LOCA (LBLOCA). Prediction of the disposition of UPI water and, in
particular, the ECC delivery to the core, is the major issue associated with this ECC
system. Phenomena associated with UPI are shown in Figure 4.7-1. UPI downflow
to the core may be limited by overall system behavior or the countercurrent flow
limitation (CCFL) at the tie plate. This situation contributes to accumulation of UPI
water in the upper plenum in the form of a two-phase mixture. Within this mixture,
steam condensation is promoted. Uncondensed steam potentially carries some UPI
water out of the upper plenum into the hot legs where the water either de-entrains or
carries into the steam generators.
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In a combined injection plant, both accumulator and pumped EC,.Care injected into
the cold legs and hot legs of the primary loop. The hot leg ir,j_ction is through
nozzles (Hutze) at the bottom of the hot leg pipes aimed into the upper plenum. In
this case, water delivery to the upper plenum is influenced by the steam/ECC
interaction in the hot legs (i.e., countercurrent flow and condensation--see
Section 4.3). Figure 4.7-2 illustrates phenomena in the upper plenum with hot leg
injection. Subcooled water delivered to the upper plenum condenses steam in the
upper plenum and flows down through the tie plate to the core. Condensation in the
upper plenum and delivery to the core are strongly affected by the rate of ECC
delivery to the upper plenum and water distribution in the upper plenum. Water
delivery to the core is also affected by countercurrent flow phenomena at the tie plate.

The phenomena described above for PWRs with combined injection can also occur
during a small-break LOCA (SBLOCA) in which the core uncovers at elevated
pressures. However, in this case only the high pressure injection system is activated.

Importance of Issue to PWR LOCA Behavior

The pattern, flow rate, and subcooling of water delivery from the upper plenum to the
core affect local core cooling in the water downflow region. Global core cooling and
peak cladding temperature (PCT) are affected by the rate of reflood. Water
accumulation in the upper plenum, hot legs, and steam generator inlet plena, as well
as steam produced from water carried into the steam generators, increases the loop
pressure drop and can potentially impede core flooding; however, steam condensation
in the upper plenum improves core cooling by improving core venting capability.

Tests and Analyses that Relate to the Issue

Tests which addressed upper plenum water delivery and distribution were performed
at each of the three major 2D/3D Program facilities as well as some of the ancillary
facilities (ORNL, Karlstein, etc.). The tests at the ancillary facilities were performed as
part of the development/calibration of the advanced instrumentation for the
core/upper plenum interface. Tests outside the 2D/3D Program provided additional
information, generally at small-scale. In addition, many of the 2D/3D tests were
analyzed using the TRAC and ATHLET computer codes. Tests and analyses relevant
for UPI and not leg injection are listed in Tables 4.7-1 and 4.7-2, respectively.

As shown in Tabie 4.7-1, UPI-related separate effects tests were performed at UPTF,
SCTF, the ORNL Instrument Development Loop (IDL), and Dartmouth. Integral tests
were performed at both C CTF and Semiscale. Post-test analyses of ea;h of the CCTF
tests were performed using TRAC-PF1/MOD1. The UPTF test was analyzed using
both TRAC-PF1/MOD2 and ATHLET.
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Table 4.7-2 indicatesthat separate effectstests relevantto hot leg injectionwere
performedat UPTF, SCTF, Karlst_inand the Universityof Hannover. Combined
injectionintegraltests were performed at each of the three 2D/3D test facilities.
Integraltestswithcombinedinjectionwerealsoperformedoutsidethe 2D/3D Program
at PKLand LOBIoPost-testanalysesforten of the 2D/3D testswere performedusing
TRAC-PF1/MOD1, TRAC-PF1/MOD2, and ATHLET.

Summaryof Key Resultsand ConclusionsfromTest and Analyses

In the large-scaletestsat CCTF, SCTF and UPTF, phenomenain the upperplenum
and tie plate regionwere multidimensional.Specifically,water downflowfrom the
upper plenumto the core occurred in discreteregionsbelow the injectionIoc,3tions
(i.e., UPI nozzlesor hot legs). Outsidethesedownflowregions,a two-phasemixture
of steam and water flowedfrom the core to the upperplenum. Water accumulation
in the upper plenumwas also multidimensionalwith higher accumulationover the
water downflowregions.

Discussion of the detailed results is provided in Subsection4.7.1 for UPI and
Subsection4.7.2 for hot leg injection.
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4.7.1 Upper PlenumInjection

As previouslydiscussed,2D/3D testswith UPI showedthat deliveryof water to the
core occurred in a single,stable region in front of the ECC injectionnozzle while
outsidethis regiona two-phasemixtureof steam andwater flowedupward from the
core to the upperplenum. Steam andsubcooledECC mixedinthe upper regionsof
the core and the upper plenum resultingin extensivecondensation;uncondensed
steamwas ventedoutthe hotlegs. The lackof subcoolinginthe lowerplenumor the
hot legs during the CCTF and UPTFtests, indicatedthat the maximum amountof
condensationtook place inthe upperplenumandcore regions. For CCTF, virtually
no subcoolingwas found inthe core indicatingthat aliof the condensationoccurred
inthe upperplenum. About80% of the condensationat UPTFoccurred inthe upper
plenumand the remainderoccurredin the core region.

The followingdiscussioncompares resultsfrom UPI and UPI-relatedtests at different
facilitiesandevaluatesthe effectof scale. For thisdiscussion,scaleis definedrelative
to the core flow area; however,it shouldbe notedthat the test vessel radiusmay
affecthow readilythe multidimensionalphenomenaare established, lt shouldalsobe
notedthat, in integraltestswitha heatedcore at CCTF and Semiscale,upperplenum
behavior may have been influenced by system effects; the separate effects tests at
UPTF, SCTF, IDL, and Dartmouth did not simulate overall system behavior.

• The size of the downflowregionwas predominantly a function of the facilityscale.
The area of the downflowregion relativeto the core flow area was found to
decreasewith increasingscale,as shown in Figure4.7-3 (ReferenceU-454).

• The rate of downflowwasfound to be dependent upon ECC subcoolingandscale
for comparable (i.e., appropriatelyscaled) ECC injection rates. With more
subcooling,the rateof waterdownflowconstituteda largerfractionof theavailable
water (i.e., ECC injectionrate plussteamcondensationrate). Subcoolingabove
the tie plate appearsto aid in downflowto the core. Scaleaffected downflowin
that the largerscalefacilitieshad largerdownflowfractionsrelativeto the available
wateras shownin Figure4.7-4. Note that, inthe CCTF tests,systemeffectswith
a heated core influenceddownflow;these effectswere not simulatedat UPTF.
However, at both CCTF and UPTF, almostali of the ECC injected in the upper
plenumpenetratedto the core (ReferenceU-454).

• Water carryoverto the hot legs,and hencethe potential fo_'steam bindingdue to
vaporizationin the steamgenerators,was found to be influencedby scale. An
increasein scale resultedin a decrease in carryoverrate for similarcoresteam
momentum fluxesas shownin Figure4.7-5. Further,water accumulationin the
hot legs occurred to a greater extent at the _-_-_• _.=._-scaleUPTF than at the small-
scale CCTF; consequently, the portion of wa_=icarried over to the loops which
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reached the steam generatorswas smaller at UPTF than at CCTF (Reference
U-454).

• For similargas momentumfluxesat the tie plate and ECC injectionrates, the
upper plenum liquidfractionwas found to decrease with increasingscale as
shownon Figure4.7-6. However, it shouldbe noted that systemeffects with a
heatedcore, which were not simulatedinthe UPTF and ORNLtests, may affect
the trend shownin Figure4.7-6. Theamountof waterstoredin the upperplenum
at steady-statewas small, rangingfrom about 3 seconds worth of UPI flow at
UPTFto 25secondsworthof UPIflowat SCTF. Upperplenumaccumulationwas
also affectedby the ECC injectionrate. Specifically,the "no-failure"(high ECC
flow)test atCCTF had an inventorythat was twice thatin the "single-failure"tests;
however,the condensingcapacityof the UPI flow exceededthe core steamflow
so thatthe additionalinventorydid not hindercoreventing. Thewater distribution
acrossthe flowareatendedto be uniformexceptoverthe downflowregionwhere
morewateraccumulated.Overall,thedifferentialpressureresultingfromthe water
accumulationwas a smallfractionof the total loopdifferentialpressure(Reference
U-454).

The fiveCCTF testswere analyzedby the TRAC-PF1/MOD1 computercode at LANL
(ReferenceU-622). In addition, LANL analyzed the UPTF test using the TRAC-
PF1/MOD2 computercode (ReferenceU-710). For four of the five CCTF tests, the
code had reasonable overall agreement with the test results, predicting
multidimensionalcore refloodconditions,negativecore-inletflow, locationof the liquid
downflow, and average values for fuel rod temperatures. However, the code
overpredictedthe amountof UPI downflowto the core whilealso not predictingthe
core void distributionaccurately. The analysisof one CCTF test (C2-AA1) did not
havegood overallagreementwiththe test, but the test conditionswere notsimilarto
a UPI plant. The TRAC analysisof the UPTFtestpredictedUPI downflowto the core,
overallcondensationof steam, and the overallbreak massflow, but overpredicted
liquidaccumulationin the upper plenumand underpredictedthe loop mass flows.
Overall,the twoTRAC codeversionswereableto predictthe majortrendsreasonably.

With regard to expected behavior in a UPI PWR, the test results indicate water
downflow from the upper plenumto the core will occur steadilyand the rate of
downflowwillbe essentiallythe same as the UPI flow rate. Also, most of the steam
whichentersthe upperplenumfromthe corewillbe condensedin the upper plenum.
Thistends to negate the possiblydetrimentaleffectsof hot legcarryoverand upper
plenum_.ccumulation.



4.7.2 Hot Leg In!ection

With hot leg injection, ECC delivery to the upper plenum is influenced by the
steam/ECC interactioninthe hot legs. As discussedin Section 4.3.2, ECC delivery
is either continuousor fluctuating. Fluctuatingdelivery resultsfrom periodicwater
accumulationin the hot legs.

In UPTF tests,water downflowto the core initiatedalmostimmediatelyand only a
relativelysmallamountof water accumulatedin the upper plenum. Water downflow
occurred in local regionsadjacentto the hot legs where ECC was injected. Water
accumulation in the upper plenum exhibited similar multidimensionalityin that
accumulationwas higherover the downflowregions. The correspondingincreasein
localhydrostatichead providedthe necessarydrivinghead for waterdownflow. The
water downflowintothe corewas observedto be subcooled.

Figure 4.7-7 showsthe size of the downflowregion for four of the UPTF separate
effectstests. The figureindicatesthat the sizel_)fthe downflowregionwas about 10
fuel assembliesper injectionnozzleinthe highpressure,SBLOCAtest (Test 30); and
18-23 fuel assembliesper injectionnozzle for the low pressure, LBLOCA tests
(Tests12, 20 and26). Figure4.7-7 alsoindicatesthatthe sizeof the downflowregion
increases with increasingECC injectionrate. This trend may be attributable to an
increaseininjectionvelocity.FluctuationsinECCdeliveryto the upperplenumdid not
affect the sizeor locationof the downflowregions.

For the highECC and core exit steamflowstypicalof an LBLOCA,80% of the core
exitsteamflowwascondensedinthe hot legsandupperplenumby the hot leg ECC
injection. Eventhoughcondensationwas extensive,the water downflowto the core
was substantiallysubcooled (-70 K); however,for conditionssimulatingHPl during
an SBLOCA,onlya portionof the coreexitsteam flow was condensedandthe water
downflowwas saturated.The lack of subcoolingbelowthe tie plateindicatesthatthe
condensationefficiencyinthe hot legsand upper plenumwas about 100%.

Finally, UPTF test results indicatedECC penetrationthrough the tie plate at full-scale
was not limited(no CCFL) over the rangeof expectedPWR flow conditions.

Countercurrentflow phenomena at the tie platewere extensivelyinvestigatedin the
past, usingsmall-scaletest facilitiesand perforatedplates up to the size of one fuel
assembly (ReferencesE-931, E-932, E-471, E,933, G-901, and G-803). Typically,
small-scalefacilitiesshowed behaviorthat was relativelyhomogeneousand one-
dimensional,and water downflewwas inhibitedby CCFL even at moderatesteam
flows.
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In the largerCCTF (1/24-scale), behaviorwas different. After a brief periodof water
accumulationfollowingECC initiation,waterdownflowto the core ina stablechannel
was established. There was significantupparplenumwater accumulationin CCTF.
The location where water downflow occurred was not precisely predictable
(ReferencesJ-453 throughJ-456).

Comparisonof the UPTF resultsto CCFL correlationsfrom the small-scalefacilities
indicatesthat downflowwas significantlyhigherat the full-scaleUPTFthan at small-
scale. This beneficialeffect at large-scaleis explainedby the multidimensionalwater
distributionand flow patterns;i.e., distinctbreakthroughzones.

Since assessment of existing flooding correlations from literature using UPTF
experimentalresultsrevealedthat extrapolationto full-scaleisnot appropriate,a new
equation was developedto correlatethe tie plate countercurrentflow observed in
UPTF. This new correlation is an addition to the well-known Wallis-type and
Kutateladzetype correlations(ReferencesG-415, G-906, and G-915). Each of the
three correlationsis valid for experimentalfacilitiesof a certainscale. Figure4.7-8
showsthe dimensionlessgas velocityat theonsetof penetrationacrossthe full range
of facility scales.

An analyticalmodelto determinewaterdownflowratesand areaswas developedby
Siemens based on analyzingthe pressure balance at the tie plate in the water
downflow and two-phase upflow regions. This model is described in detail in
ReferenceG-925.

Post-test analyses for several of the UPTF tests were performed using
TRAC-PF1/MODI. Reviewofthe calculationsindicatesthat TRAC correctlypredicted
fluctuatingdeliveryfrom the hot legs but overpredictedthe subcoolingof the water
deliveredto the upperplenum. TRAC alsodid notcorrectlyaccountfor the horizontal
momentumof the water flow intothe upperplenum. Specifically,waterdownflowto
the core and significantwater accumulationin the upper plenumwere predictedto
occur directlybelowthe hot legsin the TRAC calculationsratherthan 1 m in front of
the hot legs as observed in the tests. Finally,TRAC predictedthe onset of water
downflowbut underpredictedthe rateof downflowby 20%.

For a PWR with ECC injectioninto hot legs it can be concluded:

• Water downflowoccurs in front of the hot legs with ECC injection. Fluctuations
in ECCdeliveryto the upperplenumresultinfluctuationsinwaterdownflowto the
core.

• For both the LBLOCA and SBLOCA cases,ECC injectedin the hot legs
penetratesthroughthetieplateintothecorewithoutlimitation.



• In the case of an LBLOCA, more than 80% of the core exit steam flow is
condensedin the upperplenumand the hot:legsbythe ECC injectedintothe hot
leg and the waterdownflowthroughthe tie plate is substantiallysubcooled.

• Inthecase of anSBLOCAinwhichthe coreuncovers,thecondensationefficiency
in the upper plenumand hot legs is dose,to 100% and the water downflowis
saturated.



Table 4.7-1

_UMMARY OF TESTS AND ANALYSES
RELATEDTO UPI PHENOMENA

Type of Test
or Facilityor Facility

Analysis Analysis Scale1 References
II I I

UPI-Related UPTF: 2.1 U-454, G-411
Separate Test20 G-020, G-220
EffectsTests .......

SCTF-II: 0.091 J-526
Test$2-3 J-128
Test $2-4 J-129
Test $2-5 J-130

,i ii i

ORNL IDL 0.011, 0.033 U-825
i . ii i i i iii i i

Dartmouth 0.0091 E-465
i =ii i

IntegralUPi CCTF-Ih 0.091 U-412
Tests Test C2-AA1 J-047, J-245

Test C2-AS1 J-049, J-247
Test C2-13 J-061, J-259
Test C2-16 J-064, J-262, J-452
Test C2-18 J-066, J-264, J.453

i i i i|

Semiscale 0.0017 E-011
i|l li ii .i

Computer TRAC-PFI/MOD1: ---
Analysis CCTF Test C2-AA1 U-622, U-626, U-627

CCTF Test C2-AS1 U-622, U-629
CCTF Test C2-13 U-622, U-634
CCTF Test C2-16 U-622, U-636
CCTF Test C2-18 U-622, U-637

i ill

TRAC-PF1/MOD2: ---
UPTFTest 20 U-710

i i iii i |,

ATHLET: --
UPTFTest 20 G-649

" ' i ii __

NOTE:

1. The scale of the facilityis based on the core flow area; the referenceis a
1600 MWt Westinghouseor Japanese PWRwith UPI.
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Table4.7-2

SUMMARYOF TESTSAND ANALYSESRELATEDTO UPPERPLENUMWATER
DELIVERYAND DISTRIBUTIONWITH HOT LEG INJECTION

Page 1 of 3

' I " i i ,, ,, r i L, L,,,J

Type of Test
or Facility or Facility

Analysis Analysis Scale1 References
,,,,,,, _ ,,,,, ,, ,,,i , , i i

SeparateEffects UPTF: 1 G-411
TestsRelatedto Test 10A G-010, G-210
Hot Leg Injection Test 10C G-010, G-210, U-453

Test t2 G-012, G-212
Test 13 G-013, G-213
Test 15 G-015, G-215
Test 16 G-016, G-216
Test 26C G-026, G-226
Test 30 G-030, G-230

,,, , _ _ i |

SCTF-,: t/24 J-s26
Test $2-3 J-1;'_8
Test-S2-4 J-129
Test $2-5 J-130

SCTF-IIh 1/24 J-5'70
Test $3-3 J-155
Test $3-4 J-156
Test-S3-5 J-157

,,i , i ,

Karlstein 1/193 G-802
, ,, iii i,

Universityof 1/193 G-801
Hannover

lid • • I
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Table 4.7-2

SUMMARY OF TESTS AND ANALYSESRELATEDTO UPPER PLENUM WATER
DELIVERYAND DISTRIBUTIONWITH HOT LEG INJECTION

Page 2 of 3

ii i | | , , i i I ,,

Type of Test I
or Facility or Facility

Analysis Analysis Scale1 References
' i i i

Integral Tests with UPTF: 1 G-411
Combined Test 3 G-003, G-203
Injection Test 14 G-014, G-214

Test 18 G-018, G-218
Test 19 G-019, G-219
Test 28 G-028, G-228

CCTF-h 1/24
Test C1-SH5 J-005, J-401

CCTF-II: 1/24
Test C2-19 J-067, J-454, J-455
Test C2-20 J-068, J-456, J-557
Test C2-21 J-069, J-456

SCTF-I: 1/24
Test Sl-SH3 J-102
Test S1-SH4 J-103

SCTF-IIh 1/24
Test S3-AC1 --
Test $3-SH2 J-152
Test $3-11 J-163, J-557
Test $3-13 J-165
Test $3-18 J-170, J-564
Test $3-19 --
Test $3-20 J-171, J-565
Test $3-21 J-172, J-577
Test $3-22 J-173, J-572

PKL: 1/145 E-456, E-458
ii i,

LOBh 1/700 E-460
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Table4.7-2

SUMMARY OF TESTS AND ANALYSESRELATEDTO UPPER PLENUM WATER
DELIVERYAND DISTRIBUTIONWITH HOT LEG INJECTION

Page 3 of 3

, ii =l i i' ii , ===l,l= i i "

Type of Test
or Facilityor Facility

Analysis Analysis Scale1 References
II Iiii

Computer TRAC-PFI" ---
Analyses SCTF Test Sl-SH4 U-65_ ,,,

TRAC-PF1/MODI" ---
CCTF Test C2-19 U638
SC.TFTest S3-SH1 U-681, U-683
SCTF Test S.3-SH2 U-681, U-684
SCTF Test $3-5 U-681, U-685
UPTFTest 8 G-641
UPTFTest 9 G-642
UPTFTest 12 G-644
UPTFTest 13 G=645

• iwll

ATHLET --
CCTF Test C2-20 G-611
SCTF Test S3-11 G-622
UPTFTest 18 G-648
UPTFTest 26 G-464

iii ii .7 ....m. i

NOTE:

1. The scale of the facilityis based on the core flow area; the referenceis a
3900 MWt Siemens/KWUPWR.

4.7-12



Legend: < Water Flow

<3--- Steam Flow

__ Water

F_'.;.',_:___._,-_._.1Two-Phase Mixture

/ , Upper Plenum ECC./1

Hot Legs / _A Injection Nozzle
/ Condensation [_1

_ ,IN :
_- - - - , ........... _iii

'"":_ ::!:::::::!::!::7
--%-.-.:

Water Entrainment into iiii!i!i!il Water Accumulation
Hot Legs _ in Upper Plenum

!iii!i!!!i (Two-Phase Mixture)

Steam and Entrained :.:.:.:.:.:, i!iii?!iii
Water Upflow Due iii!ii::!i!,,.,,

to Core Cooling
i::i::!iiii::! Conceptual Water

:::ii::!::i::::i Down flow
,:':-:':.:.,o,..,
,,,,°o,,..,

':':':':':'
,°o°,,**,,,

':':':':':',,,,o,

,°.,...o..,
,o,o°,,,,,

............. • ,,. • ,.%.,.o.,

:':': ::::Jl$:::

.......... :°:°;_
..... o° ..... o°

° ,,,o ........ °o°

:.: f

UPPER PLENUM PHENOMENA
DURING REFLOOD IN A UPI PWR

FIGURE 4.7-1

4.7-13



Condensation in
Upper Plenum

Intact Hot Leg
Broken Hot Leg with ECC Injection

: . ECC

Water Entrainment Condensation in Hot Leg
into Hot Leg

• J , Tie Plate

I I

I I Water Downflow Region
Two Phase Upflow Region I I I I

..... Steam mass flow
Water mass flow

UPPER PLENUM PHENOMENA
WITH HOT LEG INJECTION

FIGURE 4.7- 2

4.7-14



Note: See Reference u-45a for specllrlc test runs tvaluated.
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4.8 WATERCARRYOVERAND STEAMBINDING WITH COLD LEG INJECTION

Definitionof Issueand Descriptionof Phenomena

Steambindingis definedas the increaseinupperplenumpressureduringthe reflood
portionof a large-breakLOCA (LBLOCA)due to core steam generationand water
carryover. Vaporizationof liquidcarryoverinthe reactorcoolantloops(principallythe
steam generators)further adds to steam binding. This increase in pressurefrom
steam bindingreduces the core flooding rate and, therefore, core cooling. The
phenomena associated with water carryover and steam binding are shown in
Figure4.8-1 and describedbelow.

Duringthe refloodphase of an LBLOCA,part of the ECC injected intothe cold legs
flowsdownthe downcomerto the lower plenumand intothe core. A portionof this
nowis vaporizedby decay h"at and storedenergyrelease in the core; the steam is
vented to containment via the _pper plenum and reactor coolant loops. The
remainderof the core inletwater flow is eitheraccumulatedinthe core or carriedby
the steamflowoutof the core. Watercarriedoverfrom the core is eitherde-entrained
in the upper plenum, or carried over with the steam to the hot legs and steam
generators.

In the upper plenum, water de-entrains due to the decrease in steam velocity
correspondingto the increasein flowarea relativeto the core. The waterwhichde-
entrainseither accumulatesin the upper plenum, falls back to the core, or is re-
entrainedbythe steamflow. Wateraccumulationinthe upperplenumresultsin a two-
phasemixtureof steam and water. As shownin Figure4.8-1, water whichfallsback
to the core can be re-entrainedand carried back to the upper plenum; i.e., a

. recirculationflow betweenthe upperplenumandcore canbe established.There can
alsobe recirculationwithinthe upperplenumassomeof the waterwhichde-entrained
inthe upperplenumis re-entrainedin the upperplenum.

The watercarriedover to the loopsis eitherde-entrainedand accumulatedin the hot
legs and steam generatorinlet plena,or carried over to the steam generatortubes
(see Figure4.8-1). The de-entrainedwateraccumulatesinthe inletplenaresultingin
a two-phasemixtureor drains intothe hot legs where it accumulates in a stratified
layerand potentiallyflowstoward the reactor vessel (i.e., countercurrentto the two-
phaseflow fromthe upperplenum). Deliveryto the upperplenumiscontrolledby the
hot legCCFL relationship(seeSection 4.9). Thewaterwhichisdeliveredto the upper

- plenumcan increasethe upper plenumliquidaccumulationor be entrainedby the
steamflow back towardthe steamgeneratorinletplena;i.e., a recirculationpath can
be created.

4.8-1
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_/ater which is carried over to the steam generatorsbut not de-entrained in the inlet
plena is carried by the steam flow intothe steam generator (SG) tubes. Since the
temperature of the water on the SG secondary side is higher than saturation
temperatureatthe post-blowdownprimarysidepressure,heat istransferredfrom the
secondary side to the steam/water flow in the tubes; consequently,the water is
vaporizedandthe steamis superheated.The flow at the SG exitis essentiallysingle-
phasesteamflow. Vaporizationof waterinthe SG'scontributesto steambindingand
decreasescore cooling. Specifically,vaporizationincreasesthe volumetricflowrate,
and thereforepressuredrop,throughthe reactorcoolantloops. Thisincreaseinintact
loopdifferentialpressurereducesthe core floodingrate.

lt should be noted that water carried out of the core is also vaporized in the upper
plenum, hot legs, and SG inletplenadue to hot wallsand structures. Becausethe
surface area and stored energy are not as large in these regionsas the SG's, the
increaseinthe steambindingeffectdueto vaporizationinthe upperplenum,hot legs,
and SG inletplena is not as significantas the SG U-tube contribution.

Importanceof Issueto PWRLOCA Behavior

As described above,water carryover and steambinding adverselyaffect core cooling
during reflood. The magnitude of the effect is dependent on the amount of water
which is carried out of the core and how the water distributes above the core.
Calculations in Reference U-456 indicate the increase in peak cladding temperature
(PCT) during reflood due to steam binding can be as high as 240 K (430°F).

Steambinding isnota safetyconcernfor PWRswithcombined injectionbecausemost
of the steamgeneratedin the core is condensedin the upper plenumand hot legs,
and does notflowthroughthe loops (see Sections4.3.3 and 4.7.2).

Testsand Analysesthat Relateto the Issue

Water carryover and steam binding have been investigatedin transient and steady-
state testswithinthe 2D/3D Programand elsewhere. Table 4.8-1 listsonlythe tests
whichare addressedinthisevaluation. In the 2D/3D Program,testswere performed
at each of the three testfacilities(i.e., CCTF, SCTF,and UPTF). Steady-statetestsat
UPTF (Tests10Band 29B)evaluatedthe effectof parametricvariationsinthecoreexit
flow conditionson water de-entrainmentand distributionabove the core. The time
history of water carryover and distributionabove the core was investigatedin
numeroustestsat CCTF and SCTF,and intransienttestsat UPTF(Tests2 ano 17B).
Data relatedto water carryoverand de-entrainmentin the upper plenumwere also
obtainedfromthe ORNLair/waterandstoam/waterfacilitiesas part of the instrument
developmentworkfor the 2D/3D Program. Outsidethe 2D/3D Program,testswere
conducted at FLECHT-SEASETto investigateheat transfer from the secondaryto
primarysides of a SG duringreflood.



The resultsof the UPTF testshavebeen evaluatedinconjunctionwiththe applicable
subscale data (ReferenceU-456). The major results of these evaluations and
comparisonsare summarizedbelow.

Post-testTRAC calculationshavebeen performedfor tests at each of the 2D/3D test
facilities(see Table 4.8-1). These analysesincludeTRAC-PF1/MOD1 calculationsof
CCTFtests(ReferencesU-601andU-621), SCTFtests(ReferencesU-641, U-661and
U-681) and UPTFTest 10B (ReferenceU-709). TP,_,C-PF1/MOD2calculationshave
been performed for UPTF Tests29B, 2 and 17 and CCTF Test C2-4
(ReferenceU-713). Also,aspartofthedevelopmentalassessmentat MOD2, post-test
calculationsof CCTF Test C2-SH2andSCTFTest $3-15 wereperformed. The results
of these analysesare summarizedbrieflybelow.

Summaryof Key Resultsand ConclusionsfromTestsand Analyses

The UPTF carryover/steam binding separate effects tests (Tests _0B and 29B)
investigatedwater accumulationanddistributionabovethe coreusingseveralsetsof
constantcoreexit flowconditions.The test resultsindicatedthat, for each setof flow
conditions,wateraccumulatedinthe upperplenum,hot legs,and SG inletplenauntil
equilibriuminventorieswereestablished.Waternotaccumulatedintheseregionswas
carried over to the SG tube regions. From the test results, MPR developed
correlationswhichexpressthe upperplenum,SGinletplenum,and hotlegequilibrium
inventories(nondimensionalizedas liquidfractions)as functionsof the flow conditions
(nondimensionalizedusing the Wallis parameter; i.e., j') (Reference U-456). The
observedbehaviorineachregionincludingthe correlationsandcomparisonsto tests
at scaledfacilities,is discussedbelow.

• The UPTF resultsindicatedthat upper plenum inventoryincreasesas the total
core exit water flow (i.e., carryoverfrom the core) increases;however,as steam
flowincreases,carryoverto the reactorcoolantloopsincreasesand upperplenum
inventorydecreases. Asshownin Figure 4.8-2, the upperplenumliquidfraction
was correlated to the ratio of the dimensionlesswater and steam velocities.
Figure 4.8-2 also shows correlationsof upper plenum liquid fraction and
dimensionlessvelocity ratio for CCTF, SCTF, and the ORNL air/water and
steam/water facilities. Comparisonof these correlationsindicatesthat the data
from the scaled facilities,particularlythe ORNL facilities,correlatewell with the
UPTFdata. However,CCTF tendsto haveslightlyhigherinventoriesforthe same
velocityratio (ReferenceU-456).

The above correlationsare based on the total, and not the net, core exit water
flow. As showninFigure4.8-1, thetotalcoreexitwaterflowincludeswaterwhich
de-entrainsinthe upperplenumandfallsback to the core, countercurrentto the
upwardsteam flow. ReferenceU-458 evaluatedfallback(or recirculation)to the
coreassumingthe controllingmechanismis the CCFL. Forthe UPTF, CCTF, and



SCTF tests, the fallback/recirculationrates were estimatedusingthe UPTF tie
plateCCFLcorrelationforuniformsteamflowanduniformfallback. (Note,fallback
wasmeasuredintheORNLtests.) Asindicatedin ReferenceU-456, theestimated
recirculationrateswerehigherforthe CCTF-IIand SCTF-IIdatathan forthe UPTF
and ORNLdata becausethe tie platesteamvelocitieswere lower. The lowsteam
velocitiesat CCTF-II and SCTF-IIresulted,inpart, fromlessrestrictive(i.e., more
open)tie plates. This suggeststhat upperplenumaccumulationis influencedby
the tie plate geometry (ReferenceU-456). Recirculationof liquidfrom the upper
plenum to the core in CCTF and SCTF might also have been enhanced by
horizontaldensitydifferencesinthe corecausingdifferencesin buoyancyforces.
Sincethe simulateddecaypowerwas highertowardthe center,steamgeneration
was highertoward the center of the core and thus the fluid densitywas lower
toward the centerof the core (ReferenceJ 536).

• The resultsof UPTF Tests 10B and 29B indicatedthat the equilibriumhot leg
inventorydecreasesas the steamand water flowsincrease. Comparisonof hot
leg flow conditionsduring UPTF Tests 10B and 29B with the hot leg CCFL
relationship(see Section 4.9) indicatesthat the two-phasevelocitieswere above
the CCFL boundary; i.e., flow to the upper plenum was prevented. The
momentuminteractionbetweenthetwo-phaseflow and the water layerinthe hot
leg limitedthe water level which could be attained. The hot leg equilibrium
inventorycorrelationplottedthe liquidfraction near the hot leg bend versusthe
dimensionlesstwo-phasevelocityin the hot legs (see Figure4.8-3). (Note, the
two-phase densitywas calculatedassuminga slip ratioof two.) The correlation
basedon Tests 10B and29B, whichhad two-phaseflow from the upperplenum
intothe hot legs is similarto a correlationbased on Test 11 which had single-
phase steam flow into the hot legs. The close similarityof the relationships
suggeststhe hot leg inventorycorrelationis applicableto both two-phase and
steam-onlyflow enteringthe hot leg from the upperplenum(ReferenceU-456).

Hot legwateraccumulationat UPTFiscomparedto CCTF and SCTFonthe basis
of the liquidfraction--dimensionlesstwo-phase velocityrelationship.The CCTF
testswithscaleddiameterhot legshadessentiallyno hotlegaccumulation,which
is consistentwith the UPTFresultsbecause the dimensionlesssteam velocities
were very high in CCTF due to the smalldiameterof the pipes. The SCTFtests
witha full-height,scaled-widthhot leg showedstratifiedflow and water storage.
Comparisonof the resultsindicatesthatthe SCTF hotleg liquidfraction increases
morerapidlyas the two-phaseflowdecreases(see Figure4.8-3). The difference
in facility behavior is consistentwith the differencesin hot leg cross section
(ReferenceU-456).

• Resultsof the UPTFtests showedthat SG inletplenuminventoryincreaseswith
both increasingsteamand waterflow. The waterwhich accumulatesinthe inlet
plenumis supportedby the momentumof thetwo-phase flowinthe inletplenum;



hence, increasingthe flows increasesthe momentumflux in the inletplenaand
thereforethe mass of waterwhichcan be supported. The equilibriuminventory
correlationfor the inletplenaplottedthe liquidfractionversusthe squareof the
dimensionlesstwo-phasevelocitycalculatedassuminghomogeneousflow (see
Figure4.8-4).

SG inletplenumaccumulationat UPTFiscomparedto onlyCCTF. The SCTF inlet
plenumwas inadequatelyinstrumentedto allowtwo-phase flow behaviorto be
analyzed. Comparison of inlet plenum accumulationat CCTF to the UPTF
correlation(see Figure4.8-4) showedthat the two appeared to be in a different
regimeof behavior. Specifically,the CCTF velocitiesare higherthan the UPTF
velocities. The CCTF data suggest the in_etplenum liquid fraction remains
constantor decreasesslightlyas the dimensionlesstwo-phase velocityincreases
substantially,lt appearsthe CCTF inletplenamaybe in a highsteamflowregime
where t'_e inventoryis determinedby carryoverfrom the inletplena to the tube
regions. The UPTF inletplena,on the other hand, appear to be in a low steam
flow regimewhere inventoryis determinedby fallbackfrom the inletplenato the
hot legs (ReferenceU-456).

Transienttestsat CCTF andSCTF investigatedoverallsystembehaviorduringreflood
includingthermal-hydraulicphenomenain the core and water carryover out of the
core. In both facilities,water was entrained to the upper regions of the core
essentiallyimmediatelyafter BOCREC (ReferencesU-401, U-414, U-421, U-431, and
U-441). Some of the water entrainedto the upper regionsof the core is carried out
of the core to the upper plenumand reactor coolant loops; i.e., contributesto the
steam bindingeffect.

The CCTF and SCTFtests showedthat watercarryover from the core dependedon
the conditionsat the beginningof refloodand the floodingrate. Typically,carryover
was highestduringthe initialstagesof refloodwhenthe core floodingrate was high.
When the core flooding rate decreased just prior to terminationof accumulator
injection,watercarryoverdecreasedsignificantly.Carryover increasedlater inreflood
as the quenchfront pr(_gressedto the upperregionsof the core. ForEM conditions,
the net core exit qualityaveragedabout 90% over the durationof the transient. For
BEconditions,however,the netqualityatthe coreexitaveragedabout 60% indicating
significantcarryover (ReferencesU-414 and U-441). See Section4.6.1 for a more
detaileddiscussionof thermal-hydraulicbehaviorinthe core duringa LOCA.

UPTFTest 17B simulateda BE refloodtransientto evaluatethe timehistoryof water
accumulationabove the core at full-scale. The test conditionswere based on an
SCTF test (Test$3-10). The net core exit steam and water flows, and a summary
mass balanceplotare provided in Figure4.8-5. The massbalanceplotindicatesthat
initiallythe upper plenumand SG inletplenaaccumulatedalmostali of the core exit
water flow. The hot legs and SG tube regionsdid not accumulate appreciable



amountsofwaterduringapproximatelythe first25 secondsofthe transient. Whenthe
core exit water flows decreased dramaticallyafter about 25 seconds, the upper
plenumand SG inletplenuminventoriesdecreased,resultingin increasesin the hot
leg and SG tube regionaccumulations.Duringthe laterportionof the transient,the
core exitsteam flowdecreasedwhilethe core exitwater flow increased. The upper
plenum, SG inlet plenumand hot leg inventoriesreflectedthe changes in core exit
flows. At the end of the transient,the SG tube regionshad accumulatedabout 65%
of the water which exitedcore (ReferenceU-456).

Vaporizationof entrainedwater in the SG U-tubeswas investigatedintests at CCTF
and FLECHT-SEASET. At both facilities,steam enteredthe U-tubessaturatedand
exited the U-tubes superheated to close to the secondary side temperature
(ReferencesU-401, U-414, and E-481). Thissuggestsaliof the waterwasvaporized;
however,at FLECHT-SEASET,measurementsof the flowqualityinthe outletplenum
indicatedthat the flow inthe outletplenumwas actuallya non-equilibriummixtureof
superheatedsteam andentrainedwater. The qualityinthe outletplenumwas about
97% (ReferenceE-48i).

Post-testcalculationsof numerous CCTF and SCTF tests were performed using
TRAC-PF1/MOD1. In CCTF analyses,watercarryoverfromthe upperplenumto the
loopswasgenerallywellpredictedinhighpowertestswhichhadhighsteamflowsand
water carryover rates, and in low power tests which had low steam flows and
negligiblecarryover; however,in SCTF analyses,water carryover from the upper
plenumwasgenerallyunderpredicted,evenfor testswith highsteam flows. A limited
numberof CCTF and SCTFtests have alsobeen analyzedusingTRAC-PF1/MOD2.
Withthe new refloodmodelin MOD2, morewaterwas carriedout of the core to the
upperplenum;consequently,predictedcarryoverfromthe upperplenumto the loops
was higherwith MOD2 than MOD1. Carryoverto the loopswas wellpredictedinthe
SCTF calculationand overpredictedin the CCTF calculations(ReferenceU-713).

The abilityof TRAC-PF1/MOD1to predictwatercarryover/steambindingphenomena
was evaluatedoutsidethe 2D/3D Programas part of the USNRC's Code Scaling,
Applicabilityand Uncertainty(CSAU) Study. The evaluationwas based on analyses
of SCTF tests. The studyshowedthat watercarryoverfrom the upperplenumto the
loops was improvedby increasingentrainmentand interfacialshear in the core, not
the upperplenum;consequently,itwas concludedthat predictionof carryoverto the
loops is dependenton calculatingthe flow conditionsabove the quench front and
below the tie plate. (lt should be noted that MOD2 has a new core
entrainment/interfacialshearmodelwhichpredictsflowconditionsbelowthe tie plate
betterthan the old modelin MOD1.) Finally,the CSAU Studyestimatedthat TRAC-
PF1/MOD1 underpredictsthe refloodPCT in a four-loopWestinghousePWR by as
muchas 59 K due to underpredictionof steam binding(ReferenceU-713).
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As part of the 2D/3D Program, UPTF tests have been analyzed using
TRAC-PF1/MOD1 and TRAC-PF1/MOD2. Both the MOD1 and MOD2 calculations
underpredictedwater carryover from the core to the upper plenum. The poor
predictionof carryoverfrom the core impactedthe predictionof watercarryoverfrom
the upper plenum to the hot legs and SGs; specifically,carryover from the upper
plenumwasunderpredicted. Interestingly,the upperplenumwaterlevelwas, insome
cases, overpredictedbecause the underpredictionof carryover to the loops was
greaterthan the underpredictionof carryoverfrom the core. The poor predictionof
carryoverfrom the corewas attributedto the inabilityof the computer model of the
UPTFcore simulatorto accuratelypredict flow conditionsbelowthe tie plate. Since
flow conditionsbelow the tie plate in PWR calculationsare determinedby the core
refloodmodel, the resultsof the UPTF analysesare not consideredindicativeof the
abilityof TRAC to predictPWR LOCA behavior(ReferenceU-713).

A methodologyfor predicting transient water accumulationabove the core was
developedfromthe resultsofthe UPTFcarryover/steambindingseparateeffectstests
and verifiedwith UPTF transienttests (ReferenceU-456). This methodologywas
adapted for predictingtransient water accumulationin US/J PWFIswith cold leg
injection.The predictedaccumulationanddistributionabovethe core for a 3400 MWt
ClassWestinghouse(_) PWRand a CombustionEngineering(CE) System80 PWR
are showninFigure4.8-6. The predictionsare basedon the coreexitflowconditions
of UPTFTest 17B, a BE refloodtransient. Differencesinwaterdistributionabove the
core for UPTF Test 17B (see Figure4.8-5) and the PWRs reflect geometricaland
configurationaldifferences(ReferenceU-456).

The effect of steam bindingon the refloodPCT was estimatedin ReferenceU-456
from the predicted carryoverto the SG U-tubes for each of the PWRs assuming
completevaporization.A summaryof thisanalysiswhichshowsthe maximumimpact
of steam bindingon PCT as a functionof the fractionof watercarriedover to the SG
U-tubesis presentedin Figure4.8-7. The figureshowsthat, if aliof the watercarded
out of the core reachesthe SG U-tubes,the increasein PCT is about 240 K (430°F)
relativeto no carryoverto the U-tubes. Based on the predictedcarryoverto the SG
tube regionsfor US/J PWRs,the increaseinthe refloodPCT due to water carryover
and steam bindingis between 55 K and 65 K (100=Fand 120°F).

4.8-7



Table 4.8-1

SUMMARY OF TESTSAND ANALYSESRELATED
TO WATER CARRYOVERAND STEAM BINDING

Page 1 of 2
,' , ,, ,

Type of Test or Facility
Analysis Facilityor Analysis Scale1 References

i

Steady-stateTests UPTF: 1.05 U-456, G-411
Test 10B G-010, G-210
Test 29B G-029, G-?_2.9

, i

ORNLAir/Water 0.016 U-825
Facility

• ., ..... .

ORNL Steam/Water 0.0049 U-825
Facility

, .,,,. , ,,, ,. , i,

FLECHT-SEASET 0.00242 E-481
,. , ,,,

Transient Tests UPTF: 1.05 U-456, G-411
Test 2 G-002, G-202
Test 17B G-017, G-217

,, ,_ ,,.

CCTF-I 0.047 U-401
,..

CCTF-II: 0.047 U-414
Test C2-SH23 J-044, J-242, J-445
Test C2-43 J-052, J-250, J-448

.,,

SCTF-I 0.043 U-421

SCTF-II: 0.043 U-431
Test S2-SH13 J-124

i .. ,, , ,

SCTF-III: 0.047 U-441
| i , .. ,,

Computer TRAC-PF1/MOD1" ---
Analyses CCTF-I U-601

CCTF-II U-621
SCTF-I U-641
SCTF-II U-661
SCTF-III U-681
UPTFTest 10B U-709

TRAC-PF1/MOD2: ---
' CCTF Test C2-4 U-713

, CCTF Test C2-SH24 U-713
.._"- SCTF Test S3-154 U-713

UPTF Test 29B U-713
UPTFTest 2 U-713
UPTFTest 17 U-713

,'T
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Table 4.8-1

SUMMARY OF TESTS AND ANALYSESRELATED
TO WATER CARRYOVERAND STEAM BINDING

Page 2 of 2

NOTES:

1. The scale of a facilityis definedrelativeto the core flow area of a 3400 MWt
Westinghouseor JapanesePWR.

2. The scale for FLECHT-SEASETis based on the total numberof steam generator
U-tubes.

3. A large numberof CCTF and SCTF testscoveredthis phenomena. These tests
were selectedfor detailedcomparisonto the UPTFcarryover/steambinding
separateeffectstests.

4. The TRAC-PFI/MOD2 calculationsof these tests were performedas part of the
developmentalassessmentof MOD2.
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See Detail A

STEAM BINDING PHENOMENA
IN A PWR DURING REFLOOD

FIGURE 4.8-1
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4.9 HOT LEG COUNTERCURRENTFLOW

Definitionof Issue and Descriptionof Phenomena

The reactor safety issue associated with hot leg countercurrent flow is the
characterizationof the naturalcirculationprocesseswhichprovidecorecoolingduring
a small-break LOCA (SBLOCA). In an SBLOCA heat generated in the core is
transferred to water in the secondary side of the steam generators by natural
circulationwithinthe primarysystem. Asprimarysysteminventorydecreases,natural
circulationchangesfrom single-phase(water)to two-phase(cocurrent,withwateras
the continuousphase) and finallyto refluxcondensation(ReferenceE-401). Hot leg
countercurrentflow is applicableto the refluxcondensationmode of core coolingin
an SBLOCA.

Refluxcondensationis the coolingmode in whichsteam is the continuousphase in
the upper plenumand reactor coolant loops (i.e., above the core). Decay heat is
removed by steam generationin the core and steam condensationin the steam
generatorU-tubes. Asshownin Figure4.9-1, steamcondensedinthe upflowleg of
the U-tubesreturnsto the reactorvesselby flowingcountercurrentto the steam flow
in the hot leg. The primary systempressureduringrefluxcondensationcan be as
highas 8,000 kPa (1160 psia) (ReferenceU-452).

Countercurrentflowcan alsooccurinthe hot legsduringthe refloodportionof a large
break LOCA(LBLOCA). AsdescribedinSection4.8, waterde-entrainedinthe steam
generatorinletplenadrainsintothe hot legs. Thiswatereitheraccumulatesinthe hot
legsorflowstowardthe reactorvessel(i.e., countercurrentto the two-phaseflow from
the upperplenum). The waterwhichis deliveredto the upperplenumcan increase
the upper plenumliquidaccumulationor can be entrainedby the steam flow back
toward the steam generator inlet plena; i.e., a recirculationpath is created. This
recirculationflowof entrainedwaterto the inletplenamitigatesthe countercurrentflow
and the buildupof hot leg inventory;further, it contributesto increasingthe inlet
plenuminventory. The net effectof countercurrentflow in the hot legs is to reduce
carryoverto the steamgeneratorU-tubes,and hencereducethe steambindingeffect
(see Section4.8).

Hotlegcountercurrentflow ischaracterizedby a countercurrentflowlimitation(CCFL)
curve,orfloodingcurve. The CCFLcurve definesthe maximumcountercurrentwater
flowwhichcan be achievedfor a givensteam flow towardthe steam generatorinlet
plena. The countercurrentwater flow can be less than the value indicated by the
CCFL curve for a givensteam flow if the water deliveryto the hot leg from the inlet
plenum is less than the maximum countercurrentflow which can be achieved;
however,the countercurrentwaterflowcannot be greaterthan the value indicatedby
the CCFL curve.
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Importanceof Issueto PWR LOCAPhenomena

As indicated above, hot leg countercurrentflow is of interest primarily for
characterizingnaturalcirculationcoolingprocessesduringan SBLOCA. A principal
motivationfor characterizingthe naturalcirculationcoolingmodesduringan SBLOCA
was the 1979accidentat Three Mile Island,whichinvolvedsignificantprimarycoolant
inventorydepletion(ReferenceE-401).

Withregardto LBLOCA,hotlegcountercurrentflowisbeneficialinthat itreducesPCT
by reducing carryover to the steam generator U-tubes (i.e., steam binding). As
discussed in Section 4.8, reduction in carryover to the U-tubes clue to hot leg
countercurrentflow is expected to be small, especiallyearly in reflood;hence, the
impact on refloodPCT should,likewise,be small.

Testsand Analysesthat Relateto the Issue

The UPTF hot leg separate effects test (Test 11) was conducted specificallyto
investigatehot legcountercurrentflowat full-scale.ThedatafromUPTFTest 11were
usedto determinea CCFL correlation.Thiscorrelationis comparedto CCFL curves
developed from tests at other ,".,,.ilities,to theoretical models, and to computer
analysesof UPTF Test 11. Also,_heCCFL curve determinedfrom Test 11 data is
compared to the flow conditions in scaled integral tests which simulated reflux
cond3nsation.Since hot leg countercurrentflow duringrefioodrelatesto the steam
bindingissue,comparisonsof the hot leg CCFL correlationto testswhichsimulated
refloodare discussedin Section4.8.

Thetestsandanalysesconsideredinthisevaluationof hotlegcountercurrentflowand
its implicationsfor the reflux condensationmode of core cooling are listed in
Table 4.9-1. A detailed comparison of the tests which investigated hot leg
countercurrentflow is presentedinTable 4.9-2. AsshowninTable 4.9-2, whilethese
testsencompassa wide rangeof pipe diametersand configurations,the UPTF data
are the onlydata obtainedat full-scale.

Summaryof Key Resultsand Conclusionsfrom Testsand Analyses

As previouslyindicated,the evaluationof the UPTFhot legseparate effectstestdata
consistedprimarilyof the determinationof a CCFL curve. Figure4.9-2presentsa plot
of the UPTF steamflowversus countercurrentwater flow. Steam and water flow in
Figure4.9-2 are expressed as dimensionless,superficialvelocity (j', defined in
Figure4.9-2) whichis typicalof CO.untercurrentflowanalyses. The data showninthe
figure include0nly conditionswithcompleteturnaroundof water (i.e., no delivery)and
partialdelivery. The CCFL correlationwas determinedfrom a leastsquaresfit of the
data pointsWithpartialturnarount:lof the water flow;the completeturnaroundpoints
werenotusedbecausetheyfallabovethe CCFL boundary. Asshownin Figure4.9-2



the scatterof the data about the CCFL correlationis small. Also, the agreement
betweenthe 300 kPaand 1,500 kPadatais extremelygood. The correlationpredicts
completeturnaroundat j g= 0.47.

The CCFL correlationdeterminedfrom the UPTF data is compared to correlations
developed from tests at subscale facilities in Figure4.9-3. Countercurrentflow
predictionscalculatedfrom these correlationsare compared to the UPTF data at
1,500 kPa in Figure4.9.4. As shown in Figure4.9.3, the slopes of the CCFL
correlationsfor the subscale facilitiesare similarto the UPTF correlation,but the
y-interceptsare different. (Note that Ohnukideterminedthat the y-interceptof the
CCFL curve dependson the lengthof the horizontalpipe, pipe diameter,and length
of the inclinedriser. The dimensionsof the UPTF hot leg were used in the Ohnuki
formulation to determine the y-intercept of the Ohnuki CCFL curve plotted in
Figure4.9-3.) The best agre_amentbetweenthe UPTF and the subscalefacilitiesis
withthe Richtercorrelation.A_showninFigure4.9-3, the facilityusedby Richterwas
the largestof the subscalefacilities. Also,the configurationof Richter'sfacilityand
UPTF are similar.

Figure4.9-3 also showsthe CCFL curvesdeterminedusingthe Gardnermodel for
pressuresof 300 kPa and 1,500 kPa,the systempressuresused inthe UPTFtesting.
The Gardner model is a theoreticalmodel in which the flooding mechanism is
assumedto be unstablestationarydisturbance(ReferenceE-941). As shown inthe
figure, the CCFL curves determined using the Gardner model do not compare
favorably with the UPTF correlationor the correlationsfor the subscale facilities;
hence, it appears that the assumed flooding mechanism does not reflect true
countercurrentflow behaviorin horizontalpipes (ReferenceU-904).

A previousstudyon modelingSBLOCAphenomenaevaluatedhot leg CCFL usinga
correlation developed by Wallis for wave instabilityin horizontal stratifiedflow
(ReferenceE-496). The Walliscorrelationrelatesthe void fractioninthe pipewiththe
gas velocity at which waves "break" and are propelled down the pipe
(ReferenceE-495). Figure4.9-5 comparesthe Walliscorrelationto UPTFdata. For
the UPTF data the void fraction is based on the "hutze" regionof _,_ehot leg. As
shownin Figure4.9.5, thereis reasonableagreementbetweenthe UPTFdata and the
Walliscorrelation.This suggeststhat the basicapproachof thiscorrelationappears
correctfor scaling.

The UPTF countercurrentflow data at a pressure of 1,500 kPa (218 psia) are
comparedto computeranalysesof UPTFTest 11 (see Figure4.9.6). The computer
analyseswereperformedby LANLusingTRAC,by WinfrithTechnologyCentre using
RELAP5/MOD2, and by GRS usingATHLET. Countercurrentflowbehaviorpredicted
withTRAC-PF1/MOD1version14.3exhibitsa "bi-stable"-typeof behavior.Specifically,
the code predictedeither complete turnaroundor complete delivery rather than a
gradual CCFL boundary. MOD1 generallyoverpredictedthe countercurrentwater



flow. The analysiswas repeatedusingdifferentinterfacialdrag correlationsin a pre-
releaseversionof TRAC-PF1/MOD2. The best resultswere obtained usinga drag
correlationdevelopedby Ohnuki. As shown in Figure4.9.6, the interfacialfriction
factorscalculatedwiththe Ohnukicorrelationresult in an improvementin the TRAC
predictions. Specifically,the completeturnaroundpoint is better predictedand the
CCFL boundary is more gradual than the MOD1 predictions; however, the
countercurrentwater flow is still significantlyoverpredicted. LANL concludedthat
furtherimprovementsto TRAC are requiredto accuratelypredictcountercurrentflow
(ReferenceU-708).

As shown in Figure 4.9-6, RELAPS/MOD2cycle36.05 underpredictedthe complete
turnaroundpointby abouta factorof three. This is attributedto the flow regimemap
used in the code. Specifically,the flowregimemap does not permitstratifiedflow in
the hot leg riser. Modificationof RELAP5/MOD2to allowstratifiedflow in the riser
resultedin a better predictionof the test data; however,the code tended to predict
either complete turnaround or complete delivery, and generally overpredicted
countercurrentwater flow (like TRAC-PF1/MOD1). Winfrith concluded that the
modifiedversionof RELAP5overpredictedthe countercurrentwater flowbecausethe
calculatedwater levelswere incorrect(ReferenceE-621). To supportthisconclusion,
Winfrith developed an experimental computer program which uses the same
correlationsas RELAP5/MOD2 but "integratesthe momentumequationsbackwards
along the hot leg from the pressurevessel to the riser'' (ReferenceE-621). The
calculatedhot leg water levelswere more realisticthan those calculatedwith the
modified version of RELAP5/MOD2. As shown in Figure4.9-6, the resulting
countercurrentflow curve exhibitsthe same character as the UPTF data (i.e., a
gradualCCFL boundary). This suggeststhat RELAP5could predict countercurrent
flow moreaccuratelyif the code calculatedmorerealisticliquidlevelsin the hot leg.

Figure4.9-6 includesthecountercurrentflowbehaviorpredictedusinga full-rangedrift-
flux model incorporatedin the ATHLET computercode. GRS developedthe model
from the drift-fluxandenvelopetheories(ReferenceG-924). AsshowninFigure4.9.6,
the countercurrentflow behaviorpredictedby the code for the UPTF Test 11 is in
closeagreementwiththe actual testdata.

In addition to the comparisonsdescribed above, the UPTF resultsare comparedto
tests at subscalefacilitieswhichsimulatedSBLOCAs. The facilitiesconsideredand
theirscalesare listedinTable 4.9.1. These facilitiesdemonstratedrefluxcondensation
occurswithout apparenthold-updue to hot leg CCFL. The conditionsachievedin
reflux condensation tests in the four subscale SBLOCA facilitiesare plotted in
Figure4.9-7. Figure4.9-7 alsoshowsthe UPTFcorrelationandthe data pointforthe
UPTFconditionswhichsimulatedrefluxcondensation.Thisfigureshowsthatalthough
the scaled facilityconditionstend to be scatteredabout the graph, they are aliwell
withinthe CCFL boundary. The major conclusions,though, are that for ali of the
facilities,the observationof refluxcondensationwithout hold-upfrom hot leg CCFL



is consistentwith the full-scaleUPTF data, and that the subscale facilitiesdid not
distortPWR hot leg behaviorin a majorphenomenologicalway (ReferenceU-904).

Also shown in Figure4.9-7 is a band of "PWR conditions"which roughlyenvelope
SBLOCArefluxcondensationconditions. Thisfigure Showsthat the expectedPWR
conditionsare wellwithinthe CCFLboundary. Accordingly,uninhibitedwater runback
to the reactorvessel is expected in a PWRduringthe refluxcondensationportion of
an SBLOCA.



Table 4.9-1

SUMMARY OF TESTS AND ANALYSES ADDRESSING
HOT LEG COUNTERCURRENT FLOW AND REFLUX CONDENSATION

Type of Test or Facility or Facility
Analysis Analysis Scale 1 References

Hot Leg CCFL Tests UPTF Test 11 1.02'3 U-452, U-904
G-011, G-211

G-411

Richter 0.0764 E-493

Krolweski 0.0484 E-491

Ohnuki 0.0012 to 0.011 4 J-947

Wallis 0.00154 E-495

Theoretical Model of Gardner --- E-941
Hot Leg CCFL

Computer Analyses TRAC --- U-708
of UPTF Test 11

RELAP5 --- E-261

ATHLET --- G-924

Integral Test ROSA-IV 0.021 4 E-494, E-944
Simulation of Reflux PKL 0.00692 E-622, E-943
Condensation

FLECHT-SEASET 0.00334 E-492

Semiscale 0.00594 E-021, E-022,
E-023, E-942

NOTES"

1. For the hot leg CCFL tests, the scale of the facility is based on the hot leg flow
area. For the tests which simulated reflux condensation, scale is based on core
power.

2. Relative to a 3900 MWt Siemens/KWU PWR.

3. Relative to a 3400 MWt Westinghouse or Japanese PWR, the scale of UPTF is 1.0
based on the nominal hot leg area. However, when considering the reduction in
flow area due to the internal injection pipe (Hutze), the scale of UPTF is 0.93.

4. Relative to a 3400 MWt Westinghouse or Japanese PWR.
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" BIBLIOGRAPHY

This bibliographyprovidesa comprehensivelistingof reportsprepared within the
2D/3D Program and references to supporting material generated outside the
2D/3D Program. Each documentis assigneda four charactercode consistingof a
letterand a three-digitnumber (i.e., A-###). Th,_letterdesignatesthe originof the
documentand the numberindicatesthe type of d_ument. Thesecodesare defined
below.

LetterPrefixes
G Publishedby FRGwithinthe 2D/3D Program
J Publishedby Japan withinthe 2D/3D Program
U Publishedby US withinthe 2D/3D Program
E Externalto 2D/3D Program

Numbers
001 - 200 Data Reports
201 - 400 QuickLook Reports
401 - 600 EvaluationReports
601 - 800 Code AnalysisReports
801 - 900 AdvancedInstrumentationReports
901 - 999 Papers,Presentations,and Correspondence

NOTICE: Data generated ir_the 2D/3D InternationalProgram are only for use by
authorized users within the restrictions of the 2D/3D Program;
consequently,distributionof reports which contain 2D/3D Program test
data (i.e., manyof the reportslistedinthis bibliography)is restricted.
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REPORTSAND PAPERSPUBLISHEDBY FRGWITHIN 2D/3D PROGRAM

DATA REPORTS
• ,

" UPTF

G-001 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
''TestNo. 1 Fluid-FluidMixingTest," preparedby KWU, R 515/87/09, April
1987.

G-002 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
''TestNo.2 US/J PWRIntegralTestwithColdLegECCInjection,"prepared
by Siemens/KWU, U9 316/88/5, April 1988.

G-003 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
''TestNo.3 GPWRIntegralTest5/8 CombinedECC Injection,"preparedby
KWU, R 515/87/14, August 1987.

G-004 2D/3D Program Upper PlenumT6_t FacilityExperimentalData Report,
. ''Test No. 4 US/J PWR Integral Test W'_h Cold Leg ECC Injection,"

preparedby Siemens/KWU,E314/90/004, April 1990.

G-005 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 5 Downcomer Separate Effect Test," prepared by KWU,
R 515/87/16, September1987.

G-006 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
''Test No. 6 Downcomer Countercurrent Flow Test," prepared by
Siemens/KWU, U9 316/88/18, December1988.

G-007 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 7 Downcomer Countercurrent Flow Test," prepared by
Siemens/KWU, U9 316/89/14, 1989.

G-008 2D/3D ProgramUpper PlenumTest FacilityExperimentalData Report,
''TestNo. 8 Cold/Hot LegFlowPatternTest," preparedby Siemens/KWU,
U9 316/88/12, September1988.

G-009 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
''TestNo.9 Cold/Hot LegFlowPatternTest," preparedby Siemens/KWU,
U9 316/89/5, February1989.
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G-010 2D/3D Program Upper Plenum Test FacilityExperimentalData Report,
"Test No. 10 Tie Plate Countercurrent Flow Test," prepared by
Slemens/KWU, U9 316/88/1, February1988.

G-011 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"TestNo. 11CountercurrentFlowin PWRHotLegTest," preparedby KWU,
R 515/87/10, May 1987.

G-012 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 12 Tie Plate CountercurrentFlow Test," prepared by KWU,
R 515/86/14, November1986.

G-013 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 13 Tie Plate CountercurrentFlow Test," prepared by KWU,
U9 316/87/21, November1987.

G-014 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 14 GPWR Integral Test with 5/8 Combined ECC Injection,"
preparedby Siemens/KWU, E314/90/15, September1990.

G-015 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 15 Tie Plate Countercurrent Flow Test," prepared by
8iemens/KWU, U9 316/88/17, December 1988.

G-016 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 16 Tie Plate Countercurrent Flow Test," prepared by
SiemenslKWU, E314/89/21, December 1989.

G-017 2D/3D Program Upper Plenum Test FacilityExperimentalData Report,
"Test No. 17 US/J-PWR Integral Test with Cold Leg ECC Injection,"
preparedby Siemens/KWU, E314/89/18, November 1989.

G-018 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Tests No. 18 GPWR IntegralTest with 5/8 Combined ECC Injection,"
prepared by Siemens/KWU, U9 316/89/10, June 1989.

G-019 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 19 GPWR Integral Test with 5/8 Combined ECC Injection,"
preparedby Siemens/KWU,U9 316/89/16, 1989.

G-020 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 20 Upper Plenum Injection SimulationTest," prepared by
Siemens/KWU, U9 316/88/08, June 1988.
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G-021 2D/3D Program Upper Plenum Test FacilityExperimentalData Report,
'_est No. 21 Downcomer InjectionTest," prepared by Siemens/KWU,
E314/90/17, October1990.

G-022 2D/3D Program Upper Plenum Test Facility Experimen',alData Report,
"Test No. 22 DowncomerInjectionTest with Vent Valves," prepared by
Siemens/KWU, E314/91/007, March 1991.

G-023 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 23 DowncomerInjectionTest with Vent Valves," prepared by
Siemens/KWU, E314/91/001, January 1991.

G-024 2D/3D Program Upper Plenum Test FacilityExperimental Data Report,
"Test No. 24 IntegralTest withVent Valves,"preparedby Siemens/KWU,
E314/90/21, November1990.

G-025 2D/3D Program Upper PlenumTest Facility ExperimentalData Report,
"Test No. 25 Downcomer/Cold Leg Steam/Water Interaction Test,"
prepared by Siemens/KWU, E314/90/11, August1990.

G-026 2D/3D Program Upper PlenumTest Facility ExperimentalData Report,
'q'est No. 26 Hot Leg Flow Pattern Test," prepared by Siemens/KWU,
E314/91/005, February1991.

G-027 2D/3D Program Upper Plenum Test FacilityExperimentalData Report,
'q'est No. 27 Integral Test with Cold Leg Injection," orepared by
Siemens/KWU,E314/90/24, September1990.

G-028 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 28 GPWR IntegralTest with 7/8 Combined ECC Injection,"
preparedby Siemans/KWU,E314/90/07, July 1990.

G-029 2D/3D Program Upper PlenumTest FacilityExperimentalData Report,
"Test No. 29 Entrainment/De-entrainment Test," prepared by
Siemens/KWU,E314/90/05, June 1990.

G-030 2D/3D ProgramUpper PlenumTest FacilityExperimentalData Report,
"Test No.30 TiePlateCountercurrentFlowTestH-P Injection,"preparedby
Siemens/KWU,U9 316/89/9, April 1989.

5-4



QUICK LOOK REPORTS

G-201 2D/3D Program Upper PlenumTest FacilityQuickLook Report, 'q'est No.
1 Fluid-FluidMixingTest," preparedby KWU, R 515/87/1, January 1987.

G-202 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport, 'q'est No.
2 US/J PWR IntegralTest with Cold Leg ECC Injection,"prepared by
Siemens/KWU, U9 316/88/2, March 1988.

G-203 2D/3D Piogram Upper PlenumTest FacilityQuickLook Report, 'q'est No.
3 GPWR IntegralTest with 5/8 Combined ECC Injection,"prepared by
KWU, R 515/87/15, September1987.

G-204 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport, 'q'est No.
4 US/J PWR IntegralTest with Cold Leg ECC Injection,"prepared by
Siemens/KWU, E314/90/06, July 1990.

G-205 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport, "Test No.
5 DowncomerSeparate Effect Test," prepared by KWU, U9 316/87/17,
October 1987.

G-206 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport,'q'est No.
6 Downcomer CountercurrentFlow Test," prepared by Siemens/KWU,
U9 316/89/2, March 1989.

G-207 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport, 'q'est No.
7 Downcomer CountercurrentFlow Test," prepared by Siemens/KWU,
E314/90/003, March 1990.

G-208 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport, 'q'est No.
8 Cold/Hot Leg Flow Pattern Test," prepared by Siemens/KWU,
U9 316/88/11, September1988.

G-209 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport,'q'est No.
9 Cold/Hot Leg Flow Pattern Test," prepared by Siemens/KWU,
U9 316/89/6, March 1989.

G-210 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport, 'q'est No.
10 Tie Plate CountercurrentFlow Test," prepared by Siemens/KWU,
U9 316/88/3, 1988.
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G-211 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report,'_TestNo.
11 CountercurrentFlow in PWR Hot Leg Test," prepared by KWU,
R 515/87/08, March 1987.

G-212 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport,'WestNo.
12 Tie PlateCountercurrentFlowTest," preparedby KWU, R 515/86/13,
October 1986.

G-213 2D/3D ProgramUpperPlenumTest FacilityQuickLookReport, '_l'estNo.
13Tie PlateCountercurrentFlowTest," preparedby KWU, U9 316/87/22,
December 1987.

G-214 2D/3D ProgramUpperPlenumTest FacilityQuickLook Report,'_l'estNo.
14 GPWR IntegralTest with 5/8 CombinedECC Injection,"preparedby
Siemens/KWU, E314/90/14, September1990.

G-215 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report,'_l'estNo.
15 Tie Plate CountercurrentFlow Test," prepared by Siemens/KWU,
U9 316/89/01, February1989.

G-216 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report, "1"estNo.
16 Tie Plate CountercurrentFlow Test," prepared by Siemens/KWU,
E314/89/22, December 1989.

G-217 2D/3D ProgramUpper PlenumTestFacilityQuickLookReport, '_l'estNo.
17 US/J PWR IntegralTest with Cold Leg ECC Injection,"prepared by
Siemens/KWU,E314/89/20, December1989.

G-218 2D/3D ProgramUpper PlenumTest FacilityQuickLookReport, '_l'estNo.
18 GPWR IntegralTest with 5/8 Combined ECC Injection,"prepared by
Siemens/KWU,U9 316/89/11, June 1989.

G-219 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report, 'rTestNo.
19 GPWR IntegralTest with 5/8 Combined ECC Injection,"prepared by
Siemens/KWU,U9 316/89/16, October 1989.

G-220 2D/3D ProgramUpperPlenumTest FacilityQuickLookReport, '_l"estNo.
20 Upper PlenumInjectionSimulationTest," preparedby Siemens/KWU,
U9 316/88/07, June 1988.

G-221 2D/3D ProgramUpperPlenumTest FacilityQuickLookReport, "Test No.
21 DowncomerInjectionTest," preparedby Siemens/KWU, E314/90/16,
September1990.
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G-222 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report,''TestNo.
22 Downcomer Injection Test with Vent Valves," prepared by
Siemens/KWU, E314/91/008, March 1991.

G-223 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report, ''Test No.
23 Downcomer Injection Test with Vent Valves," prepared by
Siemens/KWU, E314/90/25, December1990.

G-224 2D/3D ProgramUpperPlenumTest FacilityQuickLook Report, ''Test No.
24 Integral Test with Vent Valves," prepared by Siemens/KWU,
E314/90/22, September1990.

G-225 2D/3D ProgramUpperPlenumTest FacilityQuickLook Report, ''TestNo.
25 Downcomer/Cold Leg Steam/Water InteractionTest," prepared by
Siemens/KWU, E314/90/13, September1990.

G-226 2D/3D ProgramUpperPlenumTest FacilityQuickLook Report, ''TestNo.
26 Hot LegFlowPatternTest," preparedby Siemens/KWU, E314/91/003,
February1991.

G-227 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report, ''TestNo.
27 US/J PWR IntegralTest with Cold Leg ECC Injection,"prepared by
Siemens/KWU, E314/90/26, December1990.

G-228 2D/3D ProgramUpper PlenumTest FacilityQuickLook Report, ''Test No.
28 GPWR IntegralTest with 7/8 CombinedECC Injection,"prepared by
Siemens/KWU, E314/90/08, September1990.

G-229 2D/3D ProgramUpperPlenumTest FacilityQuickLook Report, ''TestNo.
29 Entrainment/De-entrainmentTest," prepared by Siemens/KWU,
E314/90/19, November1990.

G-230 2D/3D ProgramUpperPlenumTest FacilityQuickLook Report, "Test No.
30 Tie Plate Countercurrent Flow Test HP-Injection," prepared by
Siemens/KWU,E314/89/22, December 1989.
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EVALUATION REPORTS

SCTF

G-401 Pointner, W., "Empirical Equation for the Entrainment in SCTF-III,"
Gesellschaftfuer Reaktorsicherheit,GRS-A-1404,January1988.

UPTF

G-411 UPTF SummaryReport(to be published).

G-412 2D/3D Program UpperPlenumTest Facility,"UPTF: Programand System
Description,"preparedbySiemens/KWU,U9 414/88/023, November1988.

G-413 2D/3D Program Upper PlenumTest Facility,'_Nork Report: UPTF Test
Instrumentation,"preparedby KWU, R 515/85/23, September1985.

G-414 Gehrmann, R., "Inputto Test Objectivesand Conditionsfor the UPTFVent
Valve Test No. 24 (IntegralTest)," ASEA-BrownBoveri, ABB Technical
Report No. GBRA012023, June 6, 1989.

G-415 Glaeser, H., "Downcomerand Upper Tie PlateCountercurrentFlow inthe
Upper PlenumTest Facility,"Gesellschaftfuer Reaktorsicherheit,GRS-A-
1726, November1990.

CODE ANALYSIS REPORTS

KarlsteinTests

G-601 Glaeser, H., and Schertel, H., "Analyses Der Karlstein-Dampf-Wasser-
GegenstromungsoxperimenteMit TRAC-PF1 (11.1)," Gesellschaft fuer
Reaktorsicherheit,GRS-A-1179,January 1986.

G-602 Glaeser, H., "Analysisof the KarlsteinSaturatedWater Tests on Steam-
Water-CountercurrentFlow Using the ComputerCode TRAC-PF1 (11.1,
12.5)," Gesellschaftfuer Reaktorsicherheit,GRS-A-1249,July 1986.

CCTF Tests

G-611 Krey, L.,"PostTest Calculationof CCTF Test C2-20, Run 80 with the Code
System ATHLET/FLUT No. 8A," Technischer Ueberwachungs-Verein
Bayerne.V., Muenchen,October1991.
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SCTF Tests

G-621 Schwarz,S., "SCTF Vent ValveTest $3-17 (Run 721) BBR CouplingTest
Comparison to the TRAC Reactor Analysis," Gesellschaft fuer
Reaktorsicherheit,GRS-A-1471,July 1988.

G-622 Thiele, T.H., "Post Test Calculationof SCTF $3-11 (715) using FLUT
No. 6A," PitscheiderReportNo. 9027, April 1990.

UPTF Tests -- Pre-testConditioningCalculations

G-631 Schwarz,S., "UPTF - KonditionierungsrechungFuerABBVent ValveTests
Datensatz, Erfahrung und Endergebnis," Gesellschaft fuer
Reaktorsicherheit,GRS-A-1621,October 1989.

LIPTFTest-- Post-testAnalyses

G-641 Riegel, B., "Post Test Calculationof UPTF Test 8 with the Advanced
Computer Code TRAC-PF1/MODI," Gesellschaftfuer Reaktorsicherheit,
GRS-A-1666,May 1990.

G-642 Riegel, B., "Post Test Calculationof UPTF Test 9 with the Advanced
Computer Code TRAC-PF1/MODI," Gesellschaftfuer Reaktorsicherheit,
GRS-A-1738,December1990.

G-643 Sonnenburg,H.G., "Analysisof UPTF 11 (Hot LegCCF) witha Full-Range
Drift Flux Model," Gesellschaft fuer Reaktorsicherheit,GRS-A-1681,
June 1990.

G-644 Glaeser, H., "Post Test Calculationsof UPTF Test 12 with the Advanced
Computer Code TRAC-PF1/MODI," Gesellschaftfuer Reaktorsicherheit,
GRS-A-1727,November 1990.

G-645 Glaeser, H., "Post Test Calculationof UPTF Test 13 with the Advanced
Computer Code TRAC-PFI/MODI," Gesellschaftfuer Reaktorsicherheit,
GRS-A-1728,November1990.

G-646 Sonnenburg,H.G., "Analysisof UPTF- Test 26 Run230 by ATHLET Code
withFull-RangeDriftFluxModel,"Gesellschaftfuer Reaktorsicherheit,GRS-
A-1723, October 1990.

G-647 Hora, A., and Teschendorff,V., "PostTest Calculationof UPTFTest 5Bwith
the Computer Code FLUT," Gesellschaft fuer Reaktorsicherheit,
GRS-A-1798,June 1991.
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G-648 Gasteiger, H., "Post Test Calculationof UPTF Test 18 with the Code
SystemATHLET/FLUT,"TeschnischerUeberwachungs-VereinBayerne.V.,
Muenchen,June 1991.

G-649 Thiele, T.H., "Post Test Calculationof UTPF Test No. 20 using Code
System ATHLET/MOD 1.0-CycleC," Pitscheider Report No. 9058,
December18, 1990.

G-650 Thiele,T.H., "Post Test Calculationof UPTF Test 29A usingCode System
ATHLET-FLUT,VersionNo. 8," PitscheiderReportNo. 9055, November13,
1990.

GPWRAnalyses

G-661 Riegel,B., "Calculationof a Double Ended Break in the Cold Leg of the
PrimaryCoolantLoop of a GermanPressurizedWater Reactorwith a 5/8
EmergencyCoolingInjection(CalculatedwithTRAC-PF1/MOD1 (Version
12.5))," Gesellschaftfuer Reaktorsicherheit,GRS-A-1322, February 1987.

G-662 Schwarz,S.,"GPWRAnalysiswithTRACPF1/MOD1 Version12.5BBRType
Reactor, 200% Cold Leg Pump Discharge Break EM-Conditions,"
Gesellschaftfuer Reaktorsicherheit,GRS-A-1403,January 1988.

G-663 Hrubisko,M., "Calculationof a DoubleEnded Break inthe Hot Leg of the
PrimaryCoolantLoop of a GermanPressurizedWater Reactorwith a 5/8
Emergency Coolant Injection (Calculated with TRAC-PF1/MOD1
Version 12.5),"GesellschaftfuerReaktorsicherheit,GRS-A-1771,April1991.

G-664 Gasteiger,H., "Calculationof a DoubleEndedBreak inthe ColdLegof the
PrimaryCoolantLoopofa GermanPressurizedWaterReactor(GPWR)with
the Code System ATHLET/FLUT," TechnischerUeberwachungs-Verein
Bayerne.V., Muechen,December1990.

ADVANCED INSTRUMENTATIONREPORTS

G-801 Mewes,D., Laake, H.J., andSpatz, R., "FluidDynamicEffectsin the Area
of the Tie Plate and the Spacer of the Fuel Elements Installed in
PressurizedWater Reactors,"Institutefor ProcessTechnology,University
of Hanover,March 1985.

G-802 "Calibration of the UPTF Tie Plate Flow Module with 'Advanced
Instrumentation'and Investigationof the Functionfrom the CoreSimulator
Feed BackControlSystemwithBreak-Thru-Detectors,"preparedby KWU,
R 917/86/002, April 1986.
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G-803 Hampel, G., et. al., "FinalReporton the 'AdvancedInstrumentation'Study-
2D/3D Project," Battelle-FrankfurtInstitute,BF-R-64.525.2.

G-804 "UPTF-InstrumentationControlDocument,"Revision1, prepared by KWU,
April 1984.

G-805 Emmerling R., "Proposal for UPTF Tie-plate Mass Flow Algorithm,"
KWU/R152, May 1984.

G-806 Emmerling,R., "ComputerProgramfor the Determinationof Steam/Water
Mass Flow Rates through the Tie Plate," KWU, R15-85-e1021,
December 1985.

G-807 Gaul,H.P., "Statusof UPTFAdvancedInstrumentationand SystemsFailure
Time History,"KWU Work-ReportR515/86/10, July 30, 1986.

G-808 Gaul, H.P., and Hein, K.H., "UPTF Experiment: US Advanced
Instrumentation und Datenerfassungsanlage;Zusammenfassung der
bearbeitetenProblemefuer den Zeitraum- Februar 1985 - Januar 1986,"
Arbeits-BerichtR515/86/6, March 5, 1986.

G-809 Gaul, H.P., and Wandzilak,L., "Ueberpruefungdes PFM Algorithmusmit
Dummy Datenund Versuchsrechnungen,"Arbeits-BerichtU9 316/88/16,
September27, 1988.

G-810 Gaul, H.P., and Schulz,N., Beschreibungder beim UPTF PipeFlowMeter
aufgetretenenHardwareproblemeund durchgefuehrteModifikationenan
der Hardware,"Arbeits-BerichtU9 316/88/10, June 20, 1988.

PAPERS,PRESENTATIONS,AND CORRESPONDENCE

Papers- Data Evaluation

G-901 Kroening,H., Hawighorst,A., and Mayinger, F., 'q'he Influence of Flow
Restrictionson the CountercurrentFlowBehaviorinthe Fuel-ElementTop
NozzleArea,"EuropeanTwo-phaseFlowGroupMeeting,Paris-La-Defence,
June 2-4, 1982.

G-902 Weiss, P., Sawitzki,M., and Winkler,F., "UPTF, a Full-scalePWR Loss-of-
Coolant Accident Experiment Progranl," AtomkernenergieKerntechnik
Vol. 49 (1986), No. 1/2.
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G-903 Hertlein,P.J., andWeiss,P.A.,"UPTFTest Results- FirstDowncomerCCF
Test," Proceedings of the Fifteenth Water Reactor Safety Information
Meeting,Octobe,_26-29, 1987, NUREG/CP-0091, Volume4, pp. 533-547.

G-904 Weiss,P.A., "UPTF Experiment-PrincipalExperimentalResultsto be used
for ImprovedLBLOCAUnderstanding,"Proceedingsof theSixteenthWater
Reactor Safety Research Information Meeting, October24-28, 1988,
NUREG/CP-0097, Volume4, pp. 543-555.

G-905 Weiss, P., Watzinger,H., and Hertlein,R., "UPTF Experiment-A Synopsis
of Full-ScaleTest Results,"presentedat The Third InternationalTopical
MeetingonNuclearPowerPlantThermal-HydraulicsandOperations,Seoul,
Korea,November14-17, 1988.

G-906 Glaeser,H., "Analysisof DowncomerandTie PlateCountercurrentFlow in
the Upper Plenum Tes_ Facility (UPTF)," presented at the Fourth
InternationalTopical Meeting on Nuclear Reactor Thermal-Hydraulics,
Karlsruhe,FRG, October 10-13, 1989.

G-907 Liebert,J., andWeiss,P., "UPTF-Experiment- Effectof Full-ScaleGeometry
on CountercurrentFlowBehaviorsin PWR Downcomer,"presentedat the
Fourth International Topical Meet!ng on Nuclear Reactor Thermal-
Hydraui,cs,Karlsruhe,FRG,October 10-13, 1989.

G-908 Weiss, P., "UPTF-Experiment- Principal Full-Scale Test Results for
EnhancedKnowledgeof LargeBreakLOCAScenariosinPWRs,"presented
at the Fourth Internatio,_alTopicalMeetingon Nuclear Reactor Thermal-
Hydraulics,Karlsruhe,FRG, October10-13, 1989.

G-909 Winkler,F., and Krebs,W., "Impact of 2D/3D Projecton LOCA Ucensing
AnalysisandReactorSafety of ,_WRs,"presentedat the FourthInternational
TopicalMeetingon NuclearReactorThermal-Hydraulics,Karlsruhe,FRG,
October 10-13, 1989.

G-910 Weiss, P., "UPTF-Experiment- Full-ScaleTest on Large Break LOCA
Thermal-HydraulicScenariosin PWR:Status& Findings,"Proceedingsof
the Seventeenth Water Reactor Safety Research InformationMeeting,
October 22-25, 1989.

G-911 Emmerling,R., andWeiss,P., "UPTF-Experiment- Analysisof FlowPattern
in Pipesof Large DiameterwithSubcooledWater Injection,"presentedat
the EuropeanTwo-Pha"e Flow Group Meeting, Paris, France, May 29-
June 1, 1989.
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G-912 "PWRs with Cold Leg or Combined ECC Injection -- Synopsisof Test
Results," Handout G-2 from 2D/3D CoordinationMeeting, Tokai-Mura,
Japan, May 21-25, 1990.

G-913 Weiss, P.A., and Hertlein,R.J., "UPTFTest Results:FirstThree Separate
Effects Tests," Nuclear Engineering and Desiqn, Vol. 108, No. 1/2,
pp. 249-263 (1988).

G-914 Weiss, P., Watzinger,H., and Hertlein,R., "UPTF Experiment:A Synopsis
of Full Scale Test Results," Nuclear EngineerinQand DesiQn.Vol. 122,
No. 1, pp. 219-23_ 11990). (Alsosee G-905.)

G-915 Glaeser,H., "Downcomerand Tie Plate CountercurrentFlowin the Upper
PlenumTest Facility(UPTF)," NuclearEngineerin.cland Desian. Vol. 133,
pp. 259-283 (1992).

Papers - Code Analysis

G-921 Puetter, B., "50% Cold Leg Break in KWU Plant," presented at 2D/3D
CoordinationMeeting,Mannheim,FRG, June 18, 1985.

G-922 Plank, H., "Analysesof a Double-EndedCold Leg Break of a 1300 MW
KWU-PWRwith TRAC-PF1/MOD1 (12.5)," presentedat 2D/3D Analysis
Meeting,Erlangen,FRG, June 5-!3, 1986.

G-923 Riegel,B.,Plank,H., Uesch,K., "MultidimensionalRepresentationof GPWR
PrimarySystemin200% LOCACalculation,"Proceedingsof the Fourteenth
Water Reactor Safety Information Meeting, October27-30, 1986,
NUREG/CP-0082, Volume4, pp. 499-521.

G-924 Sonnenburg, H.G., "Analysisof UPTF Test 11 (Hot Leg CCF) with Full-
RangeDrift-FluxModel," Proceedingsof the FifteenthWaterReactorSafety
InformationMeeting,October26-29,1987,NUREG/CP-0091,Volume4, pp.
585-607.

G-925 Hertlein,R., and Herr, W., "A New Model for Countercurrent Flow in the
Upper Part of a PWR Core," presentedat the Fourth InternationalTopical
Meeting on Nuclear Reactor Thermal-Hydraulics, Karlsruhe, FRG,
October 10-13, 1989.
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REPORTS,ANDPAPERSPUBLISHEDBY JAERIWITHIN 2D/_ID PROGRAM

DATA REPORTS

C:CTFCore-I

J-001 "Data Reporton LargeScaleRefloodTest-1-- CCTF ShakedownTest C1-
SH1 (Run 005)," preparedby Japan Atomic Energy Research Institute,
JAERI-Memo-8795,February1980.

J-002 "Data Reporton Large ScaleRefloodTest-2 -- CCTF ShakedownTest C1-
SH2 (Run 006)," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo-8797,February 1980.

J-003 "Data Report on LargeScaleRefloodTest-3-- CCTF ShakedownTest C1-
SH3 (Run 007)," preparedby Japan Atomic Energy Research Institute,
JAERI-Memo-8931,June 1980.

J-004 "Data Reporton Large Scale RefloodTest-4 -- CCTF ShakedownTest C1-
SH4 (Run 008)," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo-8932,June 1980.

J-005 "Data Reporton Large ScaleRefloodTest-5 - CCTF ShakedownTestC1-
SH5 (Run 009)," prepared by Japan Atomic Energy Research Institute,
JAERI-Memo-8933,June 1980.

J-006 "Data Reporton Large Scale RefloodTest-10 -- CCTF C1-1 (Run 010),"
preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-9997,
March 1982.

J-007 "Data Report on Large Scale Reflood Test-11 -- CCTF Test C1-2
(Run 011)," preparedby Japan AtomicEnergy Research Institute, JAERI-
Memo-57-156,July 1982.

J-008 "Data Report on Large Scale Reflood Test-12 -- CCTF Test C1-3
(Run 012)," preparedby JapanAtomicEnergyResearch Institute,JAERI-
Memo-57-175,July 1982.

J-009 "Data Report on Large Scale Reflood Test-13 -- CCTF Test C1-4
(Run 013)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-57-210,August1982.
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J-010 "Data Report on Large Scale Reflood Test-14 -- CCTF Test C1-5
(Run 014)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-57-214, August1982.

J-011 "Data Report on Large Scale Reflood Test-15 -- CCTF Test C1-6
(Run 015)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-57-239, September1982.

J-012 "Data Report on Large Scale Reflood Test-19 -- CCTF Test C1-7
(Run 016)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-57-343, November1982.

J-013 "Data Report on Large Scale Reflood Test-20 -- CCTF Test C1-8
(Run 017)," preparedby JapanAtomicEnergy ResearchInstitute,JAERI-
Memo-57-349, November1982.

J-014 "Data Report on Large Scale Reflood Test-27 -- CCTF Test C1-9
(Run 018)," preparedby Japan AtomicEnergy ResearchInstitute,JAERI-
Memo-57-373,July 1982.

J-015 "Data Report on Large Scale Reflood Test-36 -- CCTF Test C1-10
(Run 019)," preparedby Japan AtomicEnergy ResearchInstitute,JAERI-
Memo-58-063, March 1983.

J-016 "Data Report on Large Scale Reflood Test-37 -- CCTF Test C1-11
(Run 020)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-58-064, March 1983.

J-017 "Data Report on Large Scale Reflood Test-38 -- CCTF Test C1-12
(Run 021)," preparedby Japan AtomicEnergy ResearchInstitute,JAERI-
Memo-58-065, March 1983.

J-018 "Data Report on Large Scale Reflood Test-53 -- CCTF Test C1-13
(Run 022)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-59-031, February1984.

J-019 "Data Report on Large Scale Reflood Test-54 -- CCTF Test C1-14
(Run 023)," preparedby JapanAtomicEnergy ResearchInstitute, JAERI-
Memo-59-032, February 1984.

J-020 "Data Report on Large Scale Reflood Test 55 -- CCTF Test C1-15
(Run 024)," preparedby JapanAtomicEnergy ResearchInstitute,JAERI-
Memo-59-033,February 1984.
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J-021 "Data Report on Large Scale Reflood Test-56 -- CCTF Test C1-16
(Run 025)," preparedby Japan AtomicEnergy ResearchInstitute,JAERI-
Memo-59-034,February1984.

J-022 "Data Report on Large Scale Reflood Test-57 -- CCTF Test C1-17
(Run 036)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-59-035,February1984.

J-023 "Data Report on Large Scale Reflood Test-58 -- CCTF Test C1-18
(Run 037)," preparedby JapanAtomicEnergyResearchInstitute, JAERI-
Memo-59-036, February1984.

J-024 "Data Report on Large Scale Reflood Test-59 -- CCTF Test C1-19
(Run 038)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-59-037,February 1984.

J-025 "Data Report on Large Scale Reflood Test-60 -- CCTF Test C1-20
(Run 039)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-59-038,February 1984.

J-026 "Data Report on Large Scale Reflood Test-61 -- CCTF Test C1-21
(Run 040)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-59-039,February 1984.

J-027 "Dataof C',CTFTestC1-11 (Run20), C1-19 (Run 38), andC1-20 (Run 039):
Spool Pie¢eData," preparedby JapanAtomicEnergyResearchInstitute,
Jar_uary17, 1983.

J-028 "Data Report on Large Scale Reflood Test-62 -- CCTF Test C1-22
(Run 041)," prepared,by JapanAtomicEnergyResearchInstitute,JAERI-
Memo-59-040, March 1984.

CCTF Core-II

J-041 "Data Reporton LargeScaleRefloodTest-40-- CCTF Core-II TestC2-AC1
(Run 051)," preparedby JapanAtomicEnergy ResearchInstitute,JAERI-
Memo-58-150 May 1983.

J-042 "Data Reporton Large ScaleRefloodTest-41 -- CCTF Core-II TestC2-AC2
(Run 052)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-58-154,May 1983.



J-043 "Data Reporton LargeScaleRefloodTest-42 -- CCTF Core-II Shakedown
Test C2-SH1 (Run 053)," prepared by Japan Atomic Energy Research
Institute,JAERI-Memo-58-166,May 1983.

J-044 "Data Reporton Large Scale RefloodTest-43 -- CCTF Core-ii Shakedown
Test C2-SH2 (Run 054)," prepared by Japan Atomic Energy Research
Institute,JAERI-Memo-58-155,May 1983.

J-045 "Data Report on Large Scale Reflood Test-44 -- CCTF Test C2-1
(Run 055)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-58-156, IV .y 1983.

J-046 "Data Reporton Large Scale RefloodTest-45 -- CCTF Core-II Test C2-2
(Run 056)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-58-157,May 1983.

J-047 "Data Reporton LargeScaleRefloodTest-77-- CCTF Core-IITest C2-AA1
(Run 057)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-59-445, February1985.

J-048 "Data Reporton LargeScaleRefloodTest-78 -- CCTF Core-II Test C2-AA2
(Run 058)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-59-446, February 1985.

J-049 "Data Reporton LargeScaleRefloodTest-79 -- CCTF Core-II Test C2-AS1
(Run 059)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-59-447, February 1985.

J-050 "Data Reporton LargeScaleRefloodTest-80-- CCTF Core-II Test C2-AS2
(Run 060)," preparedby Japan AtomicEnergyResearch Institute, JAERI-
Memo-59-448, February 1985.

J-051 "Data Report on Large Scale RefloodTest-81 -- CCTF Core-II Test C2-3
(Run 061)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-59-449, February 1985.

J-052 "Data Report on Large Scale RefloodTest-82 -- CCTF Core-II Test C2-4
(Run 062)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-59-450, February 1985.

J-053 "Data Report on Large Scale RefloodTest-83 -- CCTF Core-II Test C2-5
(Run 063)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-59-451,February 1985.

=,5-17



J-054 "Data Reporton Large Scale RefloodTest-84 -- CCTF Core-II Test C2-6
(Run 064)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-59-452,February1985.

J-055 "Data Reporton LargeScale RefloodTest-85 -- CCTF Core-II Test C2-7
(Run 065)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-59-467, February1985.

J-056 "Data Report on LargeScale RefloodTest-86 -- CCTF Core-II Test C2-8
(Run 067)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-59-453, February 1985.

J-057 "Data Reporton Large Scale RefloodTest-87 -- CCTF Core-II Test C2-9
(Run 068)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-59-454,February 1985.

J-058 "Data Reporton LargeScale RefloodTest-88 -- CCTF Core-II Test C2-10
(Run 069)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-59-455,February 1985.

J-059 "Data Report on Large Scale RefloodTest-89 -- CCTF Core-II Test C2-11
(Run 070)," preparedby JapanAtomicEnergyResearchInstitute, JAERI-
Memo-60-011,February 1985.

J-060 "Data Report on Large ScaleRefloodTest-95 -- CCTF Core-II Test C2-12
(Run 071)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-60-172,July 1985.

J-061 "Data Reporton LargeScaleRefloodTest-96-- CCTF Core-II Test C2-13
(Run 072)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-60-157,July 1985.

J-062 "Data Report on LargeScaleRefloodTest-97-- CCTF Core-II Test C2-14
(Run 074)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-60-173,July 1985.

J-063 "Data Report on Large Scale RefloodTest-98-- CCTF Core-II Test C2-15
(Run 075)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-60-191,August 1985.

J-064 "Data Report on Large Scale RefloodTest-99 -- CCTF Core-II Test C2-16
(Run 076)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-60-158,February 1985.
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J-065 "Data Reporton Large Scale RefloodTest-100 -- CCTF Core-II Test C2-17
(Run 077)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-61-143,April1986.

J-066 "Data Report on Large ScaleRefloodTest-101 -- CCTF Core-II Test C2-18
(Run 078)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-60-223,August1985.

J-067 "Data Report on LargeScaleRefloodTest-128-- CCTF Core-II Test C2-19
(Run 079)," preparedby JapanAtomicEnergy ResearchInstitute,JAERI-
Memo-63-081, March 1988.

J-068 "Data Reporton LargeScaleRefloodTest-129-- CCTF Core-II Test C2-20
(Run 080)," preparedby JapanAtomicEnergyResearch Institute,JAERI-
Memo-63-082, March 1988.

J-069 "Data Reporton LargeScaleRefloodTest-130-- CCTF Core-IITest C2-21
(Run 081)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-63-083, March 1988.

J-070 "Data Reporton Major ExperimentalResultsfrom CCTF Tests," prepared
by Japan AtomicEnergyResearchInstitute,JAERI-Memo-01-014.

SCTF Core-I

J-081 "Data Report on Large Scale Reflood Test-6 -- SCTF Test Sl-SH1
(Run 505)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-9939, February1982.

J-082 "Data Report on Large Scale Reflood Test-7 -- SCTF Test Sl-SH2
(Run 506)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-9975, March 1982.

J-083 "Data Reporton LargeScaleRefloodTest-8-- SCTFTest$1-01 (Run 507),"
preparedby JapanAtomicEnergyResearchInstitute,JAERI°Memo-9976,
March 1982.

J-084 "Data Reporton LargeScaleRefloodTest-9-- SCTFTest$1-02 (Run 508),"
preparedby Japan AtomicEnergyResearchInstitute,JAERI-Memo-9977,
March 1982.

J-085 "Data Report on Large Scale Reflood Test-16 -- SCTF Test $1-03
(Run 509)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-57-318, November1982.

5-19



J-086 "Data Report on Large Scale Reflood Test-17 -- SCTF Test $1-04
(Run 510)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-57-319,November1982.

J-087 "Data Report on Large Scale Reflood Test-18 -- SCTF Test $1-05
(Run 511)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-57-320,November1982.

J-088 "Data Report on Large Scale RefloodTest-21 -- SCTF Test $1-06 (Run
512)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-350, November1982.

J-089 "Data Report on Large Scale RefloodTest-22 -- SCTF Test $1-07 (Run
513)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-351, November1982.

J-090 "Data Report on Large Scale RefloodTest-23 -- SCTF Test $1-08 (Run
514),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-354, November 1982.

J-091 "Data Report on Large Scale RefloodTest-24 -- SCTF Test $1-09 (Run
515),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-355, November1982.

J-092 "Data Report on Large Scale RefloodTest-25 -- SCTF Test $1-10 (Run
516),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-365, December1982.

J-093 "Data Reporton Large Scale RefloodTest-26 -- SCTF Test $1-11 (Run
517),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-372, December 1982.

J-094 "Data Reporton Large Scale RefloodTest-28 -- SCTF Test $1-12 (Run
518)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-380, December 1982.

J-095 "Data Report on Large Scale Reflood Test-33 -- SCTF Test $1-13 (Run
519)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-401, December 1982.

J-096 "Data Report on Large Scale Reflood Test-29 -- SCTF Test $1-14 (Run
520)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-381, December1982.
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J-097 "Data Report on Large Scale RefloodTest-30 -- SCTF Test $1-15 (Run
521)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-382, December1982.

J-098 "Data Report on Large Scale Reflood Test-31 -- SCTF Test $1-16 (Run
522)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-384, December 1982.

J-099 "Data Report on Large Scale RefloodTest-32 -- SCTF Test $1-17 (Run
523)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-385, December 1982.

J-100 "Data Report on Large Scale RefloodTest-34 -- SCTF Test $1-18 (Run
524)," preparedby JapanAtomicEnergyResearchInstitute, JAERI-Memo-
57-402, December1982.

J-101 "Data Reporton LargeScale RefloodTest-35 -- SCTF Test $1-19
(Run 525)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-57-403, December 1982.

J-102 "Data Reporton Large Scale RefloodTest-46 -- SCTF Test Sl-SH3 (Run
528)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
58-296, September1983.

J-103 "Data Report on LargeScale RefloodTest-47 -- SCTF Test Sl-SH4 (Run
529)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
58-297, September1983.

J-104 "Data Report on Large Scale RefloodTest-48 -- SCTF Test $1-20 (Run
530)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
58-298, September1983.

J-105 "Data Report on Large Scale RefloodTest-49 -- SCTF Test $1-21 (Run
531)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
58-311, September 1983.

J-106 "Data Report on LargeScale RefloodTest-50 -- SCTF Test $1-22 (Run
532)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
58-299, September1983.

J-107 "Data Report on Large Scale RefloodTest-51 -- SCTF Test $1-23 (Run
536)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
58-300, September1983.
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J-108 "Data Report on Large Scale Reflood Test-52 -- SCTF Test $1-24 (Run
537)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
58-301, September 1983.

SCTF (_ore-II

J-121 "Data Report on Large Scale Reflood Test-63 -- SCTF Test S2-AC1 (Run
601 )," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-280, September 1984.

J-122 "Data Report on Large Scale Reflood Test-64 -- SCTF Test $2-AC2 (Run
602)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-281, September 1984.

J-123 "Data Report on Large Scale Reflood Test-65 -- SCTF Test $2-AC3 (Run
603)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-286, September 1984.

J-124 "Data Report on Large Scale Reflood Test-66 -- SCTF Test S2-SH1 (Run
604)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-282, September 1984.

J-125 "Data Report on Large Scale Reflood Test-67 -- SCTF Test $2-8H2 (Run
605)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-287, September 1984.

J-126 "Data Report on Large Scale Reflood Test-68 -- SCTF Test $2-01 (Run
606)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-288, September 1984.

J-127 "Data Report on La(ge Scale Reflood Test-69 -- SCTF Test $2-02 (Run
607)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-283, September 1984.

J-128 "Data Report on Large Scale Reflood Test-70 -- SCTF Test $2-03 (Run
608)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-432, January 1985.

J-129 "Data Report on Large Scale Reflood Test-71 -- SCTF Test $2-04 (Run
609)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
59-433, January 1985.

5-22



J-130 "Data Report on Large Scale Reflood Test-72 -- SCTF Test $2-05 (Run
610)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
59-434, February1985.

J-131 "Data Report on Large Scale Reflood Test-73 -- SCTF Test $2-06 (Run
611)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
59-435, February 1985.

J-132 "Data Report on Large Scale RefloodTest-74 -- SCTF Test $2-07 (Run
612)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
59-436, Februar' 1985.

J-133 "Data Report on Large Scale Reflood Test-75 -- SCTF Test $2-08 (Run
613)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
59-437, February 1985.

J-134 "Data Report on Large Scale Reflood Test-76 -- SCTF Test $2-09 (Run
614)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
59-438, February 1985.

J-135 "Data Report on Large Scale RefloodTest-90 -- SCTF Test $2-10 (Run
615)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-110, May 1985.

J-136 "Data Report on LargeScale RefloodTest-91 -- SCTF Test $2-11 (Run
616)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-111, May 1985.

J-137 "Data Report on Large Scale Reflood Test-92 -- SCTF Test $2-12 (Run
617)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-112, May 1985.

J-138 "Data Report on Large Scale Reflood Test-93 -- SCTF Test S2-13 (Run
618)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-113, May 1985.

J-139 "Data Report on Large Scale Reflood Test-94 - SCTF Test $2-14 (Run
619)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-114, May 1985.

J-140 "Data Report on Large Scale Reflood Test-99 -- SCTF Test $2-15 (Run
620)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
60-258, October 1985.
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J-141 "Data Report on Large Scale RefloodTest-lO0 -- SCTF Test $2-16 (Run
621),"preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-259, October 1985.

J-142 "Data Report on Large Scale RefloodTest-lO1 -- SCTF Test $2-17 (Run
622)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-260, October 1985.

J-143 "Data Reporton Large Scale RefloodTest-lO2 -- SCTF Test $2-18 (Run
623)," preparedby.!_pan AtomicEnergyResearchInstitute,JAERI-Memo-
60-268, October 1_85.

J-144 "Data Report on Large Scale RefloodTest-lO3 -- SCTF Test $2-19 (Run
624)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-269, October 1985.

J-145 "Data Reporton Large Scale RefloodTest-lO4 -- SCTF Test $2-21 (Run
626)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
60-270, October 1985.

SCTF Core-III

J-151 "Data Reporton LargeScaleRefloodTest-lO5 -- SCTF Test S3-SHI (Run
703),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
62-115, March 1987.

J-152 "Data Report on LargeScaleRefloodTest-lO6 -- SCTF Test $3-SH2 (Run
704),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
62-116, March 1987.

J-153 "Data Report on LargeScaleRefloodTest-lO7 -- SCTF Test $3-01 (Run
705)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
62-117, March 1987.

J-154 "Data Reporton Large Scale RefloodTest-lO8 -- SCTF Test $3-02 (Run
706)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
62-118, March1987.

J-155 "Data Report on LargeScaleRefloodTest-lO9 -.-SCTF Test $3-03 (Run
707)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
62-119, March1987.
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J-156 "Data Report on Large Scale Reflood Test-110 -- SCTF Test $3-04 (Run
708)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-120, March 1987.

J-157 "Data Report on Large Scale Reflood Test-111 -- SCTF Test $3-05 (Run
709)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-121, March 1987.

J-158 "Data Report on Large Scale Reflood Test-112 -- SCTF Test $3-06 (Run
710)," prepared by 'apan Atomic Energy Research Institute, JAERI-Memo-
62-122, March 1987.

J-159 "Data Report on Large Scale Reflood Test-113 -- SCTF Test $3-07 (Run
711)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-123, March 1987.

J-160 "Data Report on Large Scale Reflood Test-114 -- SCTF Test $3-08 (Run
712)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-124, March 1987.

J-161 "Data Report on Large Scale Reflood Test-115 -- SCTF Test $3-09 (Run
713)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-125, March 1987.

J-162 "Data Report on Large Scale Reflood Test-116 -- SCTF Test $3-10 (Run
714)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-1 26, March 1987.

J-163 "Data Report on Large Scale Reflood Test-117 -- SCTF Test $3-11 (Run
715)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-076, March 1988.

J-164 "Data Report on Large Scale Reflood Test-118 -- SCTF Test $3-12 (Run
716)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-233, June 1988.

J-165 "Data Report on Large Scale Reflood Test-119 -- SCTF Test S3-13 (Run
717)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
63-077, March 1988.

J-166 "Data Report on Large Scale Reflood Test-120 -- SCTF Test $3-14 (Run
718)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-335, September 1987.
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J-167 "Data Report on Large Scale RefloodTest-J21 -- SCTF Test $3-15 (Run
719),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
62-330, September1987.

J-168 "Data Report on LargeScaleRefloodTest-122-- SCTFTest $3-16 (Run
720)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
63-078, March 1988.

J-169 "l.'_=taReport or_Large ScaleRefloodTest-123 -- SCTF Test $3-17 (Run
7',!1),:preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
63,079, March 1988.

J-170 "Data Report on Large ScaleRefloodTest-124 -- SCTF Test $3-18 (Run
722)," preparedbyJapanAtomicEnergyResearchInstitut}, JAERI-Memo-
63-234, June 1988

J-171 "Data Report on Large ScaleRefloodTest-126 -- SCTF Test $3-20 (Run
724)," ! repared byJapan AtomicEnergyResearchInstitute,JAERI-Memo-
63-080, March 1988.

J-172 "Data Report on Large Sc_:a RefloodTest-127 -- SCTF Test $3-21 (Run
725),"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
01-397, November1989.

J-173 "Data R_#ort on Large Scale RefloodTest-128-- SCTF Test $3-22 (Run
7126),"preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
01-065, March 1989.

QUICK LOOKREPORTS

CCTF Core-I

J-201 "Quick Look Report on Large Scale Peflood Test, ShakedownTest 1 --
CCTF Test C1-SH1 (Run005)," prepared by Japan Atomic Energy
ResearchInstitute,JAERI-Memo-8641,January1979.

J-202 "Quick Look Report on Large Scale Reflood Test, Shakedown Test 3--
CCTF Test C1-SH3 (Run 007)," prepared by Japan Atomic Energy
ResearchInstitute,JAERI-Memo-8930,June 1980.

J-203 "Quick Look Report on Large Scale RefloodTest, ShakedownTest 4 --
CCTF Test C1-SH4 (Run008)," prepared by Japan Atomic Energy
ResearchInstitute,JAERI-Memo-9149,October 1980.
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J-204 "Quick Look Report on Large Scale Reflood Test-1 -- CCTF Test C1-1
(Run 010)," prepared by Japan AtomicEnergyResearchInstitute,JAERI-
Memo-8453, August,1979.

J-205 "Quick Look Report on Large Scale Reflood Test-2 -- CCTF Test C1-2
(Run 011)," preparedby Japan ,_tomicEnergyResearch Institute,JAERI-
Memo-8530, October 1979.

J-206 "Quick Look Report on Large Scale RefloodTest-3 -- CCTF Test Cl-3
(Run012)," prepared by Japan AtomicEnergyResearchInstitute,JAERI-
Memo-8538, November1979.

J-207 "QuickLookReporton LargeScaleRefloodTest-4 -- CCTF Test C1-4 (Run
013)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
8685, February1980.

J-208 "Quick Look Report on Large Scale RefloodTest-5-- CCTF Test Cl-5
(Run 014)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-8696, February 1._g0.

J-209 "Quick Look Report on Large Scale Reflood Test-6 -- CCTF Test Cl-6
(Run 015)," prepared by Japan AtomicEnergyResearch Institute,JAERI-
Memo-8990,July 1980.

J-210 "QuickLookReporton LargeScaleRefloodTest-7 -- CCTF Test C1-7 (Run
016)," preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
8991, July 1980.

J-211 "QuickLookReporton LargeScaleRefloodTest-8 -- CCTF Test C1-8 (Run
017)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
8992, July 1980.

J-212 "QuickLookReporton LargeScaleRefloodTest-9 -- CCTFTest C1-9 (Run
018)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
9125, September1980.

J-213 "Quick Look Report on Large Scale RefloodTest-10 -- CCTF Test C1-10
(Run 019)," preparedby JapanAtomicEnergyResearchInstitute,JAERI-
Memo-9207, November1980.

J-214 "Quick Look Report on Large ScaleRefloodTest-11 -- CCTF Test C1-11
(Run 020)," prepared by JapanAtomicEnergyReseamhInstitute, JAERI-
Memo-9208, November1980.
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J-215 "Quick Look Report on Large Scale Reflood Test-12 -- CCTF Test C1-12
(Run 021)," prepared by Japan Atomic Energy Research Institute, JAERI-
Merno-9270, January 1981.

J-216 "Quick Look Report on Large Scale Reflood Test-13 -- CCTF Test C1-13
(Run 022)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9282, January 1981.

J-217 "Quick Look Report on Large Scale Reflood Test-14 -- CCTF Test C1-14
(Run 023)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9305, February 1981.

J-218 "Quick Look Report on Large Scale Reflood Test-15 -- CCTF Test C1-15
(Run 024)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9329, February 1981.

J-219 "Quick Look Report on Large Scale Reflood Test-16 -- CCTF Test C1-16
(Run 025)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9349, March 1981.

J-220 "Quick Look Report on Large Scale Reflood Test-18 -- CCTF Test C1-17
(Run 036)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9712, October 1981.

J-221 "Quick Look Report on Large Scale Reflood Test-19 -- CCTF Test C1-18
(Run 037)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9713, October 1981.

J-222 "Quick Look Report on Large Scale Reflood Test-23 -- CCTF Test C1-19
(Run 038)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo- 9767, November 1981.

J-223 "Quick Look Report on Large Scale Reflood Test-24 -- CCTF Test C1-20
(Run 039)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9768, November 1981.

J-224 "Quick Look Report on Large Scale Reflood Test-29 -- CCTF Test C1-21
(Run 040)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9903, January 1982.

J-225 "Quick Look Report on Large Scale Reflood Test-30 -- CCTF Test C1-22
(Run 041)," prepared by Japan Atomic Energy Research Institute, JAERI
Memo 9904, February 1982.
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CCTF Core-II

J-241 "Quick Look Report on Large Scale Core-II RefloodTest, First Shakedown
Test C2-SH1 (Run 53)," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-57-397, December 1982.

J-242 "Quick Look Report on CCTF Core-II Reflood Test, Second Shakedown
Test, C2-SH2 (Run 54)," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-57-391, December 1982.

J-243 "Quick Look R .Jort on CCTF Core-II Reflood Test C2-1 (Run 55),"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-57-392,
December 1982.

J-244 "Quick Look Report on CCTF Core-II Reflood Test C2-2 (Run 56),"
prepared by JapanAtomic Energy Research Institute,JAERI-Memo-57-393,
December 1982.

J-245 "Quick Look Report on CCTF Core-II Reflood Test C2-AA1 (Run 57)--
Investigation of the Reflood Phenomena Under Upper Plenum Injection
Condition," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-415, November, 1983.

J-246 "Quick Look Report on CCTF Core-II Refiood Test C2-AA2 (Run 58)--
Investigation of Downcomer Injection Effects," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-58-386, October 1983.

J-247 "Quick Look Report on CCTF Core-II Reflood'Test, C2-ASl (Run 59)--
Investigation on the Reflood Phenomena Under Upper Plenum Injection
Condition," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-58-416, November 1983.

J-248 "Quick Look Report on CCTF Core-II Reflood Test C2-AS2 (Run 60)--
Effect of Vent Valve Type ECCS.l," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-58-459, January 1984.

J-249 "Quick Look Report on CCTF Core-II Reflood Test C2-3 (Run 61) --
Investigation of Initial Downcomer Water Accumulation Rate Effects,"
prepared byJapan Atomic Energy Research Institute,JAERI-Memo-58-460,
January 1984.

J-250 "Quick Look Report on CCTF Core-II Reflood Test C2-4 (Run 62) --
Investigation of Reproducibility," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-58-479, January 1984.
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J-251 "Quick Look Report on CCTF Core-li Reflood Test, C2-5 (Run 63) --
Investigationof the Reflood PhenomenaUnder Low Power Condition,"
preparedbyJapanAtomicEnergyResearchInstitute,JAERI-M6mo-59-046,
February1984.

J-252 "QuickLook Report on CCTF Core-IIRefloodTest, C2-6 (Run64) -- Effect
of Radial Power Profile,"prepared by Japan Atomic Energy Research
Institute,JAERI-Memo-59-012,February 1964.

J-253 "Quick Look Report on CCTF Core-II Reflood Test, C2-7 (Run 65) --
CalibrationTest," preparedby Japan Atomic Energy Research Institute,
JAERI-Memo-59-047,February 1984.

J-254 "QuickLook Reporton CCTF Core-li RefloodTest, C2-8 (Run 67) --Effect
of Systems Pressure," prepared by Japan Atomic Energy Research
Institute,JAERI-Memo-59-028,February 1984.

J-255 "QuickLook Reporton CCTF Core-II RefloodTest C2-9 (Run 68) -- Effect
of LPCIFlowRate," preparedby JapanAtomicEnergyResearchInstitute,
JAERI-Memo-59-048,February 1984.

J-256 "QuickLookReporton CCTF Core-IIRefloodTestC2-10 (Run69) -- Effect
of VentValveType ECCS 2," preparedby JapanAtomicEnergyResearch
Institute,JAERI-Memo-59-029,February 1984.

J-257 "Quick Look Report on CCTF Core-II Reflood Test C2-11 (Run 70) --
Investigationof the End-of-Bypass and Refill Phenomena Under the
Conditionof Loop Isolations,"preparedby JapanAtomicEnergyResearch
Institute,JAERIMemo-59-013,February 1984.

J-258 "Quick Look Reporton CCTF Core-II RefloodTest C2-12 (Run71) -- Best
EstimateRefloodExperiment,"preparedbyJapanAtomicEnergyResearch
Institute,JAERIMemo-59-326,October 1984.

J-259 "Quick Look Report on CCTF Core-II Reflood Test, C2-13
(Run72)--Investigation of the Reflood Phenomenafor No LPCI Pump
FailureSimulationUpperPlenumInjectionTest," preparedbyJapanAtomic
Energy ResearchInstitute,JAERI-Memo-59-416,January 1985.

J-260 "Quick Look Report on CCTF Core-II Reflood Test C2-14 (Run 74) --
investigationof the RefillPhenomena and Its Effect on the Reflooding
Behavior,"prepared by Japan AtomicEnergy ResearchInstitute,JAERI-
Memo-59-352,October 1984.
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J-261 "Quick Look Report on CCTF Core-li RefioodTest C2-15 (Run 75) --
Investigationof FLECHT-SETCouplingTest Results,"preparedby Japan
AtomicEnergyResearchInstitute,JAERI-Memo-60-255,September 1985.

J-262 "QuickLook Reporton CCTF Core-li RefloodTest C2-16 (Run 76) -- Effect
of AsymmetricUpper PlenumInjectionon RefloodPhenomena,"prepared
by Japan Atomic Energy Research Institute, JAERI-Memo-60-142,June
1985.

J-263 "Quick Look Report on CCTF Core-II Reflood Test C2-17 (Run 77) --
Investigationof the RefillPhenomena with Core ReversalSteam Flow,"
prepared by Japan AtomicEnergy ResearchInstitute, JAERI- Memo-61-
136, May 1986.

J-264 "QuickLook Reporton CCTF Core-II RefloodTest C2-18 (Run 78) -- Best
EstimatedRefill/RefloodUpper PlenumInjectionTest," preparedby Japan
AtomicEnergyResearchInstitute,JAERI-Memo-60-372,December 1985.

SCTF Core-I

J-281 "Quick LookReporton LargeScale RefloodTest-17 -- SCTF Test Sl-SH1
(Run 505)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-9702, September1981.

J-282 "QuickLookReporton Large ScaleRefloodTest-20 -- SCTF Test Sl-SH2
(Run 506)," preparedby Japan AtomicEnergy ResearchInstitute, JAERI-
Memo-9732, October 1981.

J-283 "Quick Look Report on Large Scale RefloodTest-22 -- SCTF Test $1-02
(Run 508)," preparedby Japan AtomicEnergyResearchInstitute, JAERI-
Memo-9734, November1981.

J-284 "Quick Look Report on Large Scale RefloodTest-25 -- SCTF Test $1-03
(Run 509)," preparedby Japan AtomicEnergyResearchInstitute,JAERI-
Memo-9803, November1981.

J-285 "Quick Look Report on Large Scale RefloodTest-26 -- SCTF Test $1-04
(Run 510), prepared by Japan AtomicEnergyResearch Institute,JAERI°
Memo-9804, November1981.

J-286 "Quick Look Report on Large Scale RefloodTest-27 -- SCTF Test $1-05
(Run 511)," preparedby Japan AtomicEnergyResearch Institute,JAERI-
Memo-9805, November1981.
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J-287 "Quick Look Report on Large Scale Reflood Test-28 -- SCTF Test $1-06
(Run 512)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-9806, November 1981.

J-288 "Quick Look Report on Large Scale Reflood Test-31 -- SCTF Test $1-07
(Run 513)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-176, July 1982.

J-289 "Quick Look Report on Large Scale Reflood Test-32 -- SCTF Test $1-08
(Run 514)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-177, July 1982.

J-290 "Quick Look Report on Large Scale Reflood Test-33 -- SCTF Test $1-09
(Run 515)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-178, July 1982.

J-291 "Quick Look Report on Large Scale Reflood Test 34 -- SCTF Test $1-10
(Run 516)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-179, July 1982.

J-292 "Quick Look Report on Large Sc&!e Reflood Test-35 -- SCTF Test $1-11
(Run 517)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-57-180, July 1982.

EVALUATION REPORTS

CCTF Core. I

J-401 "Evaluation Report on CCTF Core-I Reflood Test C1-SH5 (Run 009)--
Investigation of the PKL Coupling Test," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-9965, February 1982.

J-402 "Evaluation Report on CCTF Core-I Reflood Test C1-1 (Run 010) --
Investigation of the Loop Flow Resistance Effect," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-9966, February 1982
(publicly released as JAERI-M-83-140, September 1983).

J-403 "Evaluation Report on CCTF Core-I Reflood Tests C1-2 (Run 11) and C1-11
(Run 20) -- Reproducibility Test," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-57-048, March 1982.
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J-404 "EvaluationReporton CCTF Core-I RefloodTestsC1-2 (Run11) and C1-11
(Run 20) -- Effectof the Installmentof the BafflePlatesinthe ControlRod
Guide Tubes and the Spool Piece in the Primary Loops," prepared by
Japan AtomicEnergyResearchInstitute,JAERI-M-83-094,June 1983.

J-405 "EvaluationReport on CCTF Core-I RefloodTestsC1-2 (Run 11) and C1-3
(Run 12) -- Effects of InitialDowncomer Wall Temperature on System
Behaviorof a PWR duringRefloodPhaseof a Loss-Of-CoolantAccident,"
preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-9925,
January 1982.

J-406 "EvaluationReporton CCTF Core-i RefloodTests C1-2 (Run 11) and C1-3
(Run 12) -- Effectsof InitialSuperheatof the DowncomerWall," prepared
by JapanAtomicEnergyResearchInstitute,JAERI-M-83-090,June 1983.

J-407 "EvaluationReporton CCTF Core-I RefloodTest C1-4 (Run 13) and C1-15
(Run 24) -- Investigationof the RefillSimulationand the NitrogenInjection
Effects," prepared by Japan Atomic Energy Research Institute,JAERI-
Memo-9967, February 1982 (publiclyreleasedas JAERI-M-83-121,August
1983).

J-408 "EvaluationReporton CCTF Core-I RefloodTest C1-5 (Run 14) -- Overall
SystemThermo-HydrodynamicBehaviorObservedinthe BaseCaseTest,"
preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-57-051,
March, 1982 (publiclyreleasedas JAERI-M-83-207,February 1983).

J-409 "EvaluationReporton CCTF Core-I RefloodTests C1-5 (Run 14), C1-10
(Run 19)andC1-12 (Run21) -- Effectsof ContainmentPressureonSystem
BehaviorsDuringRefioodPhaseof a LOCA," prepared by Japan Atomic
Energy Research Institute,JAERI-Memo-57-013,February 1982 (publicly
releasedas JAERI-M-83-091,June 1983).

J-410 "EvaluationReporton CCTF Core-I RefloodTests C1-5 (Run 14), C1-17
(Run 36) and C1-20 (Run 39) -- Core Thermo-Hydrodynamicsand
Thermally MultidimensionalEffects On lt," prepared by Japan Atomic
EnergyResearchInstitute,JAERI-Memo-57-052,March 1982.

J-411 "EvaluationReporton CCTF Core-IRefloodTestsC1-6 (Run15), C1-9 (Run
18), C1-11 (Run20) and C1-13 (Run 22) -- Effectsof ECC Water Injection
Rate,"preparedby JapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-018, March 1982 (publiclyreleasedas JAERI-M-83-044).
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J-412 "EvaluationReportonCCTF Core-I RefloodTestsC1-7 (Run16)and C1-14
(Run23) -- Effectsof InitialClad Temperature,"preparedby JapanAtomic
Energy Research Institute,JAERI-Memo-9953, February 1982 (publicly
releasedas JAERI-M-83-026).

J-413 "EvaluationReporton CCTF Core-IRefloodTestsC1-18 (Run37) andC1-8
(Run17) -- Investigationof the Effectof Water Remaininginthe Loop Seal
Sectionon RefloodBehavior,"preparedbyJapanAtomicEnergyResearch
Institute,JAERI-Memo-9996,February1982 (publiclyreleasedasJAERI-M-
83-115, July1983).

J-414 "EvaluationReporton CCTF Core-I RefloodTestsC1-16 (Run 25), C1-21
(Run 40) and C1-22 (Run 41) -- Comparison of the FLECHT-SETTest
ResultsWith The FLECHT CouplingTest Results,"prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-57-014, March 1982
(publiclyreleasedas JAERI-M-83-065,May 1983).

J-415 "EvaluationReport on CCTF Core-I RefloodTests C1-17 (Run 36) and
C1-20 (Run39)," prepared by Japan Atomic Energy Research Institute,
JAERI-M-83-028,February1983.

J-416 "EvaluationReport on CCTF Core-I Reflood Test C1-19 (Run 38) --
ExperimentalAssessmentof the EvaluationModel For the Safety Analysis
onthe RefloodPhaseof a PWRLOCA,"preparedby JapanAtomicEnergy
ResearchInstitute,JAERI-Memo-57-053,March,1982 (publiclyreleasedas
JAERI-M-83-029,February 1983).

J-417 "Developmentof the Model for the Mass BalanceCalculationof the CCTF
Test -- The Estimationof the Core Inlet Mass Flow Rate," prepared by
JapanAtomicEnergvResearchInstitute,JAERI-Memo-9_36,January1982.

J-418 "Analysis Report on CCTF Core-I Reflood Tests," prepared by Japan
AtomicEnergyResearchInstitute,JAERI-Memo-57-057,March 1982.

J-419 "Large Scale RefloodTest With CylindricalCore Test Facility (CCTF) --
Core-I FY 1979 Tests," prepared by Japan Atomic Energy Research
Institute,JAERI-Memo-82-002,March1982.

J-420 "CCTF Core-I Test Results,"prepared by Japan AtomicEnergy Research
Institute,JAERI-M-82-073,July 1982.

J-421 "Findings in CCTF Core-I Test," prepared by Japan Atomic Energy
ResearchInstitute,JAERI-Memo-58-050,February 1983.
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J-422 "Results of DowncomerCCFL Experiment,"prepared by Japan Atomic
EnergyResearchInstitute,JAERI-Memo-59-245,August 1984.

.CCTFCore-II

J-441 "Evaluationof CCTF Core-li AcceptanceTest-1 (Run 051)," prepared by
Japan Atomic Energy Research Institute,JAERI-Memo-57-275, October
1982.

J-442 "EvaluationReporton CCTF Core-II RefloodTests C2-AC1 (Run 51) and
C2-4 (Run 62) -- Effect of InitialClad Temperature," prepared by Japan
AtomicEnergyResearchInstitute,JAERI-M-84-026,February1984.

J-443 "Evaluationof CCTF Core-II AcceptanceTest 2 (Run 052)," prepared by
JapanAtomicEnergyResearchInstitute,JAERI-Memo-57-375,November
1982.

J-444 "Evaluationof CCTF Core-II SecondAcceptanceTest C2-AC2 (Run 052) -
- Investigationof Differencein RefloodingBehaviorsBetweenCore-I and
Core-II Facilities,"prepared by Japan AtomicEnergy Research Institute,
JAERI-M-84-036,March 1984.

J-445 "EvaluationReporton CCTF Core-IIRefloodTestSecondShakedownTest
C2-SH2 (Run54) -- Effectof CoreSuppliedPoweron RefloodPhenomena,"
prepared by Japan Atomic Energy Research Institute,JAERI-M-85-025,
March 1985.

J-446 "EvaluationReport on CCTF Core-II Reflood Test C2-AA2 (Run58)--
Investigationof DowncomerInjectionEffects,"preparedby Japan Atomic
EnergyResearchInstitute,JAERI-M-89-227,January 1990.

J-447 "Evaluation Report on CCTF Core-II Reflood Test C2-3 (Run 61) --
Investigationof InitialDowncomerWater AccumulationVelocity Effects,"
prepared by Japan Atomic Energy Research Institute, JAERI-M-86-185,
January 1987.

J-448 "Evaluation Report on CCTF Core-II Reflood Test C2-4 (Run 62) --
Investigation of Reproducibility,"prepared by Japan Atomic Energy
ResearchInstitute,JAERI-M-85-026,March 1985.

J-449 "EvaluationReporton CCTF Core-II RefloodTest C2-6 (Run 64) -- Effect
of Radial Power Profile,"prepared by Japan Atomic Energy Research
Institute,JAERI-M-85-027,March 1985.
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J-450 "EvaluationReporton CCTF Core-li RefloodTest C2-8 (Run 67) -- Effect
SystemPressure,"preparedby Japan AtomicEnergy Research Institute,
JAERI-M-87-001,January1987.

J-451 "EvaluationReporton CCTF Core-II RefioodTest C2-9 (Run68) -- Effectof
LPCI Flow Rate," prepared by Japan AtomicEnergy Research Institute,
JAERI-M-87-002,February1987.

J-452 "EvaluationReporton CCTF Core-II RefloodTest C2-16 (Run 76) -- Effect
of AsymmetricUpperPlenumInjectionon RefloodPhenomena,"prepared
by Japan AtomicEnergyResearch,JAERI-M-87-051,March 1987.

J-453 "EvaluationReport on CCTF Core-II RefloodTest C2-18 (Run 78) --Best
EstimateRefill/RefloodUpper PlenumInjectionTest," prepared by Japan
AtomicEnergyResearchInstitute,JAERI-M-87-052,March 1987.

J-454 "Evaluation Report on CCTF Core-II Reflood Test C2-19 (Run 79) --
CombinedInjectionModeUnderEM Condition,"preparedbyJapanAtomic
EnergyResearchInstitute,JAERI-Memo-62-334,September 1987.

J-455 Pointner,W., "Studyon Effects of Combined Injection(EM Conditions)on
RefloodPhenomena(TestC2-19/Run 79)," JapanAtomicEnergyResearch
Institute,JAERI-Memo-62-294,August 1987.

J-456 "EvaluationReporton CCTF Core-IIRefloodTestsC2-20 (Run 80) and C2-
21 (Run 81) -- BE Condition& Effect of Hot Leg ECC Flow Rate Under
CombinedInjectionMode," preparedby Japan AtomicEnergy Research
Institute,JAERI-Memo-63-267,July 1988.

J-457 "AnalysisReport on Large Scale RefloodTestswith CylindricalCore Test
Facility-- Tests in F'Y1983," preparedby Japan AtomicEnergyResearch
Institute,JAERI-Memo-60-108.

J-458 "AnalysisReport on Large Scale RefloodTestswith CylindricalCore Test
Facility-- Tests in FY 1984," preparedby Japan AtomicEnergyResearch
Institute,JAERI-Memo-60-403.

J-459 "AnalysisReporton CCTF RefloodTest,"prepared byJapan AtomicEnergy
ResearchInstitute,JAERI-Memo-61-059.
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SCTF Core-I

J=481 "Design of Slab Core Test Facility(SCTF) in Large Scale Reflood Test
Program. Part I: Core-I," prepared by Japan Atomic Energy Research
institute,JAERI-Memo-9701,September1981 (publiclyreleasedas JAERI-
M-83-080, June 1983).

J-482 "SystemPressureEffectson RefloodingPhenomenaObservedinthe SCTF
Core-I Forced Flooding Effects," prepared by Japan Atomic Energy
ResearchInstitute,JAERI-Memo-9729,October 1981 (publiclyreleasedas
JAERI-M-83-079,June 1983).

J-483 "Dispersed Flowand CorrespondingPhenomenain SCTF Observed with
High-SpeedCamera,"preparedbyJapanAtomicEnergyResearchInstitute,
JAERI-M-9971,February1982.

J-484 "Effectsof Core InletWaterSubcoolingon RefloodingPhenomena
Under Forced Floodingin SCTFCore-I Tests," preparedby Japan Atomic
Energy Research Institute,JAERI-Memo-9972, February 1982 (publicly
releasedas JAERI-M-83-122,August 1983).

J-485 "Effect of Upper PlenumWater Accumulationon RefloodingPhenomena
Under ForcedFloodingin SCTF Core-ITests," preparedby JapanAtomic
Energy Research Institute,JAERI-Memo-9973, February 1982 (publicly
releasedas JAERI-M-83-114,July 1983).

J-486 "SCTF Core-I Tests Results: System Pressure Effects on Reflooding
Phenomena,"preparedbyJapanAtomicEnergyResearchInstitute,JAERI-
M-82-075, July 1982.

J-487 "Examination of Repeatability in Reflood Phenomena Under Forced
Flooding in SCTF Core-I Tests," prepared by Japan Atomic Energy
ResearchInstitute,JAERI-Memo-57-251,September1982(publiclyreleased
as JAERI-M-083-237,January 1984).

J-488 "Core Thermal BehaviorUnder Forced Feed Floodingin SCTF Core-I
Tests,"preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-
57-270, October 1982.

J-489 "Heat Transfer EnhancementDue to Chimney Effect in RefloodPhase,"
preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-57-297,
October 1982.
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J-490 "Effect of LPCIWater Injection Rate on Carryover CharacteristicsDuring
Reflood,"preparedby Japan Atomic Energy Research Institute,JAERI-
Memo-58-035,February1983.

J-491 "DropletsFlowandHeat TransferatTop Regionof Core In RefloodPhase,"
prepared by Japan AtomicEnergy Research Institute,JAERI-M-83-022,
February 1983.

J-492 "Evaluationof Cross Flow VelocityAcross Rod BundlesDuringReflood
Phase in SCTF Cc,re-I Forced Feed FloodingTests," preparedby Japan
AtomicEnergyResearchInstitute,JAERI-Memo-58-443,December1983.

J-493 "Effects of Upper PlenumInjection on Thermo-HydrodynamicBehavior
Under Refilland RefloodPhases of a PWR-LOCA,"prepared by Japan
Atomic Energy Research Institute,JAERI-Memo-59-052,February 1984
(publiclyreleasedas JAERI-M-84-221,December 1984).

J-494 "Cold Leg InjectionReflood Test Results in the SCTF Core-I Under
ConstantSystemPressure,"preparedby JapanAtomicEnergyResearch
Institute,JAERI-Memo-59-053,February1984 (publiclyreleasedasJAERI-
M-90-129, August1990).

J-495 "Characteristicsof LowerPlenumInjectionRefloodTests in SCTF Core-I,"
preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-59-051,
March 1984 (publiclyreleasedas JAERI-M-84-223,December 1984).

J-496 "Examinationof RefillSimulationTest ResultsinSCTF Core-I,"preparedby
JapanAtomicEnergyResearchInstitute,JAERI-Memo-60-098,April1985.

J-497 "Effectsof Core InletWaterMass FlowRate on RefloodingPhenomenain
the Forced Feed SCTF Core-I Tests,"prepared by Japan AtomicEnergy
ResearchInstitute,JAERI-Memo-61-024,February 1986 (publiclyreleased
as JAERI-M-88-166,September1988).

J-498 "Effects of RadialCore Power Profileon CoreThermo-HydraulicBehavior
duringReflood Phase in SCTF Core-I Forced Feed Tests," preparedby
Japan AtomicEnergyResearchInstitute,JAERI-M-91-093,June 1991.
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SCTF Core-li

J-521 "Design of Slab Core Test Facility (SCTF) in Large Scale Reflood Test
Program, Part I1: Core-II," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-59-396, December 1984.

J-522 "Effects of Radial Power Profile on Two-Dimensional Thermal-Hydraulic
Behavior in Core in SCTF Core-II Cold Leg Injection Tests," prepared by
Japan Atomic Energy Research Institute, JAERI-Memo-59-415, January
1985.

J-523 "Study on ECC Injection Modes in Reflood Tests with SCTF Core-II
Comparison between Gravity and Forced Feeds," prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-61-115, March 1985
(publicly released as JAERI-M-91-001,February 1991).

J-524 "Development of SCTF Cold Leg Injection Test Method for Eliminating U-
Tube Oscillation During the Initial Period," prepared by Japan Atomic
Energy Research Institute, JAERI-Memo-60-145, June 1984 (publicly
released as JAERI-M-90-107,July 1990).

J-525 "Two DimensionalThermal-Hydraulic Behavior in Core inSCTF Core-IICold
Leg InjectionTests (Radial Power ProfileTest Results)," prepared by Japan
Atomic Energy Research Institute, JAERI-M-85-106,July 1985.

J-526 "Evaluation of SCTF Core-II Tests with Upward Steam Flow and Upper
Plenum Water Injection," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-60-287, October 1985.

J-527 "Data Reduction and Analysis Procedures in SCTF Core-II," prepared by
Japan Atomic Energy Research Institute, JAERI-Memo-60-393, January
1986.

J-528 'q'wo-Dimensional Thermal-Hydraulic Behavior in Core in SCTF Core-II
Forced Feed Reflood Tests (Effects of Radial Power and Temperature
Distributions)," prepared by Japan Atomic Energy Research Institute,
JAERI, Memo-60-395,January 1986 (publicly released as JAERI-M-86-195,
January 1987).

J-529 "Comparison of FacilityCharacteristics Between SCTF Core-I and Core-II,"
prepared by Japan Atomic Energy Research Institute, JAERI-Memo-61-018,
February 1986 (publicly released as JAERI-M-90-130,August 1990).
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J-530 "Large Scale RefloodTest Resultswith Slab Core Test Fa¢:?_j (SCTF):
Core-II Tests in FY 1984," preparedby Japan AtomicEnergy Research
Institute,JAERI-Memo-61-058.

J-531 "RefloodBehaviorat LowInitialCladTemperatureinSlabCoreTest Facility
Core-g," prepared by Japan Atomic Energy Research Institute,JAERI-
Memo-61-066, March, 1986 (publiclyreleased as JAERI-M-90-106, July
1990).

J-532 "Analysisof SCTF/CCTF CounterpartTest Results,"prepared by Japan
Atomic Energy Research Institute, JAERI-Memo-61-114, March 1986
(publiclyreleasedas JAERI-M-90-_, June 1990).

J-533 "Effects of System Pressure on Two-DimensionalThermal-Hydraulic
Behaviorin Core in SCTF Core-II Reflood Tests." prepared by Japan
AtomicEnergyResearchInstitute,JAERI-Memo-61-265,August 1986.

J-534 "EvaluationReport on SCTF Core-II Test $2-19 (Effect of LPCI Flow Rate
on CoreThermal _-_v,ff:aulicBehaviorDuringRefloodin a PWR),"prepared
by Japan AtomicL:nergyResearchInstitute,JAERI-Memo-01-078,March
1989.

J-535 "Evaluation Report on SCTF Core-ii Test $2-08 (Effect of Core Inlet
Subcoolingon Thermal-HydraulicBehavior IncludingTwo-Dimensional
Behaviorin PressureVesselduringRefloodina PWR),"preparedbyJapan
Atomic Energy Research Institute, JAERI-Memo-01-058, March 1989
(publiclyreleasedas JAERIM-90-236, January1991).

J-536 "AnalysisReporton SCTFCore-I and II RefloodTest," prepared by Japan
AtomicEnergyResearchInstitute,JAERI-Memo-01-348.

J-537 "EvaluationReporton SCTFCore-II Test $2-19 (QuantitativeEvaluationof
RelationBetweenDegree of Heat Transfer EnhancementDue to Radial
Power Distributionand Amount of Increaseof Upward Uquid Flow Rate
During Reflood in PWR-LOCA),"prepared by Japan Atomic Energy
ResearchInstitute,JAERI-M-91-033,March 1991.
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_SCTFCore-III

J-551 "Design of Slab Core Test Facility (SCTF) in Large Scale Reflood Test
Program, Part II1: Core-III," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-62-110, March 1987.

J-552 "Analysis Report on Large Scale Reflood Tests with Core-III of the Slab
Core Test Facility -- Test in FY 1985," prepared by Japan Atomic Energy
Research Institute, JAERI-Memo-61-197.

J-553 "Evaluation Report on SCTF Core-III Test S3-SH1 (Overall Thermal-
Hydraulic Characteristics Under Combined Injection Mode for German-Type
PWR)," prepared by Japan Atomic Energy Research Institute, JAERI-Memo-
62-093, March 1987.

J-554 "Evaluation Report on SCTF Core-III Test $3-06 (Effect of Radial Power
Distribution on Thermal-Hydraulic Characteristics Under Combined Injection
Mode German PWR)," prepared by Japan Atomic Energy Research
Institute, JAERI-Memo-62-111, March 1987 (publicly released as JAERI-M-
88-213, October 1988).

J-555 Pointner, W., "Method for the Determination of the Steam Injection Rates
to the UPTF Core Simulator for SCTF/UPTF Coupling Tests," Japan Atomic
Ener3y Research Institute, JAERI-Memo-62-293, August 1987.

J-556 "Analysis Report on Large ocale Reflood Tests with Core-III of Slab Core
Test Facility -- Test in FY 1986," prepared by Japan Atomic Energy
Research Instib_.e, JAERI-Memo-62-295.

J-557 Pointner, W., "System Behavior for the Refill/Reflood Phase During a
Comb_,,',edInjection Test With Conditions in SCTF and CCTF -- Comparison
between SCTF Test $3-11 (Run 715) and CCTF Test C2-20 (Run 80),"
Japan Atomic Energy Research Institute, JAERI-Memo-62-296, August
1987.

J-558 "Evaluation Report on SCTF Core-III Tests $3-14, $3-15 and $3-16 (Effect
of Radial Power Profile Shape on Two Dimensional Thermal Hydraulic
Behavior)," prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-62-329, September 1987 (publicly released as JAERI-M-88-060,
March 1988).
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J-559 "EvaluationReporton SCTF-IIITest$3-SH2 (ObservedRefloodPhenomena
in $3-SH2 Test UnderCombinedInjectionMode for GermanType PWR),"
preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-62-344,
October 1987.

J-560 Pointner,W., "EmpiricalCore Model for CCTF and SCTF," Japan Atomic
EnergyResearchInstitute,JAERI-Memo-63-068,March 1988.

J-561 "EvaluationReporton SCTF Core-III Tests$3-7 and $3-8 (Investigationof
Tie PlateWaterTemperatureDistributionEffectson Water Break-through
and Core CoolingDur;ngReflooding),"preparedby Japan AtomicEnergy
ResearchInstitute,JAERI-Memo-63-070,March1988 (publiclyreleasedas
JAERI-M-90-035,March 1990).

J-562 "EvaluationReporton SCTF-Ill Test$3-12 (ObservedRefloodPhenomena
in Test $3-12 Under Combined InjectionMode for German-TypePWR,"
preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-63-071,
March 1988.

J-563 "EvaluationReporton SCTF-IIITest $3-13 (ObservedRefloodPhenomena
in Test $3-13 Under CombinedInjectionMode For German-TypePWR),"
preparedbyJapanAtomicEnergyResearchInstitute,JAERI-Memo-63-072,
March 1988.

J-5_4 "Evaluation Report on the SCTF-III Test $3-18 (Observed Reflood
Phenomena in Test $3-18 Under Combined Injection Mode for German-
Type PWR),"prepared by Japan Atomic Energy Research Institute, JAERI-
Memo-63-073, March 1988.

J-565 "Evaluation Report on SCTF Core-III Test $3-20 (Investigation of Water
Break Through and Core Cooling Behaviors Under Intermittent ECC Water
Delivery,"prepared by Japan Atomic Energy Research Institute,JAERI-
Memo-63-074, March 1988 (publiclyreleased as JAERI-M-90-080, May
1990).

J-566 "EvaluationReporton SCTF Core-IIITest $3-01 (Effectof WaterSealingat
Bottom of Downcomeron Thermal-HydraulicBehaviorin PressureVessel
ina PWRwithCombinedInjectionType ECCS),"preparedby JapanAtomic
EnergyResearchInstitute,JAERI-Memo-63-230,June 1988.

i
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J-567 "Evaluation Report on SCTF Core-III Test $3-02 (Effect of Water
TemperatureFallingInto Core on Core Thermal-HydraulicBehaviorin a
PWR With Combined InjectionType ECCS)," preparedby Japan Atomic
EnergyResearchInstitute,JAERI, Memo-63-231,June 1988.

J-568 "EvaluationReporton SCTF Core-III Test $3-17 (Investigationof Thermo-
HydrodynamicBehaviorDuringRefloodPhaseof LOCAina PWRwithVent
Valves)," prepared by Japan Atomic Energy Research Institute,JAERI-
Memo-63-232, June 1988 (publiclyreleased as JAERI-M-90-036, March
1990).

J-569 "EvaluationReport on SCTF Core-III Test S3-SH1 (Effect of Hot Leg
Injection on Core Thermal-HydraulicsWith Combined Injection Type
ECCS),"preparedbyJapanAtomicEnergyResearchInstitute,JAERI-M-88-
125, July 1988.

J-570 "EvaluationReport on SCTF-III Test $3-3, $3-4 and $3-5 Countercurrent
Flow LimitationPhenomenonin Full-RadiusCore," prepared by Japan
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Section6

ABBREVIATION_AND AQRONYMS

ABB - ASEABrownBoveri

ACC - Accumulators

ATHLET - Codefor Analysisof Thermal-Hydraulicsof Leaksand
Transients

B&W - Babcock& Wilcox

BBR - Brown BoveriReaktor (now ASEA Brown Boveri or
ABB)

BCL - BrokenCold Leg

BE - Best-estimate

BMFT - Bundesministedumfuer Forschungund Technologie
(FederalMinistryfor Researchand Technology)

BOCREC - Bottomof Core Recovery

BTD - BreakthroughDetector

CCFL - CountercurrentFlowUmitation

CCTF - CylindricalCore Test Facility

CE - CombustionEngineering(now ABB-CE)

CI - CombinedInjection

CL - Cold Leg

CLI - Cold Leg Injection

CS - Core Simulator(UPTF)
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CSAU - Code Scaling,Applicability,and UncertaintyStudy

DAS - Data AcquisitionSystem

DB - Drag Body

DC - Downcomer

DCI - DowncomerInjection

DP - DifferentialPressure

ECC - EmergencyCore Coolant

ECCS - EmergencyCoreCoolantSystemor EmergencyCore
CoolingSystem

EM - EvaluationModel

EOB - End-of-Blowdown

FA - FuelAssembly

FASS - FastAutomaticShutdownSystem (UPTF)

FDG - FluidDistributionGrid

FLECHT-SEASET - Full-lengthEmergencyCoolingHeatTransferSeparate
Effectsand SystemsEffectsTest

FRG - FederalRepublicof Germany

GKM - GrosskraftwerkMannheim

GPWR - GermanPressurizedWater Reactor

GRS - Gesellschaft fuer Anlagen- und Reaktorsicherheit
(Company for Plant and Reactor Safety); formerly
Gesellschaft fuer Reaktorsicherheit (Company for
ReactorSafety)

HL - Hot Leg

HLI - Hot Leg Injection

6-2



HPCI - High PressureCoolant Injection

HPl - High PressureInjection

HPIS - High PressureInjectionSystem

HPSI - High PressureSafetyInjection

IDL - - InstrumentDevelopmentLoop

INEL - Idaho NationalEngineedngLaboratory

J - Japan

JAERI - Japan AtomicEnergyResearch Institute

KWU - KraftwerkUnion (nowa dMsion of Siemens)

LANL - Los AlamosNationalLaboratory

LBLOCA - Large BreakLoss-of-CoolantAccider,i

LLD - Uquid LevelDetector

LOBI - Loop of BlowdownInvestigation

LOCA - Loss-of-CoolantAcci."dent "

LOFT - Lossof FluidTest

LPCI - Low PressureCoolant Injection

LPI - Low PressureInjection

LPIS - Low PressureInjectionSystem

MK - MuehlheimKaedichPWR

MPR - MPR Associates

ORNL - Oak RidgeNationalLaboratory

PCT - Peak CladdingTemperature
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PKL - Primarkreislaufe(PrimaryCoolant Loop- KWU Test
Facility)

PTS - PressurizedThermalShock

PWR - PressurizedWater Reactor

REFLA - RefloodAnalysis(Code)

RELAP - Reactor Leakand AnalysisProgram(Code)

ROSA - Rigof SafetyAssessment

SBLOCA - SmallBreak Loss-of-CoolantAccident

SCTF - Slab Core Test Facility

SG - Steam Generator

SGIP - Steam GeneratorSimulatorInletPlena

SGS - Steam GeneratorSimulator

SGTR - Steam GeneratorSimulatorTube Regions

TRAC - TransientReactorAnalysisCode

TUM - - Technische Universitaet Muenchen (Technical
Universityof Munich)

TV - TestVessel

UCSP - Upper Core SupportPlate

UK - UnitedKingdom

UP - Upper Plenum

UPI - Upper PlenumInjection

UPTF - Upper PlenumTest Facility

US - United States
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USNRC - UnitedStatesNuclear RegulatoryCommission

VV - Vent Valve

W - WestinghouseElectricCorporation

W/S - Ratio of Core SimulatorWater and Steam Injection
Rates(UPTF)



Section7

NOMENCLATURE

A FlowArea

Cp Heat Capacity

D Diameter

D H Hydraulic Diameter

DH = 4 (flowarea/wetted perimeter)

Fr FroudeNumber

Fr = V/ (gD)1/=

g GravitationalAcceleration

h Enthalpy

Hv,top DowncomerTop Void Height (Level Reduction Below Cold Leg due to
Entrainment)

j Velocity

j* Wallis Parameter(or DimensionlessVelocity)

PL - Pe)gDH for single-phase flow

J* PTPA (PL - PTP)gDH for two-phase flow
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K* KutateladzeNumber

I_1 Mass Flow

Re ReynoldsNumber

D,VpRe =
p

RT ThermodynamicRatio

I(/IEcc Cp (T= - TEcc)
RT =

Mm. (h=m- ht)

S S!!_.,dtio for Uquid/Gas CocurrentFlow(S= 1 for HomogeneousFlow)

T Temperature

V Velocity

= Void Fraction

y Uquid Fraction

p Density

PTP Two-phaseDensity

p,. [1 + S ('_J'_o)]
PTP -

Viscosity
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Subscripts

ECC EmergencyCore Coolant

f Uquid Phase

g Gas Phase

G Gas Phase

HL Hot Leg

IP Inlet Plenum

I Uquid Phase

L Uquid Phase

S Steam

Set Saturated

STM Steam

UP Upper Plenum

W Water
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AppendixA

BRIEF DESCRIPTIONOF TEST FACILmES.
INSTRUMENTATIONAND TESTS CONDUCTED

A.1 CYLINDRICALCORETEST FACILITY(CCTF)

A.1.1 FacilityDescription

CCTF was a full-height, 1/21-scale model of the primary coolant system of an
1,100 MWe four-loopPWR. The facilitysimulatedtheoverallprimary systemresponse
and the in-corethermalhydraulicbehaviorduringthe refilland refiood phases of a
largecold legbreak LOCA. The referencereactorsfor CCTF were the Trojanreactor
inthe USA(4-loopPWRwithcoldleg injectionECCS, 1,130 MWe) for majorpartsand
the Ohi-1 reactor inJapan (4-loopPWRwith cold leg injectionECCS, 1,175 MWe) for
certain other aspects.

FacilityLayout

FiguresA.1-1 andA.1-2 depict the majorcomponentsof the facility. They includeda
pressurevesselwith simulatedcore, four primarypipingloops (three intact and one
broken) withsteam generatorsand pump simulators,and two tanks attachedto the
ends of the brokenloop to simulatecontainment.Verticaldimensionsand locations
of systemcomponentswereas closeaspracticableto the correspondingdimensions
and locationsinthe referencereactor. Flowareaswere typicallyscaledbased on the
nominal core flow area scalingratio (1/21). The maximumoperating pressureof
majorcomponentsof CCTF was 600 kPa.

Electrically-heatedrods were used in the core to simulatenuclearfuel rods. A total
of 1,824 heatedrods were installed. The maximumelectricalpower suppliedto the
heated rods was 10 MW. Thispower could simulatethe decay heat duringthe refill
and refioodphasesof an LBLOCA.

In CCTF, ECC injectionnozzleswere locatedinthe cold legs,hot legs,upper plenum,
downcomer, and lower plenum to simulate ECC systems of cold leg injection,
combinedinjection,upperplenuminjection,and downcomerinjectionPWRs. Also,
vent valveswere installedin the core barrelto simulateB&W PWRswith ventvalves.

Auxiliarysystemsincludedthe drain systemfrom pressurevesseland containment
tanks, and the steam injectionsystemto upperplenum.
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Main Components

The main componentsand subsystemsof CCTF are discussedbrieflybelow.

PressureVessel - FigureA.1-3 showsthe CCTF pressurevessel. The cylindrical
pressurevessel was full-height(about 10 m) with a scaleddiameter (1.3 m). The
pressurevessel housedthe downcomerannulus, lowerplenum, core, and upper
plenum. The corebarrelseparatedthe coreandupperplenumfromthe downcomer.
The pressurevesselwall was made of carbon steel clad with stainlesssteel. The
pressurevesselwallthicknesswas 90 mm. Electricalresistanceheaterswere used
on the outer surfaceof the pressurevesselwall to preheatthe wall before a test, to
accuratelysimulatetransientheat releasefromthe pressurevesselwallwhichoccurs
duringa PWR LOCA. Exceptfor th_ additionof an upper ringcontainingan upper
plenum injectionheaderand additionalinstrumentationnozzles,the CCTF-II vessel
was the same as that used in CCTF-I.

The CCTF core contained32, 8 x 8 bundles(see FigureA.1-4), each containing57
heatedrodsandsevennonheatedrods(totalof 1,824heatedrodsand224 nonheated
rods). As shown in FigureA.1-5, the heated rods were fabricatedwith an Inconel
cladding,Nichromeheaterelement,and boronnitrideor magnesiumoxideinsulators.
Aliheated rods had an outer diameterof 10.7 mm, a heatedlength of 3.66 m, and
chopped-cosine axial power profile. These dimensionswere identical to the
correspondingdimensionsof PWR fuel rods. The clad thickness,1 mm, wasthicker
than thatof fuel rods,becauseof the requirementfor thermocoupleattachment. The
heat capacityof the heated rods was approximately40% largerthan that of nuclear
fuel rods.

The nonheatedrodssimulatedthe guidethimbletubes and instrumentthimbletubes
in PWR fuel assemblies.They were eitherstainlesssteelpipesor solidbarswithan
outer diameterof 13.8 mm. Theheated rodsand nonheatedrods were held intheir
radialpositionsby gridspacerslocatedat sixelevations.A gridspacer was a lattice
structureof stainlesssteelplates0.4 mm and 0.8 mm thick, and 40 mm high. No
specialdevice(e.g., mixingpromoter)was attachedon thegridspacer. The rod pitch
was 14.3 mm whichis identicalto the referencePWR.

FigureA.1-4 showsthe three (high,medium,andlow) powerzones ofthe electrically-
heated core. The radialpowerdistributionof the core was controlledby settingthe
power suppliedto each zone. In CCTF-I, each bundle included rods with three
differentpowerdensities. In CCTF-II, ali heatedrods in each bundlewere provided
withthe same powerdensity. The axial powerprofilewas the same in ali rodswith
an axial peakingfactor (ratioof maximumto averagepower) of 1.49 for CCTF-I and
1.40 for CCTF-II.
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As shown in FigureA.1-3, the core/upper plenumboundaryincludedan upper core
support plate and end box tie plate. These plates were perforated plates with
appropriately-scaledflow areas. Pluggingdeviceswere installedon the tie plate in
CCTF-II to bettersimulatethe referencePWR geometry.

The upperplenuminternalsmodeledthoseusedinthe referenceWestinghouseplant;
in particular,controlroddrivestructuresand support columns. Althoughthe CCTF
upperplenuminternalswere fullheight,the horizontaldimensionswere 8/15 of those
of the Westinghouseplantto allow individualupper plenuminternalstructuresto be
placed overthe individual8 x 8 heatedrod bundlesinthe CCTF core. This approach
createda moreuniformand realisticflowdistributionthanusingreactor-typical,largor
size upper plenuminternalstructures. The detailedshape and arrangementof the
upperplenuminternalsweredifferentbetweenCCTF-I and CCTF-II. Thearrangement
of the upperplenuminternalsfor CCTF-II is shownin FigureA.1-4. The arrangement
was determinedto simulatethe horizontalflowresistancedistributioninthe reference
PWRs. Baffleplates were inserted intothe controlrod guide tubes to increasethe
flow resistance.

In CCTF-II, four vent valves, located in the barrel between the upper plenum and
downcomerannulus,modeledthe ventvalvesin a B&W reactorvessel. These vent
valvessimulatedthe flow area, flow resistance,and openingand closingdifferential
pressuresof actual ventvalves. For CCTF-II tests simulatingB&W reactors, these
ventvalveswere free to open; for aliothertests the valveswere locked shut.

',Thedowncomerannulussurroundedthe corebarrel. Theflowareaof the downcomer
was scaledlargerthan the 1/21-scalingratioto avoidexcessivehotwalleffectswhich
wouldleadto an unrealisticallyloweffectivedowncomerdrivinghead. To simulatethe
effectivedowncomerdrivinghead more realistically,the bafflearea of the PWR was
included in the CCTF downcomer. The possible deficienciesof the enlarged
downcomerannulusare reduction in the rate of increaseof the downcomer water
level, reduction of heat release from the downcomer wall per unit flow area, and
reductionof the azimuthal steam flow velocityin comparisonto that in PWR. The
effect of the reduction in the rate of increaseof the downcomer water levelon the
reflood behaviorwas investigatedwith a specialpurpose test, and confirmedto be
minimal. The heat release from the downcomerwall was simulatedas discussed
above. The effect of the reducedazimuthalsteam velocityon the reflood behavior
was not investigatedexperimentally;however, using CCTF and UPTF data, it was
analyzedas shown in Section 3.1.2.1.

Primary Loops and ContainmentTanks - Four full-length primary loops were
connectedto the centralpressurevessel(see FiguresA.1-1 and A.1-2). Three of the
loopswere intact;that is, they allowedflowfrom the pressurevesselupper plenum,
throughthe hot leg, steamgenerator,crossoverleg, pumpsimulator,and cold leg to
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the pressurevesseldowncomer.The fourthloopsimulateda full-size,double-ended,
offsetcoldlegbreak abouttwo metersfromthe vesselwall. Bothends of the broken
loop were connectedto the containmentsimulator. The pipe flow area was scaled
fromthe PWR by the ratioof core flow areas;the insidediameterwas 0.155 m.

Eachhot leg connectedthe upperplenumandthe inletplenumof thesteamgenerator
simulator.Eachhada riserpart as wellasa horizontalportion. Theangleandheight
of the riserwere basedon the referencePWR.

Two steam generatorsimulators(SGSs)were installedin CCTF. They were U-tube
and shelltypeheat exchangers. Eachof the steamgeneratorvesselswas sharedby
two loops (a vertical plate divided each steam generator in half) so each loop
essentiallyhad, in effect, its own steam generator. The number of U-tubes was
reduced per the core flow area scalingratio. The CCTF U-tubes were the same
diame_.erbut 25% shorterthan the U-tubesinthe referencePWRs. Duringa test, the
secondary sides of the SGs containedhigh pressuresaturated water (540 K and
5300 ;<Pa)to simulateheat transferfrom the secondary sides. These conditions
corrc_spondedto thoseon thesecondarysideofthe steamgeneratorina PWR during
the refloodportionof a LOCA. Therewas noflowonthe secondarysideof the steam
generatorsduringthe tests.

Each crossover leg connected the steam generator outlet plenum to a pump
simulator. The crossoverpiping includeda loop seal, the same height as in the
referencePWR.

Each pump simulator consisted of a casing and vane simulator to simulate
countercurrentflow limitationphenomena, and an orifice plate to simulate flow
resistance.The flowresistancewas variedusingorificeplateswithdifferentdiameter
holes. The orificeplatetypicallyusedsimulatedthe lockedrotorflowresistanceof a
reactor coolantloop.

The configurationof CCTF simulateda 200% cold leg break. The break point was
simulatedwithtwo fast-openingbreakvalveslocatedat the two ends of the broken
loop. Two interconnectedtanks (containmenttank simulators),one attachedto each
of the two ends of the break,simulatedthe PWRcontainment(see FiguresA.1-1 and
A.1-2). Onthe tank connectedto the brokenloophot leg,a pressurecontrolsystem
maintainedpressure at a preselectedvalue by venting steam, as needed, to the
atmosphere. On the tank connected to the broken loop cold leg, an internal
steam/water separator allowed for measurementof the water flow rate form the
downcomerto the break.

ECC InjectionSystem- In CCTF-I, the ECCS includedtwo water supplytanks: the
pressurizedaccumulator(ACC)tank,capableof providingwaterata highflowratefor
a short duration; and the low pressurecoolant injection (LPCI) tank, capable of



providingwater at a lower flow rate for a longer duration. Each tank could supply
water to eitherthe lowerplenum or to the four cold legs through the ECC nozzles
(ECC ports).

The ECC water in the ACC tank was suppliedto the primary loops by nitrogen
pressurization,as in the referencePWR. The water flow rate was adjustedwith the
pressurein the ACC tank and the flow resistanceof the piping. ECC water in the
LPCI tank was pumped into the primary loop with the LPCI pumps; controlvalves
were usedto adjustthe flow rate.

The ECC piping entered the top of the cold leg at a 45 degree angle, as in the
referencePWR. To simulatethe velocityof the ECC, the flow area of the end of the
pipingwas adjustedby insertinga throttlingdevice.

In CCTF-II two pressurizedtankswereadded, with ECCS pipingto the upperplenum
injectionheader,the downcomer,and the hot legs. One tankstoredcoldwater,while
the other stored hot water. Eachtank was pressurizedwith steam. Controlvalves
were used to adjustthe flowfrom each tank inorderto controlthe ECC temperature
and total flow rate.

The upperplenum,downcomer,andhot leg injectionnozzleswerealsonewlyinstalled
in CCTF-II. These nozzleswere usedto investigatealternativeECCS configurations.
The designand locationof each of these nozzlesis describedbrieflybelow.

• The upper plenum injection(UPI) nozzleswere verticalpipe= with a horizontal
dischargeat the hot leg elevation. In PWRswith UPI, the ECC injectionnozzles
are located in the upper plenumwall at the hot leg elevation. To simulatethe
impingementof ECC on controlrodguidetubes expected in PWRswithUPi, the
dischargeend of the pipes faced the simulatedguide tubes.

• Two LPCI injectionnozzleswere locatedin the downcomerwall at the cold leg
elevation. Thermalshieldswere not installedin the nozzles.

• An ECC injectionnozzlewas added to each of the four hot legs for simulationof
combinedinjectionPWRs. The geometryof the injectionpipe internalto the hot
leg (i.e., the hutze) was representativeof Siemens/KWUPWRs.

A.1-5



Controland Instrumentation

Process Control System - The time-dependentvariables were controlledwith a
computerduringa typicalCCTFtest; these includedpowersuppliedto heated rods,
ECC flow rate, and ECC temperature. Pressure in Containment Tank-2 was
maintainedconstant. The test initiationtimeandthe sequenceof events(e.g., power
decay initia_',_nand ECC injectioninitiation)were also controlledwith the computer.

To ensure the integrityof the heated rods, the maximum clad temperaturewas
monitored during the tests. If the temperatureexceeded the maximumallowable,
powerwas reducedto 80%. If the clad temperaturecontinuedto increaseafterthe
power reduction, power was shut off. This procedure and the test termination
procedurewere also performedby the computer.

Instrumentation- CCTF instrumentationconsistedof over 1,600 sensors, including
both conventionaldevices(e.g., pressuretransducersandthermocouples)provided
by JAERI, and advancedtwo-phaseflow instrumentationdevelopedby the USNRC
and their contractorsfor the 2D/3D Program.

Conventionalinstrumentationprovidedby JAERIincludedapproximately700 thermo-
couples attached to rod clad surfaces throughout the core, and an additional
100 thermocoupleswhichmeasuredfluid,steam,and walltemperaturesnear and in
the core. Otherthermocouples,flow meters,and pressureand differentialpressure
sensors,locatedthroughoutthe test facility,providedinformationon fluidconditions,
flow rates, liquidlevels,and pressuredistribution. In additionto these instruments,
JAERIprovidedtelevisioncamerasand filmcameras(bothmovingand still)mounted
at viewingwindowsinthe hot and coldlegs. These cameras providedvisualdata to
aid in interpretationof the test results.

Advanced instrumentationprovidedby USNRC primarilymonitoredlocal two-phase
fluidconditions. The advancedinstrumentationincludedfluiddistributiongrid/liquid
leveldetectors(FDG/LLD),turbinemeters,impedanceprobes,filmprobes,andspool
pieces.
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A.1.2 CataloQof Tests
..,

CCTF testing was performed intwo phases:

• CCTF-I, 1979- 1981

• CCTF-II, 1982 - 1985

Table A.1-1 liststhe CCTF tests,classifiedfirst by the injectionconfigurationbeing
simulated (cold leg injection,combined injection,downcomer injection,or upper
plenuminjection)and then further classifiedby test objective.

The base case tests for cold leg injectionwere conducted under the typical test
conditionswhich were chosen from the safety evaluationanalysisof the reference
reactor, lt was intendedthroughthe test resultsto investigateand understand the
basicoverallrefloodbehaviorwithcoldleg injection. Parametereffecttests for cold
leg injection were performed to investigate the effect of various parameters
(i.e., pressure, power, ECC flow rate, etc.) on reflood behavior. The range of
parameterstestedcoveredthe conditionsat refloodinitiationexpected inthe safety
evaluationanalysisand the conditionsexpected in a best-estimate analysis. Special
purposetestsforcoldleg injectionwereperformedto investigatethe refloodbehavior
under EM and BE conditions,the refillbehavior,and loop sealeffect.

For combined injectionECCS, the refill-refloodtests were performed under EM and
BE conditions; only one parametertest for ECC flow was performed. For upper
plenum injection, four reflood tests and one refill-refloodtest were performed.
Parametereffect tests included: ECC injectionlocation,ECC flow and core power.
For downcomerinjection,three refloodtests were performedwith closed and open
vent valves.
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TableA.1-1

CCTF AND SCTFTESTS Page 1 of 7

i Group Test Objective Test/Run Description(2) Comments

Number(1)
i

Cold Leg Injection BaseCase C1-5/14 CCTF-IBaseCase
Parameter
Effects C2.SH1/53 CCTF-IIBaseCase Same as CCTF-I EM test

(C1-19)

C2-4/62 (3) CCTF-IIBase Case/
Repeatability

$1-1/507 SCTF-IForced Feed Base
Case

$1.10/516 (3) SCTF-I ForcedFeed Base
Case/Repeatability

$1.12/518 SCTF-I Gravity Feed Base Lowerplenum injection
Case

$1.14/520 SCTF-IGravity Feed Base Cold leg injection
Case

$2-10/615 SCTF-IIForced Feed Base
Case

$2-SH1/604 SCTF-IIGravity Feed Base Cold leg injection
Case

Effectof C1-10/19 Low pressure Compare to C1-5
Pressure CI-12/21 High Pressure Compareto CI-5

C2-8/67 LowPressure Compareto C2-4
C2-1/55 High Pressure . Compareto C2-4

$1-2/508 Forced Feed,Low Pressure Compare to $1-1
$1.SH2/506 Forced Feed,High Pressure Compare to $1.1

$2-2/607 . Gravity Feed, Low Pressure Compare to S2-SH1
$2.1/606 (3) Gravity Feed, High Pressure, Compare to $2-6

Steep Q, Steep T
,,

Effect of Core C2-SH2/54 Low Power InitialPower = 7.9 MW;
Power compareto C2-4

C2-5/63 Low Power InitialPower = 7.1 MW;
compareto C2-4

$1-6/512 Forced Feed, High Power Compare to $1-1

Effectof initial C1-7/16 High Clad Temperature Maximumclad temperature
Clad = 973 K _'.tbeginningof

core recovery;comparetoTemperature
C1-5

C1.14/23 High CladTemperature Maximum clad temperature
= 1073 K at beginningof
core recovery;compare to
C1-5

C2-AC1/52 LowClad Temperature Compare to C2-4

$2-AC3/603(3) GravityFeed, BE, Low Clad Compare to $2-9 for effect
Temperature of clad temperatureat BE

conditions
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TableA.1-1

CCTF AND SCTF TESTS Page2 of 7

,,

Group Test Objective Test/P¢J_. Description(2) I Comments

. NumberL_) I' ii

Cold Leg Injection Effectof Power/ C2.5/63 Steep Q
ParameterEffects Temperature C2-6/64 Rat O
(Continued) Distribution

$1.7/513 Forced Feed, Rat Q Test t_rrnlnateddue to
computerfailure;
repeated u 81-11

$1-11/517 Forced Feed,Rat O Repeat of $1-7

S,.!.8/514 For_ Feed, Steep O

$2-17/622 ForcedFeed, Rat Q, Flat T
$2-16/621 ForcedFeed, Steep Q,

Steep T
$2-SH2/(_ GravityFeed, Rat Q, Rat T
$2.-1/6061°n GravityFeed, High Prouuro,

Steop Q, Steep T
$2-6/611 GravityFeed, Steep Q,

Stoop T
$2-7/612 (3) RadialPoworDistribution

Uko CCTF Test C2-5

$3-14/718 Rat O
$3-15/'rm S4_tO
$3-16/720 Stoop Q

Combined $2-14/619 (3) Forced Feed, Rat Q, Rat T, Counterpartto CCTF-tl Tost
Effectsof Powor/ Rat liquid Levol C2.6; Comparo to $2-17
Tomperaturo for liquid levol
Distributionand distribution
UCSP Uquid $2-12/617 ForcedFeed, Stoop Q, Comparo to $2-16 for liquid
Level Distribution Steep T, Flat Uquid Level level distribution

$2-15/620 Forced Feed,Steep Q,
Rat T, Rat liquid Level

$2-21/626 ForcedFeed, Rat Q,
Steep T, Rat Uquid Level
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Table A.1-1

CCTF AND SCTF TESTS Page3 of 7

, ,-. ,. iiiii

Group Test Objective TestRun Description(2) Commonts
Number(1)

', , , ,' , , ,,,,. , ,,

Cold Leg Injection Effectof ECC C1-2/11 (3) LowACC Row F_to/No Compare to C1-5
Parametor Effocts Flow P,ato Upper Plenum Guido Tubo
(Continued) Internale

C1-11/20 Low ACC FlowRate/ Compare to C1-5
Repeatability

C1-6/15 High LPCI FlowRate Compare to C1-5
C1-9/18 Low LPCIFlow Rate Compare to C1-5

C1-13/22 Short ACC FlowDuration. Coma,oreto C1-5

C2-9/68 High LPCI FlowRate Compare to C2-SH2

SI-SH1/505 ForcedFeed, High Flow Rate
$1-5/511 ForcedFeed, LowLPCI Flow

Rate
$1-g/515 Forced Feed, High ACC and

LPCIFlow Rate
$1-16/522 GravityFeed, LowACC Flow

Rate
$1-17/.523 GravityFeed, LowACC and

LPCIFlow Rates
$1.21/531 Gravity Feed, Low LPCI Flow

Rate
$1-22/532 GravityFeed, No ACC

Injection,Low LPCI Row
Rate

,.., , , . ,, r,,

$2-11/616 Forced Feed, High ACC Row Compare to $2-10
Rate

$2.1g/624 Forced Feed,High LPCI Compare to $2-10
Row Rate

$2-AC1/601 GravityFeed, High ACC Flow Compare to S2.SH1
Rate

$2-AC2/602 Gravity Feed,Short ACC Compare to S2-SH1
Flow Duration

$2-AC3/603(3) GravityFeed, Low and Long Compare to S2-SHI
ACC Row Rate

, ,, , , ,, ,, , ,

Effect of ECC S1-4/510 ForcedFeed, Low ECC Compare to S1-1
Temperature Temperature

$1-15/521 GravityFeed, High ACC Compare to$1-14
Temperature (Saturated)

$1-18/542 (3) Refill,High ACC Compare to $1-19
Temperature

(Saturated)
,,,

$2-8/613 GravityFeed, Low ECC Compare toSl-SH1
Temperature

,. , ,

Effect of C1-2/11 (3) High DowncomerWall
OowncomerWail Temperature
Temperature C1-3/12 Low DowncomerWall

Temperature
.. , .

Effect of Loop Cl-SH4/8 High LoopFlow Resistance, Cold leg injectionscoping
Row Resistance High ECC Temperature test; compare to C1-2

C1-1/10 High Loop FlowResistance, Comparo to Cl-2
Low ECC Temperature...,, ., , ,,
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Table A.1.1

CCTF AND SCTF TESTS Rage 4 of 7

Description (2) CommentsGroup Test Objective Test/Run.
Number(1) ,

, ii i i

Cold Leg Injection Effectof C2-3/61 High Rate of Downcomer Com_ to C2-4
Parameter Effects Downoomer Water Accumulation
(Continued) Water Aoeumu-

lation Rate

Effectof UCSP $1-3/509 LowUCSP Uquid Level Compare to $1-1
Uquid Level

Cold Leg Injection Evaluation Model C1-19/38 EvaluationModel Same as CCTF-II base case
Special Purpose (EM) Tests (C2-SH1);compare to
Tests C1-5

$3-9/713 EvaluationModel Integral Compare to $3-10
Test

Best Estimate C2-12/71 Best Estimate Compare to C2-4
(BE)Tests

$2-9/614 GravityFeed, Best Estimate Compare to S2-SH1

$3-10/714 Best Estimate IntegralTest Compare to $3-9
,,,

Refill Tests C1-SH1/5 Refill, No Core Power
C1-4/13 Reflll/Reflood
C1-15/24 Reflll/Reflood Nitrogen

Injection
,,

C2-2/56 Refill No reflood slmulation
C2o14_V4 Roflii/Reflo4xl
C2-I7/77 Reflll/Rafiood, Stem

Injection
C2-11/70 Refill, BlockedLoops J

$1-19/525,,_1 Refill
S1-18/524_w Refill, High ACC

Temperature
(Saturated)

i

Effect of C1-17/36 AsymmoUioCore Powor Compare to C1-5
Asymmetrk: C1-20/39 AsymmetrioCore
Power/Tempera- Temperature
ture Distribution

Effect of Water in C1-8/17 Loop Seal filling Test terminated eady due
Loop Seal to hlgh ebld temperature;

repeated as C1-18.
C1-18/37 Loop Seal Riling Repeat of C1-8; compare to

CI-5

Effectof Forced $1-12/518 GravityFeed, LowerPlenum Compare to $1-14
vs.Gravity Feed Injection

Eveluatlon of S1-23/536 Low ACC Row Rate, Long
SCTF Gravity ACC Duration
Feed Oscillations $I-24/537 Gradual Reductionfrom ACC

Row Rateto LPCIRow
Rate

ii, ,IT , ,
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Table A.1-1

CCTF AND SCTFTESTS Pige 5 of 7

Group Test Objective Test/Ru_q_ Oelicdption121 Comments
Numberl ,i

Cold Log Injection FacilityCoupling C1-16/25 Counterpartto FLECHT-SET
Special Purpose Tests Test 3105B
Test (Continued) C1-21/40 Counterpartto FLECHT-SET

Test 2714B

Cl-22/41 Counterpartto FLECHT-SET
Test 3420B

C2.AC2/52 Counterpart to FLECHT-SET
Test 2714B and CCTF-I
Test C1-21

(32-15/'/'5 Counterpartto FLECHT-SET
Test 2714B

S1-13/519 Counterpartof FLECHT-
SEASETTest 43716C

$2.7/612(3) Radial PowerDistribution Cold leg Injection
Uke CCTF Test C2-5

S2.14/619(3) Forced Feed, Rat Q, Rat T,
Rat Uquid Level;
Counterpartto CCTF-II
Test C2-6.

$2.18/623 Counterpartto CCTF-II Forcedfeed
Test C2-5

Other Cold LOg Repeatability CI-11/20 (3) LowACC Row
InjectionTests Tests Pate/Repeatability

C2.4/62(3) CCTF-II Base Compare to C2-SH1
Case/Repeatability

S1.10/516(3) SCTF-I ForoedFeed Base Compare to S1-1
Case/Repeatability

$2-13/618 SCTF-I/II Repeatability Compare to S1.1

Miscellaneous C1-SH2/6 LowPower,Rat Power Lowpower and LPinjection
Profile,High Pretmure,LP scopingtest
Injection

CI-SH3/7 Low Power, Non-Rat Power Steep Q and LP injection
Profile, High Pressure,LP scoping test
Injection

S1-20/530 Effectof Closed Vent Valve Vent valve line was
Urle inadvertentlylift open

on previousSCTF-I tests
(S1-14/520 to S1-17/523)

$1.14/520 (3) Effectof Open Vent Une
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Table A.1.1

CCTF AND SCTF TESTS Page 6 of 7

Group Test Objective Tnt/l_4 ` Des_IX_on (2) Comm
NumberI ,;

Combined CCr"I. Evmluation $2-3/608 Steam injection,Saturated Water injected into upper
InjectionSeparate ECC, No Core Power plenum
EffectsTem $2.4/600 Steam Injection,Saturated Water injected into upper

ECC, Com PowerOn plenum
S2-5/610 Steam Injection, Subcooled Water injectedinto upper

ECC, Core PowerOn plenum
ii ,

S3-3/707 Uniform SubcooledWater
63-4/708 LocalSubcooledWater
$3-5/70Q DistributedSubcooledWater

Core Cooling $3-SH1/703 Core Cooling Base Case
Evaluation $3-1/705 Lower PlenumWater Level

.r-fleet
$3-2/706 SubooollngEffect

: S3-6/710 Power DistributionEffect
S3-7/711 ECC LocationEffect
S3-8/q'12 ECC L.o_tion Changing

Effect
$3-12/716 High Power,High Clad

Temperature
$3-AC2/702 Core Cooling BE

Combined Effect of C2-21/81 7/8 Injection(4 Hot Legs, Compare to C2-19 (5/8
Injection_tegral Injection 3 Cold Legs) Injection: 2HL, 3CL) for
Tests Configuration effect of ECC flow rate

to hot legs

S3-13p'17'j.3) Continuous UP Injection
$3-20/724 IntermittentUP Injection
83-22/726 Ntemste UP InJeotion

Effectof ECC S1-SH3/528 Saturated ECC
Temperature S1-SH4/529 Subcooled ECC

$3-18/722 High InjectionTemperature Compare to $3-13 ,

Effect of Core $3-19/723 Low Pressure,High Power, Failedtest
Powerend Clad High Clad Temperature
Temperature $3-21/725 Low Pressure,High Power, Compare to $3-13

High InjectionTemperature

EwduationModel C2-1gF/g 5/8 Injection (2 Hot legs,
(EM) Tem 3 Cold Legs)

S3-.c3/71_7_ EM Odentetion$3-1 ) EM Compare to S3-11

BestEstirrmte C2-20/80 (3) BE Compare to C2-1g
(BE) Tem

S3-AC1/q'01 BE onentation
$3-11/715 BE Compare to $3-13
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Table ,4.1-1

CCTF/laND8CTF TESTS Pl_ge7 of 7

iii irl ]

Group Test Objective Test/Ru_, Deecdptlon (2) Comments
Number_11

, , iHl, '

Combined FacilityCoupling C1-SH5/9 Counterpml to PKLTest K7A
InjectionSpecial Tem
Purpo_aeTests C2-20/80 (3) Counterpartto PKL .....

UpperPlenum BaseCase (:;2-16/76 /_#nmeUio (One Port)
InjectionTem Injection

PlrlLmster C2-AS1/5_) Symmetric (Two Port)
Effects InlectJon

C2-13/72 Symmstd¢ (Two Port)
Injection, High UPI Row
Rate

C2.AA1/57 Symmetrlo (TwoPort)
Inje,_ion,High Power,Very
High HPl FlowFilm

(:;2-18/78 UPI BestEstimste/l:bfill

Downcomer Plusmoter C2-AA2/58 Vent VslvosClosed
InjectionTests Effects C2-AS2/60 Vent VaNes Open

C2-10/_) Vent ValvesOpen, Loops
mocked

83-17/721 Vent Valve Test

MMs Balance Verificationof C2-7/65 Mass Balance Calibration
C4dibrstionTest MassFlow

Memrernente
...... ll,lll ,,,,

i ,i

NOTES:

I. Test number identifiesfacilityand test series:

CI = CCTF Core,-I
C2 - CCTF Core-ll
$I = SCTF Core.l
S,?.= SCTFCore-ll
$3 = SCTFCore-lll

2. The followingabbreviations ire UWKIin the test delmrlptlons:

BE = Best estimate
EM = Evaluationmodel
lT ,_ Integral test
Rat O = Flatpower profilo
S4antQ = Slant power profile
Steep O = Steep power profile
Rat T = Flat initial d_l temperature profile
Steep T - Steep initiaJclsd temperatureprofile
ACC,,, Accumulator

ECC = Emergencycore ooolant

3. Test is listedtwice in thetable because it can be used to evaluatemore than one effect.
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A.2 SLABCORE TEST FACILITY(SCTF)

A.2.1 FacilityDescription

SCTFwas a full-height,fullradius,1/21-scale modelof a sectorof an 1,100 MWe four-
loopPWR pressurevessel. The primaryobjectiveof the SCTF test programwas to
studytwo-dimensionalthermal-hydraulicbehaviorwithinthe reactorvesselduringthe
refilland refloodphase of a largebreak LOCA in a PWR. Whilethe pressurevessel
was simulatedin detail,onlya crudeloopsimulationwas used. The mostsignificant
feature of SCTF was that it contained a full-heightheated core with realisticrod
diametersand spacinganda core lateralextentof over 1.8 m (the core radiusof the
largestPWRs). This largecore lateralextent providedthe capabilityto examinemulti-
dimensionaleffects.

FacilityLayout

FigureA.2-1 depictsthe majorcomponentsin the facility. They includeda pressure
vesselwith a simulatedcore, a hot leg, a steam/water separator,an intact cold leg
witha pumpsimulator,a brokencoldleg, and two tanksattachedto the ends of the
brokenloopto simulatecontainment.Verticaldimensionsof systemcomponentswere
closeto the correspondingdimensionsin the referencePWR. Typicallyflow areas
were based on the nominalcore flowarea scalingratio(1/21). Maximumoperating
pressureof majorcomponentsof SCTF was 600 kPa.

Electrically-heatedrodswereusedinthe simulatedcoreto simulatenuclearfuel rods.
A totalof 1,872 heatedrodswere installed. The maximum electricalpowersupplied
to the heatedrodswas 10 MW. This powercouldsimulatethe decay heatduringthe
refilland refloodphasesof an LBLOCA.

In SCTF, ECC injectionnozzleswere located in the cold leg, hot leg, upper plenum,
and lowerplenumto simulatecore boundary conditionsunder ECC systemsof cold
leg injection,combinedinjection,upper plenuminjection,and downcomer injection
PWRs. Also,a specialloopwhichconnectedthe upperplenumanddowncomerwas
usedto simulatePWRswithvent valvesin the core barrel.

Auxiliarysystems includeddrain system from the pressurevessel and containment
tanks, steam injectionsystemto the upper plenumand steam/water separator,and
water extractionsystemfrom the upperplenum.

Main Components

PressureVessel- FigureA.2-2 showsthe SCTF pressurevessel. The vesselhoused
a downcomer,lowerplenum,core, and upperplenum. The vesselsimulateda radial
slice of a PWR from the center (Bundle1 in FigureA.2-2) to the periphery
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(downcomer). Heights of componentswithin the pressurevessel were about the
same as those in the referencePWR.

As _hownin FigureA.2-3, the core consistedof eightsimulatedfuel bundles arranged
in _l row {i.e., a slab geometry). For SCTF-I and II, each bundle contained 234
electriually-heatedrodsand22 nonheatedrodsarrangedina 16x 16 array (a totalof
1,872 heatedrods and 176 nonheatedrods). In SCTF-III, the numberof heatedrods
per bundlewas increasedfrom 234 to 236. Aliheatedrodshad an outer diameterof
10.7 mm, and a heated lengthof 3.6 m. These dimensionswere identicalto the
correspondingdimensionsof PWR fuel rods. The cladthickness,1 mm, was thicker
than thatof fuel rods becauseof requirementfor thermocoupleattachment.The heat
capacityof the heated rodswas approximately30% higherthan that of nuclearfuel
rods (to be filledin by JAERI;note, basisshouldbe consistentwith page 4.6-3).

The nonheated rods simulated the guidethimbletubes and instrumentthimble tubes
in PWR fuel assemblies. They were eitherstainlesssteelpipesor solid barswithan
outerdiameterof 13.8 mm. The heated rodsand nonheatedrodswere held in their
radialpositionsby gridspacerslocatedat sixelevations.The rodpitchwas 14.3 mm
which is identicalto the reference PWR. In SCTF-I only, two of the fuel bundles
(Bundles3 and 4) contained flow blockage sleeves (60% blockage) at the mid-
elevationto simulatethe effectof balloonedfuelcladding.

Power to eachbundlewas individuallyadjustableto permitsimulationof a radialpower
distribution.The axialpowerprofilein ali rods was a chopped cosinewith an axial
peakingfactor (ratioof maximumto averagepower)of 1.4.

Honeycombinsulatorpanelssurroundedthe core, the upper plenum and the upper
partof the lowerplenum,to reducethe heatrelease_om the SCTFvesselwall,which
would not occurin PWRs(see FigureA.2-2). In SCTF-I, the surface nextto the core
was discontinuousas there were numerouspanels. In SCTF-II and SCTF-III, the
panelswere covered by a continuousplate to providea smoothsurface facingthe
core and upperplenum.

Located above the core were the end boxes and the upper core support plate.
Appropriatehydraulicresistancesimulatorswere includedto model the cross-flow
resistanceof the fuel rod tipsatthe top of the coreandthe axialflow resistanceof the
controlrods whenthey are inserted.

A full-heightcore baffleregionsimulatedthe volumebetweenthe core and the core
barrel in the reference reactor (see FigureA.2-2). In SCTF-II, the flow path at the
bottom of the corebaffleregionwasblockedto preventwaterfrom flowingupintothe
corebaffleregion. InSCTF-III, theflowpathsat the sideof the corebaffleregionwere
alsoblocked.
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The full-heightdowncomerwas a rectangularchannel. Flowarea in the downcomer
was adjustable(usinga filler)to simulatethe flow area for differentreactor designs
(e.g., US/Japaneseor German). Provisionsweremade forblockingthe bottomof the
downcomerto conductforcedfloodingtests (see SectionA.2.2). In addition,a U-
shaped pipe connectedthe top of the downcomerdirectlyto the upper plenum to
allowsimulationof PWRswithvent valvesin the core barrel (i.e., B&W PWRs).

The lower and upper plena of the pressurevessel were volume-scaledfrom the
referencePWR,usingthe powered-rodratioas a scalefactor. Thisapproachresulted
ina realistic-heightupperplenumandslightlyshorterlowerplenum(see FigureA.2-2).
The upper plenuminternalsconsistedof controlrod guidetubes, support columns,
orifice plates,and open holes (see FigureA.2-3). As in CCTF, the radius of each
internalwasscaleddown fromthatof the referencereactorby a factor of 8/15, to give
a more realistic flow path simulation (SCTF-I and II only). Full-size internals
representativeof a German PWRwere used in SCTF-III.

Hot leg and cold leg nozzles were located at elevationsthat match the nozzle
elevationsin the referencePWR as closelyas possible;however,because of space
restrictions,the brokencold leg and the intactcold leg nozzleswere locatedslightly
below the hot leg penetrationto avoidinterferencebetweenthe nozzlesand the hot
leg penetrationinthe downcomer(FigureA.2-2).

Sincethe focusof SCTF-IIIwasthe combinedinjectionGPWR,severalchangeswere
made to the components in the pressurevessel to better simulate the German
Siemens/KWUPWR. The significantchangeswere the following:

• The fillerusedinthe downcomerinSCTF-I and SCTF-IIwas removedto simulate
the largerdowncomerflowarea in the German PWR (GPWR).

• The baffleregionwas isolatedfrom the core.

• Althoughthe totalnumberof rodsremainedthe same, the numberof heatedrods
per bundle was increased slightly from 234 to 236. The nonheated rod
arrangementwas changedto bettersimulateGerman fuel bundles.

• The SCTF-IIIcomponentscomprisingthecore/upper plenuminterface(end boxes
and upper core support plate) were representativeof those in the reference
GPWR.

• Inthe SCTF-IIIupper plenum, internalstructuressimulatedthe GPWRat full-scale.
The support columns of SCTF-III were split and mounted in a staggered
arrangementto achievethe desiredflowsimulation(see FigureA.2-4).
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PrimaryLoopsanuContainmentTanks- Theprimaryflow loopsweresimulatedusing
a simplifiedsystemconsistingof a singlehot leg, a steam/water separator,an intact
cold leg, and a brokencold leg.

The hot leg connectedthe upper plenumto the steam/water separator. The SCTF
hot leg includeda riserpart likePWR hotlegs. Hot legflow areawas scaledfromthe
totalflowarea of four PWR hotlegs,butthe lengthwas shortened. The crosssection
of the hot leg was an elongatedcircleof fullheight.

A steam/water separatorlocated at the end of the hot leg simulatedthe hydraulic
behaviorof a steam generator, lt houseda simulatedinlet plenumand a tank for
steam/water separation(see FigureA.2-2). Betweenthe inletplenumand the tank
was a perforatedplate whichsimulatedthe tubesheetof a steam generator. In the
separationtank, entrainedwaterwas separatedfrom the steam flow and measured.
Steam could be injectedintothe separationtank to simulatevaporizationof water in
the U-tubesof a steam generator.

The intactcoldlegconnectedthe steam/waterseparatorwiththe upperportionof the
downcomer.The flowareawasscaledfromthe flowarea for threePWRcoldlegs;the
cross sectionwas circular. A pump simulatorand loop seal were providedin the
intactcoldleg. An orificeplatewas usedto obtainproperflowresistanceinthe pump
simulator.

The broken cold leg was simulatedwith twopipes, which connectedthe downcomer
to ContainmentTank-I and the steam/water separatorto ContainmentTank-II. The
two containmenttankswere the same tanksused for CCTF.

ECC InjectionSystem- The SCTF ECCS consistedof an accumulatorand a low
pressureinjectionsystem. The injectionports for thesesystemswere locatedin the
lowerplenum,downcomer,brokencoldleg, hot leg, and intactcold legbetween the
pump simulatorand pressurevessel. Additionally,injectionand extractionsystems
providedand/or removed ECC usingspecialnozzles located just above the upper
core support plate.

Controland Instrumentation

Process Control System - The time-dependentvariables were controlledwith a
computerduringa typicalSCTFtest;these includedpower suppliedto heated rods,
ECC flow rate, and ECC temperature. Pressure in ContainmentTank-II was
maintainedconstant. The test initiationtimeandthe sequenceof events (e.g., power
decay initiationand ECC injectioninitiation)were also controlledwiththe computer.
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Instrumentation- SCTFwas instrumentedwith over1,500sensorswhichincludedboth
conventionaldevices(e.g., pressuretransducers,thermocouples)andadvancedtwo-
phase flow instrumentation.JAERI providedmost of the conventionalinstruments,
includingapproximately700 thermocouplesattachedto rod cladsurfacesthroughout
the core to measure the clad temperatures of heated rods. An additional 192
thermocoupleswere used to measure fluid,steam, and wall temperaturesnear and
in the core. Other thermocouples,flow meters, pressure,and differentialpressure
sensorswere locatedthroughoutthe test facilityand provideddata whichwas used
to determinefluidconditions,flow rates, liquidlevels,and pressuredistributions.In
addition, viewingwindows in the pressurevessel and loops permittedthe use of
televisioncameras and filmcameras (both movingand still) to providevisualdata
whichassistedin interpretingthe test results.

A variety of advanced two-phase instrumentationwas supplied to SCTF by the
USNRC. The advanced instrumentationincludedfluiddistributiongrid/liquid level
detectors (FDG/LLD), turbine meters, impedanceprobes, film probes, and spool
pieces.

A.2.2 CataloQof Tests

SCTF testingwas performedin threephases:

• SCTF-I, 1981 - 1983

• SCTF-II, 1983 - 1985

• SCTF-III 1986 - 1987

Table A.1-1 lists the SCTF tests,classifiedfirst by the injectionconfigurationbeing
simulated (cold leg injection,combined injection,downcomer injection,or upper
plenuminjection)and then by test objective.

The base case tests for cold leg injectionwere performed to investigate the two-
dimensionalthermal-hydraulicsin the pressure vessel during reflood. Parameter
effectstests for cold leg injectionwere performed to investigatethe effect of various
parameters(e.g., powerdistribution,rodtemperaturedistribution,upperplenumliquid
level,etc.) on two-dimensionalthermal-hydraulics.Specialpurposetestsfor cold leg
injectionwereperformedto investigatethetwo-dimensionalthermal-hydraulicbehavior
under both evaluation model (EM) and best-estimate (BE) conditions. Two-
dimensionalthermal-hydraulicsduringthe refillphasewere also investigated.

For combined injectionPWRs,the refill-refloodtestswere performed under both EM
andBEconditions.Additionally,sevenintegraltestssimulatingthe refill-refloodphases
and eightseparateeffecttestssimulatingthe refloodphasewere performed to study
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parametriceffects. Inthe CCFL evaluationtests,steamupflowwas establishedinthe
core and water was injected into the upper plenum to investigatethe CCFL
characteristicsat the tie plate witha full-scaleradius.

SCTFtestsfor cold leg injectionwere performedusingtwo modesof ECC injection:
gravityfeed and forcedfeed. Inthe gravityfeed mode, ECC injectedintothe coldleg
flowed,by gravity,downthe downcomerand intothe core. Inthe forced feed mode,
the ECC was injecteddirectlyintothe lowerplenumby isolatingthe downcomerfrom
the lowerplenum; i.e., the water was forced into the core. The forced feed tests
investigatedcorecoolingbehaviorusingdefinedboundaryconditionsatthe core inlet.
The gravity feed tests includedthe effect of downcomerwater head on the two-
dimensionalcore cooling behavior. By comparingthe resultsof gravity feed and
forcedfeed testswithsimilarfloodingrates, it was concludedthattherewas no major
differencebetween experimentalresultsin both modes.

In the SCTFtests with gravityfeed mode for cold leg injectionECCS, the amplitude
of U-tubeoscillationsbetweenthe coreand the downcomerwas atypicallylargeand
thefloodingratewas atypicallyhighduringthe earlytransient,whenthe ECC injection
flow rate was scaled proportionalto the core flow area. This oscillatorybehavior
obscuredthe two-dimensionalthermal-hydraulicbehavior,whichwasthe focusofthe
SCTF tests. However,by reducingthe ECC injectionrate early in the transient,the
oscillatorybehaviorwassuppressed,the corefloodingratewasmoretypical,andtwo-
dimensionalthermal-hydraulicbehaviorcouldbereadilydiscerned;consequently,most
SCTF gravityfeed testswere performedwitha reducedECC flow.
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A.3 UPPER PLENUM TEST FACILITY (UPTF)

A.3.1 Facility Description

The UPTFwas originally designed to investigate multidimensional behavior of water
and steam during the end-of-blowdown, refill, and reflood phases of an LBLOCA in a
PWR. The areas of investigation were defined to be the upper plenum, the
downcomer, and the reactor coolant pipes connected to the test vessel.

Based on the results of risk assessment studies performed in the seventies and early
eighties, additional provisions were made to investigate safety issues related to small
break scenarios. Valuable data could be generated regarding these issuesalthough
the operational pressure of UPTF was limited to about 1900 kPa and the component
simulators, as described below, were optimized for LBLOCA conditions.

The UPTFwas built on the site of the large coal-fired power plant GKM in Mannheim,
FRG. This location was chosen to readily supply the substantial demands for steam,
water, and eOectricityfor UPTF testing. The UPTFwas integrated in the supply and
disposal systems of the power plant.

Facility Layout

The UPTF represented a typical pressurized water reactor of 1300 MWe power class
(GPWR) as designed by Siemens/KWU. The reference plant was the power plant
Grafenrheinfeld located in southern Germany. The primary system of the
Grafenrheinfeld plant consists of a reactor pressure vessel and four primary coolant
loops each containing an U-tube steam generator and a primary coolant pump.

The UPTFwasa mockupof the primary coolantsystemat full-scale(see FiguresA.3-1
and A.3-2). In an earlyphase of 2D/3D Programdefinitionit became obviousthat a
full-scale core would not be representablewith electrically-heatedfuel rods for
technicaland economicalreasons, lt thereforewas decided to replacethe core by
a coresimulatorwhichproducedflowconditionsat the core/upper plenuminterface
similarto those generatedby a heatedcore. The coresimulatorinjectedsteam and
water below the tie plate to simulatesteam generationand liquidentrainmentin a
heated core. The overallmassbalancewas maintainedby extractionof water from
the bottomof the testvessel.

Steam generatorsand main reactor coolantpumpswere also replacedby simulators.
Bothof the simulatorswere designedto preservethe volumes,flow resistances,and
key elevationsof the referenceplant. Thesteamgeneratorsimulatorswere equipped
withfeedbacksystemsto simulateevaporationof watercarriedto the steamgenerator
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tubes duringthe refloodportionof an LBLOCA. Thepumpsimulatorswereadjustable
throttlevalves and couldsimulatethe flow resistanceof spinningor locked reactor
coolantpumps inthe low pressurephasesof LOCA.

The break of a main coolantpipe was simulatedby large fast-openingvalves. The
break locationcouldbe variedfrom hot leg to coldleg. Break size could be varied
fromfulloffsetbreak (200% of the loop flow area)to 25% of loop flow area. Smaller
break sizes for SBLOCAconditionscouldbe simulatedas needed by bypassingthe
large break valves.

The break was connectedto a containmentsimulator.The back pressurecould be
controlled in the range of 250 kPa to 600 kPa, which covers the conditionsof
containmentdesignsrelevantfor reactorsystemsevaluatedinthe 2D/3D Program.

The ECC systems were replaced by large accumulatorsconnected to the ECC
injectionports. ECCinjectionwas performedusingcontrolvalvesandwas adjustable
to simulatethe ECC injectioncharacteristicsof the systemdesignsusedin the three
participatingcountries.

In some systemareas, provisionswere made to accountfor reactordesignsother
than the referenceplant;these are noted separatelyin the componentdescriptions
below.

Main Components

The main componentsand subsystemsof _JPTFare brieflydiscussedbelow. The
discussioncoversbothconfigurationand function.

Test Vessel- The UPTFtestvessel(see FigureA.3-3)was a full-scalerepresentation
of the referenceplantreactorpressurevessel. The main dimensionswere identical
to those of the referenceplantexceptfor the vesselwallthicknesswhichwasreduced
accordingto the lowerdesignpressureof UPTF.

The upper plenumstructuresconsistingof uppercore supportcolumns,and upper
core supportplate, as wellas controlrod guidetubeswere identicalto those in the
referenceplant.

To facilitateinstrumentlineroutingfromthe upperplenumout of the testvessel,a ring
was installedbetweenthe upper flangeof the test vesseland the upperhead. The
ring was equippedwith penetrationnozzles for the instrumentationlinesof upper
plenuminstruments.For the instrumentsinstalledinthe lowerpart of the testvessel
anddowncomer,penetrationnozzleswereprovidedoverthe lengthofthe testvessel.
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The downcomerwidth was compromisedbetween US/J and German design. The
UPTF downcomerwidthwas 250 mm comparedto 315 mm for the reference PWR.
The lower core structureconsistingof core barrel, core shroud, intermediatecore
support,and corewas identicalto the referencereactorexceptfor the core, whichis
replaced by the core simulator,and the vent valves installedin the core barrel to
simulateABB (BBR)/B&W design. Also,for ABB (BBR)/B&W plant simulation,two
ECC injectionportswere providedfor downcomerECC injection.

The steam/water supply lines for the 17 individual core simulator injection zones
penetratethroughthe lowerhead of the test vessel.

Core Simulator - The core simulatorwas deslgned to create steam/water flow
conditionsat the core/upper plenuminterface(i.e., the tie platearea) similarto those
expected for the low pressurephasesof a LOCA. Thiswas achievedby controlled
injectionof water and steam accordingto preprogrammedvaluesor to algorithms
providingfeedback from measuredconditions.

The upper part of the coresimulatorconsistedof 193 dummy fuel assemblies,about
1 m in length,geometricallysimulatingfuel assembliesin the reference plant. The
dummyfuelassemblieswerenotheatedandseveredasflowconditionersforthe two-
phaseflow at core exit.

Beloweach of the dummyfuelassemblieswas a nozzle capable of injectingsteam
and water flow (see FigureA.3-4). The core cross section was divided into 17
injectionzones (see FigureA.3-5) which could be individuallycontrolledto produce
flow distributions. Differentpower profiles could be simulated as well as core
responsesto water breakthroughcausedby hot leg ECC injection.

For separateeffects tests, preprogrammedsteam and water mass flow rates were
injected intothe test vesselviathe coresimulatorcreatingclearly-definedboundary
conditions. In integraltests,baselineinjectionmass flow rates for steam and water
were basedon PWR LOCA analysesand subscaletests. Feedbackcontrolsystems
providedrealisticsystem responsefor these cases when the boundary conditions
significantlydeviatedfromthe referencevalues. The boundaryconditionsrelevantfor
corethermal-hydraulicbehaviorwerethe corebottomfloodingrate and, incaseof hot
legECC injection,localwaterbreakthroughfromthe upperplenumintothe core. The
algorithmsappliedfor feedbackflow conditionwere derivedfrom a large numberof
SCTF and CCTF tests. For proper feedback from rapid changes of boundary
conditions,the controlvalvesof the coresimulatorinjectionsystemshavea specified
traveltime of 0.7 s for 100%stroke.

Two-phase flow exitingthe core in a reactor would be produced by boiling and
entrainmentin the core. In UPTFthisprocessis simulatedby controlledinjectionof
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water and steam from external sources,and the mass injectedhas to be extracted
from the systemto keep the correctmass balance. The injectionmass flow rates
were measured,and the same amountof water mass was drainedfrom the lower
plenumof the test vesselby the controlleddrainagesystem.

Steam GeneratorSimulatorsandWaterSeparators- In the lowpressurephasesof an
LBLOCAthe steam generatorsact as flowresistancesfor the steamflowingfrom the
upperplenumto the downcomerviathe intact loops. In addition,the hot fluidonthe
secondaryside of the steam generatoris a heat source. Steam productiondue to
water enteringthe tubes on the primary side can significantlyaffect the differential
pressurebetweenupperplenumanddowncomer. Steam generatorsimulatorswere
installedin the three intactcoolant loops of UPTF to simulatethe behaviorof real
steamgeneratorsduringrefilland refloodphasesof an LBLOCA.

Proper inflow conditionswere obtained by maintaininginfloworientationas well as
crosssectionand heightof the referencesteamgeneratorinletplenum. The U-tube
bundlewas replacedby an assemblyof two-stage,cyclonesteam/water separators
whichhad a similarflowarea and the flowresistance(see FigureA.3-6). The overall
volumeand overflowheightwere retainedby the loop configuration.

The evaporationof water enteringthe heat exchange area was simulatedby steam
injectionintothe dome of the steamgeneratorsimulator.Thiscouldbe performedin
a preprogrammedway (transientor constant) or automaticallycontrolled by a
feedback system based on measured conditions. In separate effects tests,
preprogrammedsteam generatorsimulatorsteam injectionwas used as a clearly-
definedboundarycondition.In integraltests,thefeedbacksystemwas usedto obtain
a simulationof the real steam generator, to evaluate the system effects on the
emergencycorecoolingprocess. Twodifferentmodesof operationare distinguished
by the steamgeneratorsimulatorfeedbacksystem:

• Dispersedwater flow entering the steam generatortube regions.

• Water plug flowenteringthe steamgeneratortube regions.

Water droplets carried by steam flow to the steam generator simulatorswere
separatedby the cyclone separators,measuredand drainedfrom the system. The
sameamountof steamas the waterseparatedwas injectedto the dome of the steam
generatorsimulator.

If a water plug entering the steam generator simulator was detected by the
measurementsystems,largequantitiesofsteamwereinjectedaccordingto algorithms
developedat the TechnicalUniversityof Munich. The resultingpressureincreasein
the loopdrove the water plugback to the hot leg and intothe upperplenum.

A.3-4



Steam/water separatorswere installedcloseto the break valves. Break mass flow
rates enteringthe separatorswere split into single-phasewater and steam flows.
Water was separated by two-stage cyclones, measured and drained to the water
collectingtank (see FigureA.3-6). Steam flowwas measuredby orificesand vented
to the containmentsimulatorwhere itwas condensed.

The steam/water separatoron the hot legside could be used as a steam generator
simulatorfor tests simulatingLOCAswithbreak sizessmallerthan 200% of the loop
flowarea. The overalldesignwas similarto that of the steamgeneratorsimulatorsbut
the numberof cycloneswas increasedaccordingto highermass flow ratesexpected
in the broken loop in case of a fulloffsetbreak of a maincoolantpipe.

Pump Simulators- In UPTF, pump simulators, which model the volume, and key
internalheightsof the reactor coolantpump for the referencereactor, were installed
in the intact loops as well as the broken loop. The flow resistanceof the pump
simulatorswas adjustableand was preset accordingto the test requirements(see
FigureA.3-7). The pressuredrop coefficientcouldbe variedovera wide range. For
separateeffectstests requiringno flow inthe primarycoolantpiping,the loopswere
completelyblockedby the pump simulators.

ContainmentSimulator- The containment simulatorwas designed as a pressure
suppression/controlsystemsimulatinglarge,dry containmentconditions.

The containmentsimulatorconsistedof a large vessel(1500 m3)which was divided
intoa dry well (500 m_ an_ a wet well (1000 m_. The steamflow fromthe primary
sy_'_:ementeredthe containmentsimulatorat the top of the dry well and flowedvia 14
downcomers into the water inventory of the wet well where it condensed (see
FigureA.3-8).

Nitrogen was mixed with steam in the downcomers to reduce dynamic effects of
steam condensationin the wet weil, so that the overallpressure oscillationswere
limitedto 20 kPa.

When pressure in the primary coolant system dropped below the specified
containmentpressure,a backflowof steamwas provided. An auxiliarysteamsupply
systemprovidedcontrolledinjectionof up to 300 kgs/s to maintainthe containment
pressure at its specifiedvalue. In case of rapid transients,a set of safety valves
prevented excessive pressure spikes and overpressurizationof the containment
simulator.

Containment pressure was controlled by the central computer where the desired
conditionswere programmed. The range of simulatedcontainmentpressureswas
from 250 kPa to 600 kPa, which coveredUS/J and FRG PWR containmentdesigns
to be simulatedinthe 2D/3D Program.
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ECC InjectionSystem- Accumulatorand lowpressureECC injectionsystemsof actual
PWRs were replaced in UPTF by large accumulatorsand controlsystems able to
simulatethe characteristicsof variousECCsystemdesigns. EightECC injectionports
were providedin the primaryloop piping: four inthe hot legs and four in the cold
legs. Inaddition,two downcomerinjectionportswereprovidedfor simulationof ECC
conceptsas used, for instance,by B&Wor ABB (BBR).

The ECC water in UPTF was contained in four large storage tanks pressurizedby
steam. Duringdischargeof water, the pressureinthe storagetankswas maintained
by steam from the steam supplysystem. Two of the ECC storagetanks couldalso
be used for nitrogen storage for simulation of nitrogen discharge from the
accumulatorsat the end of accumulatorinjectiontypicalfor US/J PWR designs.

ECC was fed from the storage tanks to a commonheader and distributedto the
injection ports. Flow to each injection port was individuallycontrolled (see
FigureA.3-9). To simulatedissolvednitrogeninaccumulatorECC, nitrogencouldbe
added to the ECC water closeto the injectionports.

Forproper flowconditioning,the ECC pipingwithinonemeterof the injectionport was
identicalto that in the referenceplant. The cold leg ECC port cross sectionwas
adjustedby insertsto considerthe differentcross sectionsof the injectionports of
US/J PWRsand GPWRs. ECC water in the tanksand pipingcould be preheatedto
120°Cusingsteamnozzlesinthe tanksanda recirculationsystem. Forsimulationof
structuralheat, the waterand ECC pipingcloseto the injectioncould be heated up
to 160°C.

Controland Instrumentation

ProcessControlSystem- The processcontrolsystemconsistedof severalcomputers
and controlloopsto establishtime-dependenttest boundary conditionsand provide
feedback to activetest facilitysubsystems.

The overallprocesswascontrolledbycontrolcomputerP1 (SIEMENSmicrocomputer
SMP). Test initiation,time-dependentboundaryconditions,as wellas the shutdown
procedure,were storedin, and controlledby, the P1 computer.

For test initiation,the openingtimesand openingsequenceof the break valves,and
the start of core simulatorsteam and water injection,steam generator simulator
injectionand ECC injectionwerecontrolledina preprogrammedway. Duringthetest,
time-dependentboundaryconditionssuchascoresimulatorsteamandwaterinjection
rates, ECC injection rates, steam generator simulatorsteam injectionrates, and
containmentpressurewere also controlledby controlcomputerPl. Core simulator
and steam generatorsimulatorinjectionrates could be automaticallycontrolledby
feedback systemsas describedbelow.
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For integral tests which were to simulate realisticPWR system behavior, the basic
steamand water injectionrateswere predeterminedand stored in controlcomputer
Pl. If, during the test, certain measured conditionsdeviated from pre-calculated
values,the injectionrates could be adjusted. Algorithmsfor the variationof core
responseto differentbottomfloodingratesor localwaterbreakthroughfromthe upper
plenum(inthe case of hotleg ECC injection),whichweredevelopedbased on SCTF
andCCTFtests,werestoredincontrolcomputerP2(SIEMENSmicrocomputerMMC).

In addition, P2 controlledthe fast, automaticshutdownsystem(FASS) whichwould
terminatetests if test conditionsexceeded designlimits.

Steamgeneratorfeedbacks_,stemswerecontrolledbycomputer(SIEMENSPC 16-20)
for each of the intact loop steam generatorsimulators. The on-linesimulationof
steamproductionconsideredthe amountof waterenteringthe heat transferarea as
well as the flow pattern,as previouslydiscussed.

Instrumentationand Data AcquisitionSystems (DAS) - UPTF instrumentationwas
divided into operation instrumentationand test instrumentation. Operation
instrumentationwas used to control boundaryconditionsfor test operation. Test
instrumentationwas usedto measureprocessesand phenomenainvestigatedinthe
tests. Test instrumentationsuch as thermocouplesand pressuretransducerswere
calledconventionalinstrumentation.In addition,specializedand complextwo-phase
flow instrumentation(calledadvancedinstrumentation)was developedand supplied
to UPTF by USNRC. These instrumentsare:

• Tie plate flow modulesto speciallydeterminemass'_ow ratesat the core/upper
plenum interface.

• Breakthrough detectors to measure water downflow from upper plenum to core.

• Pipe flowmeters to determine hot leg and broken cold leg mass flow rates.

• Purged DP transducers to measure upper plenum water inventory at several
locations.

• FDG/LLD optical sensors to distinguish water- and steam-filled volumes.

• Turbine meters to measure velocities.

The signals from the instrument sensors were conditioned and stored by the data
acquisition systems, which also was provided by USNRC. There were two
independent systems in UPTF. The stand-alone DAS (HP-A600computer) collected
and stored the digital data from the 705 channels of the FDG/LLD systems. The main
DAS was based on a VAX 11/750 computer. A total of 938 analog channels, 15
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channels for the -/-densitometers of the pipe flowmeters, and 210 analog auxiliary and
spare channels were installed in the main DAS.

According to the band width desired (5 Hz), the general data sampling rate for UPTF
instrumentation was 25 Hz. For pipe flowmeter absolute pressure, pipe flowmeter
drag rake force, and tie plate drag body force a sampling rate of 150 Hz was chosen.

Facility Load Monitoring System - To record the load history of critical test facility
components, an independent monitoring system was installed. In tests where
extraordinary loads were expected, the system also was used to supervise the test
performance and, if necessary, terminate the test before the integrity of facility
components was jeopardized.

The monitoring system consisted of a data acquisition system which collected and
stored the data from the various sensors. The following instruments are installed on
selected facility components or supports.

• Four pressure taps

• Thirteen force meters

• Thirty strain gages

• Eight acceleration meters

• Nine displacement meters

A.3.2 Catalog of Tests

The UPTF test program was designed to cover a wide range of phenomena,
parameters, and PWR ECC s_'stem designs. The UPTF test matrix is summarized
below by region of the primary system and phenomena of interest. The basic test
conditions are summarized in Table A.3-1.

• Downcomer Behavior during End-of-Blowdown Tests - This group of tests
investigated countercurrent flow in the downcomer during the end-of-blowdown
phase of an LBLOCA; ECC systems simulated included cold leg injection and
downcomer injection.

• Downcomer Behavior during Reflood Tests - These tests evaluated water
entrainment from the downcomer during the reflood phase of an LBLOCA; both
cold leg and downcomer ECC injection systems were simulated.
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• TiePlateand Upper PlenumBehaviorTests- Thistest group investigatedfull-scale
countercurrentflow at the tie plate for ECC deliveredto the upper plenum and
steamortwo-phaseupflowfrom the core. Upperplenumwateraccumulationwas
also investigatedin these tests.

• Upper Plenum/Hot Leg De-entrainment Tests - These tests investigated
entrainment/de-entrainmentand accumulationof water upstream of the steam
generatortubes (i.e., in the upper plenum,hot legs, and steam generatorinlet
plena)duringreflood.

• Loop Behavior Tests - This group of tests investigatedthe development of flow
patterns,particularlystratifiedflow and plug flow, for variousECC and steam or
two-phase massflow rates.

• SeparateEffectsTestswith Vent Valves - The test group evaluatedthe effect of
ventvalvesondowncomercountercurrentflowduringEOB,andwaterentrainment
from the downcomerduringreflood.

• SmallBreakLOCASeparateEffectsTests- These testsinvestigatedthe following
phenomenarelatedto SBLOCAs.

- Fluid-fluid mixing in the cold leg and downcomer at elevatedtemperature
(i.e., pressurizedthermalshock).

- Steam/water countercurrent flow in the hot legs for the reflux-condenser
mode of core coolingduringan SBLOCA.

- Steam/water countercurrentflow at the tie plate with high pressureECC
injectionintothe hot legs whenthe systemis at an elevatedpressure.

• IntegralTests - Integraltestssimulatedoverallsystembehaviorduringthe EOB,
refill, and reflood phases of an LBLOCA. SpecificECCS concepts simulated
included:

- Cold leg injection.

- Combined injection.

- Cold leg/downcomer injection with vent valves.
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Table A.3-1

UPTF TESTS
Page 4 of 4

i

NOTES:

1. The followingabbreviationsare used in the test conditions:

CI Combined ECC injection
CLI Cold leg ECC injection
DCI DowncomerECC injection

-, HLI Hot leg _.CC injection
UPI Upper plenum ECC injection

ACC Accumulators
BE Best estimate
CS Core simulator
EM Evaluationmodel
_GS Steam generatorsimulator
fS Thermal sleeves installedin downcomerECC injection nozzles
VV Vent valves
W/S Ratioof core simulatorwater and steam injectionrates

2. "Auto SGS steam injection"indicatesthat the SGS feedback controlsystemwas
activatedto automaticallyinjectsteam based on the water flow intothe SGS.

3. Break size is defined relativeto the cross-sectionalarea of the reactor coolant
pipirJg(A).
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AppendixB

TRAC COMPUTE.,RCODE DESCRIPTIONAND LIST OF ANALYSES,

As part of the USNRC contribution to the 2D/3D Program, the Transient Reactor
AnalysisCode (TRAC), developedby LosAlamosNationalLaboratory(LANL),was
providedto the other participantsin the program. In addition, LANLcarried out an
analyticalsupport programusingTRAC underthe directionof the USNRC. Selected
TRAC calculationswere also carried out by the other program participants.

The objectives of the analyticalsupportprogram were to utilize TRAC to: support
design of the test facilities,determineprototypicalinitialand boundary conditionsto
be used intests,andto evaluatethe predictivecapabilityof TRAC by comparingcode
predictionsto testdata.

In an effort (ReferenceE-609) separate from the 2D/3D Program, the USNRC
developeda methodologyto evaluatethermal-hydrauliccode scaling,applicabilityand
uncertainty. This methodologywas demonstratedby applying it to the use of
TR&C-PF1/MOD1 v 14.3for a cold-legLBLOCAina Westinghouse4-loopPWR. Data
from the 2D/3D Programwere used extensivelyin evaluatingrefloodheat transfer,
ECCdelivery/bypassduringtheend-of-blowdown,andwatercarryover/steambinding.
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B.1 EVOLUTION OF TRAC AND DESCRIPTION OF TRAC-PF1/MOD1 AND
TRAC-PF1/MOD2

At the beginning of the 2D/3D Program, TRAC was an experimental code for reactor
safety analysis. Concurrent with the 2D/3D Program, TRAC was developed into a
sophisticated and mature computer code for the analysis of thermal-hydraulic
transients in reactor systems. The use of TRAC as a part of the 2D/3D Program
contributedsignificantlyto its developmentas code experience and data from the
2D/3D Program were continually fed back to the code developers. The
2D/3D Program providedthe best and most completeset of experimentaldata for
assessingTFIACagainstlarge-breakLOCA (LBLOCA)phenomena. TRAC has gone
through severalmajorreleaseswith a numberot versionsof each release. The last
codeversionusedas partof the 2D/3D ProgramwasTRAC-PF1/MOD2, v 5.3, which
was releasedin June 1990.

TRAC has been developed at LANL under the sponsorship of the USNRC. A
preliminary TRAC version consisting of only one-dimensionalcomponents was
completed in December 1976. Althoughthisversionwas not releasedpubliclynor
documentedformally,itwas used in TRAC-P1developmentand formed the basisfor
the one-dimensionalloop componentmodules. The first publicly-releasedversion,
TRAC-P1,was completedin December 1977.

TRAC-P1 was designed primarily for analysis of LBLOCAs in PWRs. lt could be
applied directly to many analyses ranging from blowdowns in simple pipes to integral
LOCA tests in multiloop facilities. A refined version, TRAC-P1A,was released to the
National Energy Software Center in May 1979. Although it treated the same class of
problems, TRAC-P1Awas more efficient than TRAC-P1 and incorporated improved
hydrodynamic and heat transfer models. TRAC-PD2 (released in April, 1981)
contained improvements in reflood heat transfer models and numerical solution
methods. Although TRAC-PD2was an LBLOCA code, it was applied successfully to
small-break problems and to the Three Mile Island transient.

TRAC-PF1 was designed to improve the ability of TRAC-PD2to handle small-break
LOCAs and other transients. TRAC-PF1 used a full two-fluid model with two-step
numerics in the one-dimensional components. The two-fluid model, in conjunction
with a stratified-flow regime, handled countercurrent flow better than the drift-flux
model used previously. The two-step numerics allowed large time steps for slow
transients. A one-dimensional core component permitted simpler calculations,
although the three-dimensional vessel option was retained. A non-col_densible gas
field was added to the one- and the three-dimensional hydrodynamics. Significant
improvements were also made to the trip logic and the input. TRAC-PFIwas released
publicly in July 1981.
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TRAC-PF1/MOD1 (Reference E-603) provided full balance-of-plant modeling through
the addition of a general capability to model plant control systems. The steam
generator model was improved and a special turbine component was added. The
physical models were also modified, with the condensation model containing the most
significant changes. Wall heat transfer in the condensation and film-boiling regimes
was improved. Finally, the motion equations were modified to include momentum
transport by phase change, and to preserve momentum conservation in the three-
dimensional vessel. TRAC-PF1/MOD1 was released in April, 1986.

TRAC-PF1/MOD2 was released in June 1990. lt contains several improvements
including a generalized heat structure capability with fully implicit axial conduction,
improved constitutive models, better heat-transfer and drag correlations, an improved
reflood model, and several additional retirements for a variety of components. These
upgrades are discussed in more detail below.

TRAC-PF1/MOD1 is described in References E-602, E-603 and E-604, and
TRAC-PF1/MOD2 is described in References E-605, E-606, E-607 and E-608. Key
characteristics of the TRAC-PF 1/MOD1 and TRAC-PF 1/MOD2 are summarized below.

• Variable-Dimensional Fluid Dynamics. A one-dimensional or three-dimensional

(r, e,z) flow calculation can be used within the reactor vessel. Flow within the loop
components is treated one-dimensionally. Three-dimensional modeling provides
explicit calculations of multidimensional flow patterns inside the reactor vessel that
are important in determining ECC penetration during blowdown. Multidimensional
core flow effects, upper plenum pool formation, and core penetration during
reflood can be treated directly.

• Nonhomoqeneous, Nonequi_brium Modeling. A full two-fluid (six-equation)
hydrodynamic model describes the steam-water flow, thereby allowing important
phenomena such as countercurrent flow to be treated explicitly. A stratified flow
regime is included in the one-dimensional hydrodynamics. A seventh field
equation (mass balance) describes a noncondensible gas field, and an eighth field
equation tracks solutes in the liquid.

• Flow-Regime-Deoendent Constitutive Equation Package. The thermal-hydraulic
equations describe the transfer of mass, energy, and momentum between the
steam-wate," phases and the interaction of these phases with the heat flow from
the system structures. Because these interactions are dependent on the flow
topology, a flow-regime-dependent constitutive equation package has been
incorporated into the code.
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• ConsistentAnalysisof EntireAccidentSequences. An importantTRAC feature is
its abilityto address entire accidentsequences, includingcomputationof initial
conditions,witha consistentand continuouscalculation. Forexample,the code
models the blowdown, refill,and reflood phases of a LOCA. This modeling , ,:_
eliminatesthe need to perform calculationsusing differentcodes to analyze a
single accident. In addition, a steady-statesolution capabilityprovides self-
consistentinitialconditionsfor subsequenttransientcalculations.

• Component and Functional Modularity. TRAC is completely modular by
component. The componentsin a calculationare specifiedthrough input data.
Availablecomponentsallowthe user to modela wide range of PWR designsor
experimentalconfigurations.This featurealso allowscomponentmodulesto be
improved,modified,or addedwithoutdisturbingthe remainderofthe code. TRAC
component modules currently include accumulators, breaks and fills, heat
structures,pipes,plenums,pressurizers,pumps,steamgenerators,tees, turbines,
valves,and vesselswith associatedinter_als(downcomer,core, upper plenum,
etc.).

TRAC is also modular by function; that is, major aspects of the calculationsare
performed in separate modules. For example, the basic one-dimensional
hydrodynamicssolutionalgorithm,thewall-temperaturefieldsolutionalgorithmand
otherfunctionsare performedin separate routinesthat can be accessed by ali
componentmodules. This modularityallowsthe code to be upgradedreadilyas
improvedcorrelationsand test informationbecomeavailable.

• ComprehensiveHeat-TransferCapability.TRAC-PF1/MOD2 incorporatesdetailed
heat-transferanalysesof the vesseland the loopcomponents.Includedis a two-
dimensional(r,z) treatmentof fuel-rod heat conductionwith dynamicfine-mesh
rezoningto resolveboth bottom-floodand falling-filmquench fronts. The heat
transferfrom the fuel rods and other systemstructuresis calculatedusingflow
regime-dependentheat-transfercoefficientsobtainedfrom a generalizedboiling
curve based on a combinationof localconditionsand historyeffects.

ChangesfromTRAC-PF1/MOD1 to TRAC-PF1/MOD2

Several improvements were made between the MOD1 and MOD2 versions of
TRAC-PF1. These improvementsare listedbelow.

• The MOD2 models and correlations (Reference E-6PS)are more c,efensible.

• MOD2 runs faster than MOD1. Depending on the type of transient and the
noding,itwill run b6tween 1.2 and 10.0 times fasterthan MODI.
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• "l'h.eimproved post-CHF heat transfer and interfacial models in MOD2 accurately
simulate separate-effects tests.

• MOD2 has an improved reflood model based on mechanistic and defensible
models.

• There are improved constitutive models in MOD2 for downcomer penetration,
upper plenum de-entrainment, hot/cold leg ECC injection,vertical stratificationin
the vessel component, and condensation and evaporation in the presence of
noncondensibles.

• Generalized heat structure capability in MOD2 allows the user to accurately model
complicated configurations.

• An improved valve model based on experimental data for partially closed valves
was implemented in MOD2.

• Improved vessel numerics that eliminate mass errors even at large time step sizes
that can occur in small breaks or operational transients were included in MOD2.

• An offtake model is available in MOD2 to accurately represent small breaks in the
bottom, top, or side of a pipe.

• The American Nuclear Society (ANS) 1979 Decay Heat Standard was implemented
as a default model in MOD2.

• A countercurrent flow limitation (CCFL) model was implemented in both the one-
dimensional and three-dimensional components in MOD2.

• An improved subcooled beiiing model based on published correlations was
implemented in MOD2.

• The momentum solution was forced to be conserving in MOD2.

• The external thermocouple model developed by the United Kingdom Atomic
Energy Authority (UKAEA) was implemented in MOD2.

• The fully implicit axial conduction solution developed by the Japan Atomic Energy
Research Institute (JAERI) was implemented in MOD2.
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B.2 CATALOG OF ANALYSES

Within the 2D/3D Program,an extensivecodeanalysisprogram was performed using
TRAC. The analysesare listed in the followingsubsectionsaccordingto the facility
(i.e., PWR or test facility).

B.2.1 PWR Analyses

A total of 18 PWR and related calculationswere performed in the 2D/3D Program.
These calculationsincluded both evaluationmodel (EM) and best-estimate (BE)
analysesof US/J type PWRsand GPWRs. The analysesare listedin Table B.2-1.

B.2.2 CCTF Analyses

TRAC analyses of CCTF tests included nine tests from Core-I and 20 tests from
Core-II. The tests analyzedcoveredseveraldifferentECCS configurationsincluding
cold leg injection,downcomer injection, combined injection and upper plenum
injection. The analysesare listedin Tables B.2-2 (Core-I) and B.2-3 (Cor'e-II).

B.2.3 SCTF Analyses

Calculationsof SCTF tests included tests from each of the three test series;
specifically,13 tests from Core-l, 12 tests from Core-ii, and 10 tests from Core-III.
The testsanalyzedincludedbothintegralandseparateeffectstests,aswellas several
differentECCS configurations.The analysesare listedinTables B.2-4 (Core-I), B.2-5
(Core-II), and B.2-6 (Core-III).

B.2.4 UPTFAnalyses

A total of 19 UPTF tests were analyzed usingTRAC. The tests analyzedincluded
separateeffectstestswhichfocusedon thermal-hydraulicbehaviorinspecificregions
of the primarysystem(i.e., upperplenum,hot legs,cold legsor downcomer),as well
as severalintegraltests. The analysesare listedin Table B.2-7.

B.2-1



Table B.2-1

_'RAC PWR AND RELATED CALCULATIONS

(Note: The most recent calculations are listed first for each, PWR type.)

Page 1 of 4

PWR Report Title Source Reference TRAC Versiorl
Type

US/J TRAC-PF1/MOD1 INEL U-727 PF1/MOD1 v. 14.3
US/Japanese PWR
Conservative LOCA
Prediction

US/J TRAC-PF1/MOD1 LANL U-726 PF1/MOD1 v. 12.2
Analysis of a
Minimum-Safeguards
Large-Break LOCA in
a US/Japanese PWR
with Four Loops and
15x15 Fuel

US/J TRAC-PF1/MOD1 LANL U-723 PF1/MOD1 1
Analysis of a 200%
Cold Leg Break in a
US/Japanese PWR
with Four Loops and
15x15 Fuel

US/J TRAC-PF1/MOD1 LANL U-724 PF1/MOD1
Analysis of a
Minimum-safeguards
Large-break Loss-of-
Coolant Accident in a

4-loop PWR with
17x17 Fuel
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Table B.2-1

TRAC PWRAND RELATEDCALCULATIONS

(Note" The most recent calculations are listed first for each PWR type.)

Page 2 of 4
i

PWR Report Title Source Reference TRAC Version
Type

i i ' i , ,,

US/J TRAC-PF1Analysis of LANL U-722 TRAC-PF1
a Best-estimate
Large-break LOCA in
a Westinghouse PWR
with Four Loops and
17xl 7 Fuel

US/J A TRAC-PD2Analysis LANL U-721 PD2
of a Large-Break
Loss-of-Coolant
Accidentin a
ReferenceUS PWR

GPWR Calculationof a GRS G-661 PF1/MOD1 v. 12.5
DoubleEnded Break
inthe Cold Legof the
PrimaryCoolantLoop
of a German
PressurizedWater
Reactorwith a 5/8
EmergencyCooling
Injection

GPWR Calculationof a GRS G-663 PF1/MOD1 v. 12.5
DoubleEnded Break
inthe Hot Leg of the
PrimaryCoolantLoop
of a German
PressurizedWater
Reactorwith a 5/8
EmergencyCoolant
Injection
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Table B.2-1

TRAC PWR AND RELATED CALCULATIONS

(Note: The most recent calculations are listed first for each PWR type.)

Page 3 of 4

.....L

PWR Report Title Source Reference TRAC Version
Type

,,,, ,',-" ,,,,, ,,,, ,,,, ,

GPWR TRAC-PF1 Analysis of LANL' U-748 PF1/MOD1 v. 8.2
a 200% Hot-leg Break
in a German PWR

, ,,

GPWR Comparison Between JAERI J-608 PFI/MOD1
a TRAC GPWR
Calculation and a
CCTF Test with

Combined Injection
and EM Boundary
Conditions for the
Reflood Phase of a
German PWR-LOCA

GPWR GPWR-1982 TRAC- LANL U-747 PF1, PF1/MOD1
PF1 Base Case
Results

GPWR A TRAC-PF1 LANL U-744 PF1
Calculation of a
Reference German
PWR at the Initiation
of ECC Injection

,,

GPWR GPWR-1982 TRAC- LANL U-746 PF1
PF1 Input Deck
Description

GPWR TRAC-PD2 LANL U-743 PD2
Calculation of a
Double-Ended Cold-
Leg Break in a
Reference German
PWR
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Table B.2-1

TRAC PWR AND RELATEDCALCULATIONS

(Note: The most recent calculations are listed first for each PWR type.)

Page 4 of 4

PWR Report Title Source I Reference ' TRAC Version
Type I, , ...

BBR GPWRAnalysiswith GRS G-662 PF1/MOD1 v. 12.5
TRAC-PF1/MOD1
Version12.5 BBR
Type Reactor,200%
Cold Leg Pump
DischargeBreak EM-
Condition

,,

B&W TRAC-PF1/MOD1 LANL U-725 PF1/MOD1 v. 11.1
Analysisof a 200%
Cold Leg Break in a
Babcock& Wilcox
Lowered-loopPlant

,--: , =,= ...... , , •

NOTE:

1. Code version not documented in report.
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Table B.2-2

TRAC ANALYSES OF CCTF CORE-I TESTS

Test]Run Description Reference TRAC
Number Version

C1-01/10 Loop K-factor U-603 PD2

C1-05/14 Base case U-602 PD2
U-604
U-605
U-606
U-617

C1-05/14 Base case J-985 PF1/MOD1
v. 8.2

C1-06/15 ECC flow U-602 PD2
U-607
U-617

C1-10/19 System pressure U-602 PD2
U-609
U-617

C1-11/20 Reproducibility U-610 PD2
U-611

,,

C1-12/21 System effect U-602 PD2
U-612
U-617

C1-16/25 FLECHT coupling U-613 PD2

C1-16/25 FLECHT coupling J-601 PD2

C1-19/38 EM U-614 PD2
U-615
U-618

C-1-19/38 EM J-603 PD2
J-604

C1-20/39 Multidimensional effect U-616 PD2

Summary -- U-601 --
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Table B.2-3

TRAC ANALYSES OF CCTF CORE-II TESTS

Page 1 of 2

. ,.

Test/Run Description Reference TRAC
Number Version

C2-AC1/51 l.ow temperature U-623 PF1/MOD1 v. 9.9

C2-SH1/53 Base case U-624 PF1/MOD1 v. 8.1
,.

C2-SH2/54 Low power U-625 PF1/MOD1 v. 11.8

C2-1/55 High pressure J-609 PF1/MOD1 vo 12.5
,.

C2-AA1/57 UPI, high power U-626 PF1/MOD1 v. 12.5
U-627

C2-AA2/58 Downcomer injection U-628 PF1/MOD1 v. 12.7

C2-AS1/59 UPI, single failure U-629 PF1/MOD1 v. 11

C2-4/62 Base case J-607 PF1/MOD1 v. 12.5
J-609

C2-4/62 Base case U-714 PF1/MOD2 v. 5.3
, ..

C2-5/63 Low power J-609 PFI/MOD1 v. 12.5
,.,

C2-5/63 Low power, steep U-630 PF1/MOD1 v. 11.0
profile

., .,.

C2-6/64 Low power, flat U-630 PF1/MOD1 v. 10.3
profile

.,,

C2-8/67 Low pressure J-609 PF1/MOD1 v. 12.5
,,,,

C2-10/69 Vent valves U-631 PF1/MOD1 v. 12.7

C2-11/70 Refill U-632 PF1/MOD1 v. 11.0
i.

C2-12/71 Best estimate J-609 PF1/MOD 1 v. 12.5

C2-12/71 Best estimate U-633 PF1/MOD1 v. 12.3
,,,

C2-13/72 UPI, symmetric U-634 PF1/MOD1 v. 12.1

C2-15/75 FLECHT coupling U-635 PF1/MOD1 v. 11.2
, ,..

C2-16/76 UPI, asymmetric U-636 PF1/MOD1 v. 12.3
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Table B.2-3

TRAC ANALYSESOF CCTF CORE-IITESTS

Page 2 of 2

Test/Run Description Reference TRAC
Number Version

i,

C2-18/78 UPI best estimate U-637 PF1/MOD1 v. 12.3

C2-19/79 Combinedinjection U-638 PF1/MOD1 v. 11.5

C2-20/80 Combinedinjection J-997 PF1/MOD1 v. 12.5

Summary Non-UPI tests U-621 ---

Summary AliUPI tests U-622 ---
(UPI)

..
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Table B.2-4

TRAC ANALYSESOF SCTF CORE-I TESTS

Test/Run Description Reference TRAC
Number Version

,,, ,,

$1-SH2/506 High pressure U-645 PD2
U-651
J-612

,=,

$1-01/507 Base-case U-646 PD2
U-651
U-649
U-652
J-612

,

$1-02/508 Low pressure U-647 PD2
U-651
J-612

. ,. ,,,

$1-04/510 High subcooling U-648 PD2
J-612

,=

$1-05/511 Low LPCI U-652 PD2
. , ., ,i

$1-06/512. Highpower --- PD2

$1-07/513 Flatpower U-649 PD2
,..

S1-08/514 Steep power U-649 PD2
U-655

i,

$1-09/515 High ECC U-652 PD2

$1-10/516 Base case U-648 PD2

S1-11/517 Flatpower --- PD2
. i

S1-13/519 SCTF/CCTF/FLECHT- U-653 PD2, PF1
SEASETcoupling

,,

$1-SH4/529 Combinedinjection U-656 PF1
, ,m.

Summary --- U-641 ---
. r
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Table B.2-5

TRAC ANALYSES OF SCTF CORE-II TESTS

Test/Run Description Reference TRAC Version
Number

$2-AC1/601 Acceptance test U-661 PF1/MOD1 v. 14.3

S2-AC2/602 Acceptance test U-661 PF1/MOD1 v. 14.3
-- ,.

$2-SH1/604 Base case U-662 PF1/MOD1 v. 12.0

S2-SH2,/605 Flat power profile U-663 PF1/MOD1 v. 12.7
U-664

m .....

S2-03/608 Steam supply, UPI U-665 PF1/MOD1 v. 12.0--.

$2-05/610 Steam supply, UPI U-666 PF1/MOD1 v. 12.0

$2-06/611 Steep power and U-667 PF1/MOD1 v. 12.0
temp profiles

S2-08/613 FLECHT coupling U-668 PF1/MOD1 v. 12.0

$2-09/614 Low stored energy U-669 PF1/MOD1 v. 12.0

S2-12.J617 Steep power profile U-670 PF1/MOD1 v. 12.0

$2-14/619 Flat power J-609 PF1/MOD1 v. 12.5
J-615

.,

$2-16/621 Steep power J-615 PF1/MOD1 v. 12.5,, ,,

Summary --- U-661 ---
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Table B.2-6

TRAC ANALYSES OF SCTF CORE-III TESTS

Test/Run Description Reference TRAC Version
Number

$3-SH1/703 GPWR core cooling U-683 PF1/MOD1 v. 14.3

S3-SH2/704 GPWR EM integral U-684 PF1/MOD1 v. 14.3

$3-05/709 CCFL, nonuniform U-685 PF1/MOD1 v. 14.3

,_3-07/711 GPWR core cooling U-681 PF1/MOD1 v. 14.3

t 3-09/713 US/J EM integral U-686 PFI!MOD1 v. 13.1

_3-10/714 US5 BE integral U-687 PFI/MOD1 v. 13.0

-13/717 GPWR EM integral U-681 PF1/MOD1 v. 14.3

S,-15/719 Inclined power profile U-688 PF1/MOD1 v. 14.3

$3-16/720 Steep power profile U-689 PF1/MOD1 v. 14.3

Summary -- U-681 --

B.2-11



Table B.2-7

TRAC ANALYSES OF UPTF TESTS

Page 1 of 2
R.

Test Number Description Reference TRAC Version
(Run No. or Phase)

2 US/J PWR integral U-713 PF1/MOD1 v. 5.3
reflood U-714

4 (Phase A) US/J PWR integral U-711 PF1/MOD1 v. 5.3
refill

5 (Phase A) Downcomer transient U-711 PF1/MOD1 v. 5.3
refill

6 (Run 133) Downcomer E-611 PF1/MOD1 v. 12.5
countercurrent flow U-711 PF1/MOD2 v. 5.3

7 (Runs 200 & 201) Downcomer U-711 PF1/MOD2 v. 5.3
countercurrent flow

,, ,

8 (Phases A & B) Cold/Hot leg flow G-641 PF1/MOD1
pattern U-712 v. 13.0, 14.3

U-714 PF1/MOD2 v. 5.3=,

9 (Phase A) Cold/Hot leg flow G-642 PF1/MOD1 v. 13.0
pattern

10 (Phase B) Entrainment/De- U-709 PF1/MOD1 v. 14.3
entrainment

w

11 Hot leg countercurrent U-708 PF1/MOD1 v. 14.3
flow PFI/MOD2 prelim.

12 (Run 014) Tie plate G-644 PFI/MOD1
countercurrent flow v. 12.5, 12.8, 14.4

13 (Run 071) Tie plate G-645 PF1/MOD1
countercurrent flow v. 12.5, 12.8, 14.3

17 (Phase B) US/J PWR integral U-713 PF1/MOD2 v. 5.3
reflood U-714

20 Upper Plenum U-710 PF1/MOD2 prelim.
Injection

21 (Phases A &B) Downcomer injection U-715 PF1/MOD2 v. 5.3
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Table B.2-7

TRAC ANALYSESOF UPTF TESTS

Page 2 of 2

Test Number Description Reference TRAC Version
(Run No. or Phase)

i i

22 (PhaseA) Downcomerinjection/ U-715 PFI/MOD2 v. 5.3
ventvalves-- refill

23 (PhaseB) Downcomerinjection/ U-715 PF1/MOD2 v. 5.3
vent valves-- reflood

25 (PhasesA & B) Downcomer/Cold leg U-714 PF1/MOD2 v. 5.3
reflood + error corr.

,,

27 (Phases A & B) US/J PWR integral U-716 PF1/I_OD2 v. 5.3
refill/reflood

29 (Phase B) Entrainment/De- U-713 PF1/MOD2 v. 5.,3
entrainment
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