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ABSTRACT

Early containmentfailureresultingfrom direct containmentheating
(DCH) has been identifiedas a potentialcontributorto the risk of
operatinga pressurizedwater reactor (PWR). One importantfactor
needed to evaluatethe contributionof DCH to risk is the
conditionalprobabilitythat, given a core melt, the primarysystem
will be at high pressurewhen the reactorvessellower head fails.
Two mechanismsthat could reduce the pressureduring a station
blackoutcore melt accidentare discussed. First,natural
circulationin the reactorcoolantsystem (RCS)could cause a
temperature-inducedfailureof the RCS pressureboundary,which
could result in unintentional(withoutoperatoraction)
depressurization. Second,plant operatorscould open relief valves
in an attemptto intentionallydepressurizethe RCS prior to lower
head failure. Resultsfrom analyticalstudiesof these two
depressurizationmechanismsfor select PWRs are presented.

INTRODUCTION

Depressurizationof the reactorcoolantsystem (RCS)prior to vessel breach
has been proposedas a strategyto avoid high pressuremelt ejection (HPME)
during severeaccidentsin pressurizedwater reactors(PWRs). The strategy
was proposedas a method to reduce the public risk associatedwith commercial
operationof PWRs. Risk reductionis expected,since the potentialfor direct
containmentheating (DCH) and the associatedchallengeto containmentintegri-
ty should be minimized if HPME can be avoided. Analysesare being performed
at the Idaho National EngineeringLaboratory(INEL)to evaluatethe effectsof
RCS depressurizationin commercialPWRs. The calculations,which extend from
accidentinitiationto lower head failure,includeevaluationof both inten-
tionalI and unintentional2 depressurizationduring a TMLB' (stationblackout)
transient.

Reactor operatorscould be directedto take actionsto depressurizethe RCS if
specificsevere accidentconditionsoccurred. However, intentionaldepressur-
izationrequiresmore than the overt actionsof the reactoroperators. Spe-
cifically,equipmentavailabilityand design featuresof a given PWR could
influencethe effectivenessof the operatoractions. Previouscalculations_
indicatedthat a late depressurizationstrategycould b_ a viable option to
avoid HPM in a Surry-typePWR. Additionalcalculationswere neededto deter-
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mine the effectiveness of the intentional depressurization strategy in other
operating PWRs.

Calculations were required to evaluate PWRresponse if reactor operators do
not take actions to depressurize. Without operator actions, natural circula-
tion flow patterns could develop in the vessel and in the primary coolant
loops. Full loop, in-vessel, and hot leg countercurrent natural circulation
modes are possible. Under such conditions, ox-vessel RCSpressure boundaries
could be heated to the point of failure prior to failure of the reactor vessel
lower head. Under those conditions, unintentional RCSdepressurization
through the ex-vessel breach, independent of operator response and other
plant-specific characteristics, could be sufficient to avoid HPME.

The objective of the assessments presented in this paper is to quantify the
conditions that could occur following a severe reactor accident with and with-
out operator response. Specifically, (a) the timing and location of the ini-
tial RCSpressure boundary failure and (b) the associated RCSand containment
conditions at the time of pressure boundary failure are of interest. This
information can then be used to assess the potential for HPME.

In these assessments, a TMLB' scenario (initiated by a loss of all ac power
and a simultaneous loss of auxiliary feedwater) was selected as the subject
core melt accident. For the intentional depressurization analyses, the RCS
power-operated relief valve (PORV)was assumed to be latched open when the
core exit thermocouple indicated superheated steam (922 K). The capability to
simulate natural circulation in the RCShot leg piping was incorporated into
the calculations where no operator actions were assumed to appropriately rep-
resent the anticipated natural circulation flow patterns. The capability to
simulate in-vessel natural circulation flow patterns was incorporated into all
of the analyses. These models were based on previously reported work that
investigated natural circulation cooling patterns in a Surry-type PWRunder
TMLB' accident conditions. 4 The calculations were performed using the
SCDAP/RELAPS/MOD3"computer code to calculate the plant response associated
with this accident and its progression.

The unintentional depressurization calculations (no operator actions) included
assessment of the HPMEpotential for six different cases. In the Base Case,
full loop, in-vessel, and hot leg countercurrent natural circulation flows
were considered. This approach is consistent with flow conditions that could
be expected following TMLB' initiation without operator interaction. Although
hot leg countercurrent natural circulation is expected, uncertainties exist
with respect to the effectiveness of heat transfer to ex-vessel structures.
Based on these uncertainties, hot leg countercurrent natural circulation was
eliminatedin Case 2. As a result,Case 2 representsa boundingcalculation
where ex-vesselheat transfer is minimizedand should reduce the time to reac-
tor vessel failure. Cases 3 through6 were designed to accountfor full loop,
in-vessel,and hot leg countercurrentnaturalcirculation,along with the
effectsof potentialreactorcoolantpump (RCP) seal leakages. Each case
assumedan initial21-gpm leakageper RCP (basedon calcul_tionsfor intact
RCP seals subjectedto normal RCS temperatureand pressure°) up to the point
where the RCP coolantsaturated. The leakagerates were then increasedto
either 250 gpm (Case 3, highestprobabilityleak rate) or 480 gpm (Case 4,

catastrophicfailureof all three RCP seal stages)per pump, base_ on expert
opinionof RCP seal performanceunder severeaccidentconditions.
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Case 5 was identicalto Case 3 except for the way heat transfer from molten
materialswas treatedduring relocation. In Case 3, it was assumedthat mol-
ten materialswould remain intactduring relocationfrom the core to the reac-
tor vessel lower head. This approachminimizesheat loss from the debris so
that a relativelyrapid thermalattackon the vessel follows. In contrast,it
was assumed in Case 5 that molten materialswould break up during relocation.
This break-upcould occur as a resultof the pour interactingwith vessel
structuresand with water below the core. However,the break-upof molten
materialsmaximizesdebris/coolantheat transfer,which delays the thermalat-
tack on the reactorvessel until the debris has time to reheat.

Case 6 was identicalto Case 4 except for the way claddingdeformationwas
treatedduring core heatup. In Case 4, it was assumedthat deformationwas
limitedto 2% as a resultof an oxide buildupon the outer surfaceof the
claddingprior to the onset of ballooning. The oxide layer is relatively
strong but less ductilethan the underlyingzircaloy. As a result,oxidized
claddingtends to fractureat small deformations,leadingto earlieroxidation
of the inner cladding surfaceswith the potentialfor earliercore heatup
associatedwith the exothermicreaction. In contrast,claddingrupturewas
assumed at deformationsof 15% in Case 6. That deformationprovidesa poten-
tial for larger in-coreflow blockage,which could affect core heatupby re-
ducing convectiveheat transferto the steam flow (drivenby naturalcircula-
tion). In addition,core heat-upcould increase,since the surfacearea
availablefor oxidationincreaseswith deformation.

The TMLB' sequenceanalyseswith intentionaldepressurizationwere performed
for four representativePWR geometries. The operatingPWRs in the United
Stateswere separatedinto the four groups based on plant parametersdeemed
importantto the capabilityof a PWR to successfullyimplementintentional
depressurization. The four groups includedone group for CombustionEngineer-
ing (CE) PWRs, one group for Babcock& Wilcox (B&W) PWRs, and two groups for
Westinghouse(W) PWRs.° The calculationswere performedusing the late de-
pressurizationaccidentmanagementstrategydescribedin Reference3. The
Surry calculationperformedin that referencewas repeated for this study
using the most currentversionof the SCDAP/RELAP5/MOD3computercode. This
versionof the computercode incorporatesimprovementsin the thermal-
hydraulicsand core melt progressionmodels,as well as error correctionsto
code models used in the originalcalculation.

The first TMLB' analysiswith intentionaldepressurizationwas performedfor
the Surry W 3-1oop PWR, representativeof the first group of W PWRs, repeating
the calculationreported in Reference3. The second analysisevaluatedthe
capabilityof the SequoyahW 4-1oop PWR to successfullyimplementintentional
depressurization. Sequoyahrepresentsthe worst-casePWR relativeto the
ability to successfullyemploy the intentionaldepressurizationstrategyin
the second_ group. Since no SCDAP/RELAP5computercode model of Sequoyah
currentlyexists,the analysiswas performedby modifyingthe Surry PWR model
parametersimportantto intentionaldepressurizationto simulatethe Sequoyah
PWR. These parametersincludedinitialcore power level, initialsteam gener-
ator liquid inventory,PORV relief capacity,and initialaccumulatorliquid
volume and pressure. The changeswere made using scaledvalues relativeto
Surry presentedin Reference8.
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The third analysiswas performedfor the CalvertCliffsPWR, a CE facility
representativeof all operatingCE PWRs capableof implementingintentional
depressurization.The last analysiswas performedfor the Oconee PWR, a B&W
design representingthe operatingB&W PWRs. Sensitivitystudiesinvestigating
the effect of the SCDAP/RELAP5debris breakupmodel on RCS pressureand time
to lower vessel head failurefollowingcore relocationwere also performedfor
both Calvert Cliffs and Oconee. The effect of allowingdebris breakupwas
evaluatedfor Surry in Cases 3 and 5 and, due to the similaranalyticalmeth-
odologyemployed,appliedto the Sequoyahanalysis.

This paper first providesan overviewof the SCDAP/RELAPS/MOD3computercode
used for the analyses. Next, an overviewof the Surry SCDAP/RELAP5model is
discussed,since the Surry model is representativeof the models used for all
the PWRs analyzed. The paper then providesa discussionof the no-operator-
actionsanalysesresults,precededby an overviewof the TMLB' transientusing
the sequenceof events for the Surry PWR Base Case. The results for the in-
tentionaldepressurizationanalysesare then presented. Finally,conclusions
based on the analyticalresultsare provided.

SCDAP/RELAPS/MOD3COMPUTERCODE DESCRIPTION

SCDAP/RELAPS/MOD3was producedby incorporatingmodels from the SCDAP,e TRAP-
MELT,_'11and COUPLE12codes into the RELAP5/MOD3'_code. SCDAP models provide
coding for simulationof the reactorcore. TRAP-MELTmodels serve as the
basis for simulationof fissionproducttransportand deposition. COUPLE
models providecoding to allow two-dimensionalfinite-elementheat conduction-
convectioncalculationsat user-specifiedlocations. COUPLEdetailed thermal
simulationsare typicallyused to representmolten regions in the core or
lower head. And finally,RELAPS/MOD3models allow simulationof the fluid
behaviorthroughoutthe system,as well as the thermalbehaviorof structures
outsidethe core. Feedbacksbetweenthe variousparts of the code were devel-
oped to provide an integralanalysiscapability. For example,changes in
coolantflow area associatedwith ballooningof fuel claddingor relocation
are taken into considerationin the hydrodynamics.

SCDAP/RELAPS/MOD3uses a one-dimensional,two-fluid,nonequilibrium,six-
equation hydrodynamicmodel with a simplifiedcapabilityto treat multidimen-
sional flows. This model providescontinuity,momentum,and energy equations
for both the liquid and vapor phaseswithin a controlvolume. The energy
equationcontains sourceterms that couple the hydrodynamicmodel to the heat
structureconductionmodel by a convectiveheat transferformulation. The
code contains specialprocessmodels for criticalflow, abrupt area changes,
branching,crossflowjunctions,pumps, accumulators,valves,core neutronics,
and control systems. A floodingmodel can be appliedat verticaljunctions.
A generalizedcreep rupturemodel, which accountsfor the cumulativeeffects
of pressure-and temperature-inducedstresses,is also includedfor prediction
of pressureboundaryfailures. The creep rupturemodel can be appliedto any
RELAPS/MOD3heat structureor to any structurer_presentedby a finite-element
COUPLEmesh.

SCDAP componentssimulatecore disruptionby modelingheatup,geometry chang-
es, and material relocation. Detailedmodelingof cylindricaland slab heat



structuresis allowed. Thus, fuel rods, controlrods and blades, instrument
tubes, and flow shroudscan be represented. All structuresof the same type,
geometry,and power in a coolantchannelare groupedtogether;and one set of
input parametersis used for each of these groupingsor components. Code
input identifiesthe number of rods or tubes in each componentand their rela-
tive positionsfor the purposeof radiationheat transfercalculations. Mod-
els in SCDAP calculatefuel and claddingtemperatures,zircaloyoxidation,
hydrogengeneration,cladding ballooningand rupture,fuel and claddinglique-
faction,flow and freezingof the liquifiedmaterials,and releaseof fission
products. Oxidationof the inside surfaceof the fuel rod is calculatedfor
balloonedand rupturedcladding. The code does not calculateoxidationof
material (zircaloy)during or followingrelocation. Interactionsbetween
molten core materialand the fluid below the core are explicitlymodeled.
Debris formationand behavior in the reactorvessel lower head and resultant
thermalattackon the vessel lower head structureby the relocatedcore mate-
rial are also treated.

SCDAP/RELAP5/MOD3INPUT MODEL DESCRIPTION

The PWR input models used for the analysesdescribedin this paper utilizeda
commonmodeling philosophy. The followingdescribesthe Surry SCDAP/RELAP5
input model and, with the exceptionof componentnumberingand RCS coolant
loop configuration,the followingdiscussionappliesto the CE and B&W input
models as weil.

The RELAP5model was used to simulatethe thermal-hydraulicsof the reactor
vessel,the piping in all three primarycoolantloops,the pressurizer,all
three steam generators,and selectedparts of the secondarysystems. Reactor
vessel nodalization,as developedby Bayless,4is shown in Figure I. As indi-
cated, three parallelflow channelsextend from the lower plenum throughthe
core to the upper reactorvessel head. If the appropriateconditionsexist,
this arrangementwill allow developmentof in-vesselnaturalcirculation.
Heat structures,which are shown as shadedareas, representthe structural
mass of the reactorvessel walls, the core barrel and baffle,the thermal
shield,the upper and lower core supportplates,and structuresin the upper
and lower plena. Externalsurfacesof all heat structureswere assumedto be
adiabatic.

Nodalizationsof the primarycoolantloop containingthe pressurizer,as de-
velopedby Bayless, is shown in Figure 2. With the exceptionof the pressur-
izer and associatedsurge line piping,similarnodalizationswere includedin
the model to separatelyrepresentthe other two primarycoolantloops in the
Surry PWR.

The nodalizationshown in Figure2 was used in conjunctionwith the reactor
vessel nodalizationfrom TMLB' initiationto core heatup. In this assessment,
it was assumedthat the onset of core heatup coincidedwith a core exit vapor
superheatof 2.78 K. During this portionof the transient,full loop natural
circulationof subcooledand saturatedliquid can develop. As the core heats
the primarycoolanttoward saturation,however,voids begin to form and col-
lect at the top of the steam generatorU-tubes. Once that occurs,full loop
naturalcirculationof liquid is interrupted.
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Figure I. Surry NPP reactorvessel nodalizationwith provisionsfor in-vessel
naturalcirculation.
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For the analyses assumingno operator actions,at the onset of core heatup,
the Figure 2 nodalizationwas replacedby a more detailedrepresentationin
all calculationsexcept those associatedwith Case 2. The more detailednoda-
lizationprovidesthe flow paths neededto representhot leg countercurrent
naturalcirculation. This nodalizationwas never used in Case 2, which was
performedto evaluateconditionswith minimumex-vesselheat transfer,or in
the intentionaldepressurizationcalculations,where the continuedflow to the
pressurizerPORV preventedhot leg countercurrentnaturalcirculationpatterns
from developing. Hot leg countercurrentnaturalcirculationbecomespossible
after saturatedliquid in the hot legs drains to the vessel and/orflashes.
At that time, temperaturegradientsfrom the core to the steam generatorU-
tubes can drive steam flow along the top half of the hot leg, througha por-
tion of the steam generatorU-tubes,and back to the vessel througha cooler
portionof the steam generatorU-tubesand the lower half of the hot leg.
Note that if RCP loop seals clear, both nodalizationswill allow full loop
naturalcirculationof superheatedsteam. Flow areas and loss coefficientsin
the split hot legs split U-tubes and associatedcomponentswere established
to match experimentalcountercurrentflow data.

The three core flow channelsshown in Figure I were selectedso that similarly
poweredfuel assemblieswould be grouped together. A typical 15x15 fuel as-
sembly used in Surry consistsof fuel rods, controlrods, and instrument
tubes. In the SCDAP core models used for the subjectanalyses,controlrods
were combinedwith empty controlrod guide tubes and instrumenttubes in each
core flow channelof the SCDAP/RELAPS/MOD3model. This model simplification
reducedthe number of SCDAP componentsfrom nine to six by eliminatinga sepa-
rate componentto simulatethe instrumenttubes and empty guide tubes in each
channel.

SCDAP fuel rod componentswere linked to a table to providean appropriate
decay power curve for the Surry NPP followingthe loss of ac power (and asso-
ciated reactorscram) in the analysesinvolvingno operatoractions. The
decay power curve was based on an ORIGEN2calculationused in the sensitivity
calculationsdescribedby Bayless.4 For the intentionaldepressurizationan-
alyses,the RELAP5 ANS79-3kineticsmodel was used to allow plant-specific
core parametersto be used consistentlyacross the PWR models.

SCDAP input is requiredto define certainparametersthat control severecore
damage progression. In general,best-estimateparameterswere selectedwhere
there are data or some basic understandingof the associatedprocess. For
parameterswith higherdegreesof uncertainty,valueswere selectedto mini-
mize the time to lower head failurein the analyses involvingno operator
actions. This approachprovidesthe basis for a conservativeevaluationof
the potentialfor HPME, sinc: the time availablefor generationof an ex-ves-
sel failureby naturalconvectionheating is also minimized. For the inten-
tionaldepressurizationanalyses,the approachused was to selectthe best-
estimate or recommendedvalue for these parameters. Sensitivitycalculations
were performedfor the subjectanalysesto ascertainthe impact of the parame-
ters on the results. A COUPLE mesh was used to representthe lower reactor
vessel head in all the PWR models. The axisymetricmesh includeselements
that representthe lower vessel head structureand the lower vessel head vol-
ume that receivesthe relocatedcore debris. A layer of zero-widthgap ele-
ments coincidedwith the inner surfaceof the lower head. These gap elements
providea way to model contactresistancebetweenthe debris and liner. In



all the analyses,a large conductancewas used to simulateperfectdebris/-
structurecontact. This approachminimizesthe time to lower head failure
followingrelocation. The remainingelements are initiallyfilledwith prima-
ry coolant. During molten relocation,the coolantcan boil-offand/or be
displacedby debris.

Convectionand radiationheat transferwere modeled at all interfacesbetween
the coolant and debris. In addition,convectionand radiationheat transfer
were modeled along the vesselwall at all nodes that are not submergedby
debris (thosenodes exposedto primarycoolant/steam). The externalsurface
of the lower head was assumedto be adiabatic.

UNINTENTIONALDEPRESSURIZATIONANALYSESAND RESULTS

The sequenceof events for the Base Case calculationis given in Table I.
Followingtransientinitiation,decay heat was transportedfrom the core to
the steam generatorsecondariesby naturalcirculationof coolant in the pri-
mary coolant loops. As the liquid in the steam generatorswas boiled off, the
energy being removedfrom the RCS by the steam generatorsdropped below the
decay heat energy being added in the core and the RCS began to heat up and
pressurize. The pressurizerPORVs controlledthe RCS pressurizationby cy-
cling betweenthe openingand closingsetpointsof 16.2 and 15.7MPa, respec-
tively. The RCS reachedsaturationat 6,900 s, and boilingbegan in the core.
Voiding in the steam generatortubes terminatedfull loop RCS naturalcircula-
tion at 7,330 s. Ventingof coolantby the pressurizerPORV reducedthe RCS
liquid inventoryuntil the core was uncoveredat 8,750 s, initiatingcore
heatup and superheatingof steam in the RCS. The core was completelyuncov-
ered by 10,560s, with rapid oxidationof the fuel claddingcommencingat
10,770s.

Circulationof superheatedsteam in the core, upper plenum,and hot legs and
cyclic flow throughthe pressurizerPORV to controlRCS pressureremovedcore
decay heat and caused a heatuDof the hot legs and pressurizersurge line
structures. The heatup resultedin a calculatedcreep rupturefailureof the
pressurizersurge line piping a_ 14,250s. Assumingthat the pressurizer
surge line did not fail, creep rupturefailureof the hot leg nozzleswould be
calculatedto occur at 15,500s. If none of the calculatedcreep rupture
failuresoccurred,ceramicmeltingof core materialat 16,700 s would have
initiatedthe formationof a molten pool in the core _upportedby a metallic
crust in the bottom of the core. The lower crust was calculatedto fail at
28,850 s, causing a relocationof 66,990 kg of molten core material. The
lower head was predictedto fail at 28,920 s, with an RCS pressureof 16.0MPa
and a containmentpressureof 0.19 MPa. The RCS pressureresponsewas predi-
cated on the assumptionthat the RCS piping failureshad not occurred.

i-_gure3 shows the RCS pressureresponseto the Base Case TNLB' transient.
The pressure initiallydecreasedas the steam generatorsremovemore energy
than was being added by the core. The oscillationsin the pressureprior to
steam generatordryout at 4,700 s reflectthe cyclingof the steam generator
secondaryrelief valves. Followingsteam generatordryout,the pressure in-
creasedto the PORV openingpressure. The pressurethen cycled betweenthe
PORV openingand closingsetpointfor the remainderof the transient. The



Table I. Sequenceof events For the Surry TMLB' without intentionaldepres-
surization.

I I

Event time by Case (s)a

Event Base 2 3 4 5 6

Accident initiation 0 0 0 0 0 0

Start of core uncovery 8750 8750 8810 8490 8810 8490

Completecore uncovery 10560 10640 11360 10060 11360 10060

Onset of oxidation 10770 10620 11040 10770 11040 10760

Surge line failure 14250 12930 20230 --- 20230 ---

First fuel clad failure 14500 12360 13230 11840 13230 12000

First hot leg failure 15500 14060 20090 --- 20090 ---

Beginningof accu_lator
injections ...... 14280 12140 14280 12160

Initialformationof
in-coremolten pool 16700 15180 14510 14090 14510 20700

Accumulatorsempty ......... 21970 28500 21790

Crust failureand
core relocation 28850 15470 24200 25560 24200 23030

Lower head failure 28920 15610 24340 25980 28780 23390

a. Eventsmarked '---' were not predictedduring the calculation.
I I

sustainedpressure increasestartingat 7,500 s was caused by the pressurizer
becomingliquid-filledand the PORV ventingliquidwith a lower specificener-
gy than steam. As noted earlier,an RCS boundarybreechwas not associated
with the creep rupturefailureof the surge line or hot legs. The effect of
the breechwould be a rapid reductionin RCS pressure startingat 14,250 s.

Figure 4 shows the temperatureof the top of the pressurizerloop hot leg
nozzle and the pressurizersurge line at the entranceto the hot leg. Due to
its smaller thermalmass, the pressurizersurge line heated up faster and was
predictedto fail earlier than the hot leg nozzle. Note that the hot leg
nozzle failurepredictienwas based ow_the assumptionthat no RCS boundary
failurewas associatedwith the surge line creep rupturefailureprediction.

The sequenceof events for Case 2 are also given in Table I. The Case 2 sen-
sitivitycalculationproduced a more rapid progressionof core damage than the
Base Case. By eliminatingthe hot leg countercurrentflow, the only struc-
tures availableto absurb core heat were in the upper plenum and along the
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flow path from the upper plenum to the pressurizer(structurein the hot leg
betweenthe vessel and pressurizersurge line, and the pressurizersurge
line). The faster core heatupproduced a more rapid increasein steam temper-
aturesthan observed in the Base Case and resultedin a calculatedcreep rup-
ture failureof the pressurizersurge line and the pressurizerloop hot leg
nozzle 1,320 s and 1,440 s earlierthan in the Base Case, respectively.

A major differencebetweenthe two calculationsoccurred in the core damage
progression. For Case 2, the upper half of the core began meltdownat 15,180
s, 1,520 s earlierthan in the Base Case The resultantrelocatingZr-UO2
cooled and solidifiedat 1.10m above the bottomof the cork insteadof at the
core bottom,as observed in the Base Case. The initialmeltingof ceramic
debris thereforeoccurrednear the core midplane and had a higher heat genera-
tion rate than that formed in the Base Case. As a result,the bottom crust
heated up and failed at 15,470 s; and 6,850 kg of molten core materialrelo-
cated to the lower head. The massiverelocationresultedin a creep rupture
failureof the lower head at 15,610 s, 13,310 s earlierthan in the Base Case
calculation.

Case 3 was performedto evaluatethe effect of RCP seal leakageon the poten-
tial for HPME throughcomparisonto the Base Case. Before making that compar-
ison, some detailsof this calculationneed to be describedto facilitate
subsequentevaluationof the other RCP seal leak cases. The sequenceof
events from TMLB' initiationto creep rupturefailureof the lower head for
this calculationis summarizedin Table I.

Seal leaks of 21 gpm per RCP were introducedat TMLB' initiationto account
for seal heatingfailuredue to the loss of coolingwater. FollowingRCP
coast-down,decay heat was transportedfrom the core and rejectedto the steam
generatorsecondariesby full loop naturalcirculationof subcooledand satu-
rated liquid. At the same time, mass and energywere also removedby dis-
charge throughRCP seal leaks, leadingto an RCS depressurization,as shown in
Figure 5.

Followingsteam generatordryout,the energy removedby superheatingvapor in
the steam generatorsecondariesplus the energydischargedthroughthe RCP
seal leaks was less than the decay heat produced in the core. As a result,
temperaturesand pressuresin the RCS began to increase. At 5_840 s, RCS
pressurereached the openingsetpointof the pressurizerPORV. PORV cycling
followed,which controlledRCS pressurebetween15.7 and 16.2 MPa, as indicat-
ed in Figure 5.

In-coreboilingand dischargethroughthe PORV and the RCP seals reducedRCS
inventory,with core uncoverybeginningat 8,810 s. By 9,680 s, core energy
was absorbedby heat transferto vessel and ex-vesselstructuresand by dis-
charge through the RCP seals. At that point, PORV cyclingended and a second
depressurizationfollowed,as shown in Figure5.

Cladding oxidationin the high-temperaturesteam environmentbegan at 11,040s
and graduallyincreasedas the core uncovered. Uncoverywas completedat
11,360 s. The exothermicoxidationreactionincreasedcore temperatures,
which led to fuel rod gas pressurizationand the first clad rupture at 13,230
s. Clad rupture alloweddouble-sidedoxidation,which producedan abrupt in-
crease in core temperatures. Molten materialsfrom the highesttemperature
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(highestpower) regionsnear the center of the core began slumpingshortly
thereafter. A metallic crust was establishedas mixturesof claddingand
dissolvedfuel were frozen at an elevation0.366 m above the bottom of the
center channel. Meltdown in the centerchannelfollowedas a resultof re-
strictedcoolingfollowingcrust formation.

RCS pressurewas reducedto the initialaccumulatorpressureat 14,280 s by
continuedleakagethroughthe RCP seals. Accumulatorinjectionfollowedin
four cycles. During each cycle, the RCS pressuredroppedbelow the accumula-
tor pressure and water was injected,coolinghot structuresand core materi-
als. Steam generatedduring the coolingincreasedRCS pressureto a point
above the accumulatorpressure,which terminatedinjection. The surge line
pipingwas predictedto fail due to creep ruptureat 20,230 s. Followingthe
final injectioncycle, a boil-offreducedcrust heat transfer,leadingto
crust heatup and failureat 24,200 s. Crust failureallowed12,370 kg of
molten core material to relocateto the lower head. Thermalattack by the
relocatedcore debris resultedin a creep rupturefailureof the lower head at
24,340 s with an RCS pressureof 8.56 MPa and containmentpressureof .16 MPa.
Since creep ruptureof the surge line occurredbefore this time, the potential
for HPME should not exist under these conditions.

Case 4 was performedto evaluatethe effect of depressurizationrate on the
potentialfor HPME through comparisonto Case 3. This calculationwas identi-
cal to Case 3 except that seal leakagewas increasedfrom 21 to 480 gpm per
RCP at saturation. Thus, the sequenceof events from TMLB' initiationto RCP
saturationwas identicalto those listed for Case 3. Events from RCP satura-
tion to creep rupturefailureof the lower head are summarizedin Table I.i
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With respect to Case 3, the sequence of events in Case 4 is relatively early
from RCPsaturation to the first accumulator injection and relatively late
thereafter. This relationship is consistent with the difference in RCPseal
leak rates, as explained below.

Events from RCP saturationto the first accumulatorinjectionoccurred_, ier
in Case 4 becauseRCS coolantwas depletedthroughRCP seal leaks at a fdster
rate. Since core uncoverybegan sooner and progressedat a fasterrate in
Case 4, the onset of core damage (oxidation,ballooning)was also relatively
early. Consistentwith the differencein leak rates,depressurizationto the
initialaccumulatorpressurein Case 4 was 2,140 s earlierthan in Case 3.

In additionto a relativelyearly start on accumulatorcycling,the _i(;lelag
betweenthe onset of core damage and injectionwas shorter in Case 4. The
initialaccumulatorpressurewas reached1,370 s after the onset of oxidation
in Case 4, while 3,280 s elapsed in Case 3. As a result,reactorvessel liq-
uid inventorywas higher in Case 4 Lt the onset of core degradation,somewhat
delayingcore relocationand lower head failurerelativeto Case 3.

In this calculation,a lower crust failureat 24,200 s allowedrelocationof
15,120kg of molten core materialto the lower head. The resultantfailureof
the lower head by creep rupturewas predictedat 25,980 s, some 1,550 s after
lower head failure in Case 3.

All ex-vesselRCS pressureboundarieswere intactat the time of lower head
failurein this calculation. With an RCS pressureof 1.36 MPa at the time of
vessel failure, it is clear that a potentialfor HPME exists in this case.

Case 5 was performedto evaluatethe effectof debris/coolantinteractionon
the potentialfor HPME throughcomparisonto Case 3. Debris/coolantinterac-
tion was varied in this calculationby assumingthat molten debriswould break
up during relocationto the lower head. Therefore,the sequenceof events
from TMLB' initiationup to the first molten relocationat lower crust failure
was identicalto that for Case 3. Case 5 events from accidentinitiationto

creep rupture failureof the lower head are summarizedin Table I.

A pour of molten _r_aterialsfrom the core is fragmentedduring relocationto
the lower head if debris breakupis assumed(Case 5). The total heat transfer
from the relocatingmaterials is large becausethe surfacearea of the frag-
ments exposed to the coolant is large. As a result,the pour is quenched
before reachingthe lower head. In contrast,molten materialspour from the
core to the lower head in a coherentstream if an intactdebris relocationis
assumed (Case 3). Heat transferfrom the molten materialsis not calculated,
since the exposed surfacearea is relativelysmall and the relocationperiod
is (normally)short. The temperatureof the relocateddebris is initially
much higher and the RCS pressureis much lower due to the lack of heat trans-
fer to the coolantduring relocationif debris breakupdoes not occur. The
lower head was predictedto fail 4,480 s laterwith debris breakup (Case 5)
than without (Case 3). The RCS pressureat vessel breach was 6.5 MPa. Due to
earliercreep rupturefailureof the RCS piping,the potentialfor HPME should
not exist in this case (similarto Case 3).

Case 6 was performedto evaluatethe effect of clad deformationon the poten-
tial for HPME throughcomparisonto Case 4. The only differencebetweenCas=.s
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4 and 6 was in the specificationof the maximumrupture strain,which controls
the clad deformationassociatedwith ballooning. Therefore,the sequenceof
events from TMLB' initiationto the first fuel claddingfailurewas identical
in Cases 4 and 6. Case 6 events from the first fuel claddingfailureto creep
rupturefailureof the lower head are summarizedin Table I.

Fuel pin pressure increaseswith core temperature. Ballooningbegins when the
differencebetween pin pressureand RCS pressureexceedsthe clad strength,
and deformationterminateswhen the clad ruptures. In Case 6, maximumdefor-
mationsof 12.5% in the center and mlddle and 15 % in the outer channelswere
predictedto occur. Those deformationswere largerthan the 2% rupturedefor-
mationscalculatedin all flow channelsin Case 4.

The coolant flow area throughthe core is reducedin proportionto the defor-
mation as the cladding balloons. The higher core resistanceresultedin lon-
ger accumulatorinjectioncyclesdue to the longer time requiredfor accumula-
tor water to reach the hot core surfacesand flash. The longer accumulator
injectionsproducedan earlieremptyingof the accumulatorsthan observed in
Case 4.

The core heatup proceededmore rapidlyin Case 6 followingthe last accumu-
lator injection. As a result of the fastercore heatup,the crust in Case 6
reacheda temperatureof 2,200 K and failedat 23,030 s, 2,530 s before crust
failurein Case 4. The resultingrelocationof 52,350 kg of molten core mate-
rial producedan associatedcreep rupturefailureof the lower head at 23,390
s, 2,590 s earlierthan observedfor Case 4.

All ex-vesselRCS pressureboundarieswere intact at the time of lower head
failurein Case 6. With an RCS pressureof approximately1.4 MPa at the time
of failure,it is clear that a potentialfor HPME exists in this case.

INTENTIONALDEPRESSURIZATIONANALYSESAND RESULTS

This sectionof the paper describesthe analyticalresultsfor a TMLB' se-
quence incorporatingan intentionaldepressurizationaccidentmanagement
strategyfor the Surry,Sequoyah,CalvertCliffs,and Oconee PWRs. The Surry
resultsare presentedfirst,throughcomparisonto those resultsobtained in
the Base Case calculation. The resultsfor the other PWR intentionaldepress-
urizationanalysesare comparedto the Surry intentionaldepressurization
results.

The intentionaldepressurizationstrategywould be initiatedby the operator
when the core exit thermocoupletemperaturereached922 K. The Surry results
for the Base Case should be identicalup to this point. However, replacing
the ORIGEN2decay heat tableswith the ANS79-3kineticsmodel produceda time
shift of +190 s to the beginningof core uncovery. This time shift was not
significantrelativeto the findingsfor the subjectanalyses.

One major model change made for the Surry intentionaldepressurizationanaly-
sis comparedto the Base Case was that relocatingdebriswas assumedto break
up. Since this assumptionresultsin the maximumheat transferbetweenthe
relocatingmaterial and the liquid in the lower head, this assumptionshould
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result in a higher RCS pressure increasethan the Base Case during relocation.
In addition,since the storedenergy of the relocatingmaterial is transferred
to the lower head liquid,additionaltime would be requiredfor the debris to
heat up sufficientlyto fail the lower head. This assumptionshouldresult in
a longer time to lower head failurethan the Base Case.

The sequenceof events for the Surry intentionaldepressurizationanalysisis
given in Table 2. As stated above,the sequencewas identicalto that ob-
served in the Base Case up to the start of core uncovery. Due to differences
in the steam generatorsfor the PWRs analyzed,steam generatordryout time is
includedin the sequenceof events. Steam generatordryout occurredat 4860
s. At this point, the RCS rapidlyheatedup and pressurizeduntil the PORV
setpointpressurewas reachedat 4910 s, as shown in Figure6. Since the RCS
coolant inventorywas continuallybeing removedwhile the PORVs cycle, the
core eventuallybegins to uncoverat 8940 s. As the fuel claddingtemperature
increased,the steam became superheated. At 10,470 s, the core exit steam
temperaturereached922 K and the PORVswere latchedopen, in accordancewith
the intentionaldepressurizationstrategy.

After the PORVs were latchedopen, the RCS pressurebegan to decreaseuntil
the accumulatorsetpointpressureis reached. This occurs at 11,560 s, 1090 s
after latchingopen the PORVs. This time was dependentupon three factors"
(a) PORV se}pointpressure;(b) accumulatorsetpointpressure;and (c) the
PORV ratio.° The PORV setpointpressureat Surry is typicalof W nuclearpow-
er plants at 16.20 MPa. The accumulatorsetpointpressureat 4.24 MPa is also
typicalof W plants. Finally,the PORV ratio for Surry is 1.00. Values for
this ratio in other W plants range from 1.78down to 0.75. The PORV ratio of
Surry is the lowest value for W Group I.

Once accumulatorinjectionbegins,injectioncycleswere predictedto continue
until the accumulatorsempty. The RCS pressure increasedfollowingeach in-
jectiondue to vaporizationof the accumulatorliquid as it contactedhot core
structures,haltingthe accumulatorinjection. The injectionresumedwhen the
RCS again depressurizedvia the PORVs to a point below the accumulatorpres-
sure. Betweenaccumulatorinjections,the core structuresbegan to heat up,
and once the accumulatoractuationpressurewas reachedfor the next injec-
tion, this cycle was repeated. However,with each additionalcycle, the core
structuretemperatureincreasewas not as large and the RCS pressureincrease
followinginjectionbecame less, as shown in Figure 6. From 16,500 s until
the accumulatorsempty at 23,590 s, accumulatorinjectionswere smaller,main-
taining a core liquid level about 1.3 m above the core inlet. The RCS pres-
sure increasedue to these smallerinjectionswas minimal,resultingin a
steady RCS pressuredecrease as the accumulatorsemptied. Once the accumula-
tors were completelyempty, the RCS pressuresmoothlydecreaseduntil core
relocationbegan.

Becauseof the short time requiredto initiallyreach the accumulatorsetpoint
pressure,only minimalcore damage was predictedto occur before the first
accumulatorinjection. Fuel rod claddingoxidationbegan at 10,750s, the
same time as in the Base Case, but was stoppedby the accumulatorinjection
coolingthe core. Fuel claddingfailureoccurredat 11,220 s as a result of
cladding ballooningand rupture, insteadof the clad melting failureobserved
in the Base Case. Followingaccumulatorinjection,the center fuel channel
melted and formed a molten pool startingat 27,230 s.



Table 2. Sequenceof events for TMLB' with intentionaldepressurizationfor
representativePWRs.

• I I

Event time (s)a

Event Surry Sequoyah Calvert Oconee
Cliffs

Pccident initiation 0 0 0 0

Steam generatordryout 4860 4560 3480 900

Start of core uncovery 8940 8650 6100 1760

PORV latchedopen 10470 10090 9560 4570

Onset of oxidation 10750 10320 9860 4790

First fuel clad failure 11220 11080 10730 7190

Beginningof accumulator
injections 11560 11530 12270 10120

Surge line failure 23580 23010 .... 16940

Initialformationof
in-coremolten pool 27230 26700 15770 9930

Accumulatorsempty 23590 23772 ........

Crust failureand
core relocation 29010 30070 16990 19310

Lower head failurewith/ 29350 30390 29060/ 19660/
withoutdebris breakup 17740 19820

a. Eventsmarked with '---'were not predictedduring the calculation.

Due to the low stressesin the surge line piping,the SCDAP/RELAP5creep rup-
ture model did not predictsurge line failure. However,using the pressure-
inducedstress on the surge line in conjunctionwith the surge line tempera-
ture profileand ultimatestrengthdata of the surge line material,an esti-
mate can be made of the surge line failuretime. Using this criteria,it was
estimatedthat, at the latest,the surge line would fail at 23,580 s upon
reachingan average structuretemperatureof 1530 K.

By 28,390 s, the entire center and middle fuel channelswere molten in a man-
her similarto that observed in the ease Case. As in the Base Case, a crust
of metallicmaterialwas formed at the bottomof the core that supportsthe
pool of molten material. Failureof the bottom crust occurred at 29,010 s
with 73,741 kg of molten core materialrelocatingto the lower head, resulting
in a creep rupturefailureat 29,350 s.
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Figure 6. RCS pressurevs. time for the Surry TMLB' with intentional
depressurization.

The debris breakup assumptionfor this case dictatesthat the relocatingcore
materialwill be quencheddue to contactwith the liquid in the lower reactor
vessel. Becausethe energy transferoccurredrapidlyduring relocation,lower
head liquidwas either vaporizedor carriedout by the high steam velocities.
There was insufficientliquid in the lower head 0.7 s into the core relocation
to quench the relocatingmaterialand the remainderof the relocation,roughly
99% of the total mass, relocatedas a cohesivemolten stream,as in the Base
Case. Becausethe amount of mass relocatedwith debris breakupassumedwas
small, the RCS pressure increaseassociatedwith quenchingwas also small.
The RCS pressure (Figure6) during the entire relocationrose from 0.49 MPa to
only 0.78 MPa. At the time of lower head failure,RCS pressurewas 0.92 MPa,
with a containmentpressureof 0.16 MPa. Due to the low RCS pressureat lower
head failureand the anticipatedsurge line creep rupturefailureprior to
lower head failure,the potentialfor HPME does not exist.

The second analysisevaluatedwas the TMLB' sequencewith intentionaldepres-
surizationfor the SequoyahPWR. As discussedearlier,the Sequoyah inten-
tionaldepressurizationanalysisdid not use a Sequoyahmodel; instead,the
Surry model from the previousanalysiswas modifiedto simulatethe Sequoyah
PWR. The calculationwas performedfrom transientinitiationuntil lower head
failure is predicted. The sequenceof events is presentedin Table 2.

The total secondaryside water mass of the Sequoyahsteamgenerators is small-
er than Surry's (280,400kg versus 291,000kg); thus, as would be expected,
the Sequoyahsteam generatorsdried out earlier--in4560 s, comparedto 4860 s
for Surry. Once the steam generatorsdried out, the RCS quickly heatedup and
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pressurizeduntil the PORV setpointpressurewas reachedat 4572 s. At 10,090
s, 380 s earlierthan Surry, the core exit steam temperaturereached922 K and
the PORVs were latchedopen.

Once the PORVs were latchedopen, the RCS pressuredecreasedto the accumula-
tor setpointpressure,as shown in Figure 7. This occurredat 11,530 s, 1440
s after latchingopen the PORVs. The time for RCS pressurereductionwas one-
third longer than was predictedfor Surry. The accumulatorsetpointpressure
for Sequoyah is 4.65 MPa, slightlyhigher than the 4.24 MPa setpointpressure
of Surry. Also, the PORV ratio for Sequoyahis 0.75 comparedto 1.00 for
Surry. Based on these differences,it would be expectedthat Sequoyahwould
requiremore time to reducethe RCS pressureto the accumulatorsetpointthan
Surry.

Once accumulatorinjectionbegan, injectioncycles were predictedto continue
until the accumulatorswere empty at 23,772 s. From Figure 7, it is seen that
the same pressureresponseduring accumulatorinjectionwas observedfor Se-
quoyah as was observed for Surry. The delay in emptyingthe accumulators
relativeto Surry is relatedto the smallerPORV in the Sequoyahanalysis.

Becausethe time to reach the accumulatorsetpointwas longerthan was pre-
dicted for Surry,more core damage was predictedto occur during this time
period for Sequoyah. Fuel rod claddingoxidationwas initiatedat 10,320s,
and the initialfuel rod failuredue to fuel rod claddingballooningoccurred
at 11,080 s. Unlike the Surry calculation,the stressesin the surge line
pipingwere sufficientto allow the SCDAP/RELAP5creep rupturemodel to pre-
dict surge line failureat 23,010 s.

The center fuel channelbegan meltingat 26,700 s. As in Surry, the molten
core materialwas supportedby a metalliccrust at the bottom of the core.
Failureof the bottom crust occurredat 30,070 s, with 73,828 kg of molten
core materiairelocatingto the lower head. The 1060 s delay relativeto
Surry was due to the protractedaccumulatorinjectionperioddiscussedprevi-
ously. The lower head was predictedto fail due to creep ruptureat 30,390 s,
with an RCS pressure of 0.98 MPa and a containmentpressureof 0.16 MPa.

The third analysisevaluatedthe TMLB' sequencewith intentionaldepressuriza-
tion for the Calvert Cliffs PWR. The calculationwas performedfrom transient
initiationuntil lower head failureis predicted. The sequenceof events for
the transientis presentedin Table 2.

The total secondaryside water mass of the CalvertCliffs steam generatorsis
equivalentto that of Sequoyah(121,474kg for CalvertCliffs versus
127,189kg for Sequoyah). Althoughboth plants have an equivalentinitial
thermalpower (2700 MWt for CalvertCliffs versus 2715 MWt for Sequoyah),Cal-
vert Cliffs' steam generatorsdried out at 3480 s, 1080 s earlierthan Sequoy-
ah's. This is a result of a much higherheat transferrate broughtabout by a
much highernatural circulationflow rate throughthe CalvertCliffs steam
generators. Once the RCS enters full loop naturalcirculationafter the reac-
tor coolantpumps coast down, the largerdiameterof the CalvertCliffs hot
leg piping allows a mass flow rate approximately35% higher than is calculated
for Sequoyah. This allows heat to be transferredfrom the reactorcore to the
steam generatorsmore quickly.
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Figure 7. RCS pressure versus time for the Sequoyah TMLB' with intentional
depressurization.

The PORV setpoint pressure was reached soon after steam generator dryout at
3738 s, as shown in Figure 8. The PORVs cycled to maintain RCS pressure until
the core exit steam temperature reached 922 K; the PORVs were latched open at
9560 s. Once the PORVs were latched open, the RCS pressure began to decrease
until the accumulator setpoint pressure was reached at 12,270 So The RCS
pressure reduction was over twice as long as predicted for Surry. The PORV
setpoint pressure of 16.55 MPa for Calvert Cliffs is higher than other PWR
types (16.20 MPa for W PWRs and 15.65 MPa for B&W PWRs). The accumulator
setpoint pressure for CE PWRs was the lowest of any nuclear power plant type
at 1.48 MPa compared to a typical value for other types of 4.24 MPa. Finally,
the PORV ratio for Calvert Cliffs is 0.73 compared to Surry's value of 1.00.
As a result of these factors, it would be anticipated that Calvert Cliffs
would require more time to reduce the RCS pressure to the accumulator setpoint
pressure.

Once accumulator injection began at 12,270 s, only three injection cycles were
predicted to occur, with the last injection occurring at 20,778 s. A substan-
tial volume of liquid was injected during each of these cycles, with 86.4% of
the accumulator inventory injected prior to lower head failure. The large
injections resulted from the low RCS pressure at the time of the injections.
As the accumulator liquid enters the vessel, energy was removed from the vapor
in the lower head to heat the injected fluid. At low pressures, the heat of

vaporization is higher. As energy was removed from the vapor, it condensed;
the RCS pressure decreased and more accumulator liquid was injected. This
process continued until the liquid level reached the hot core structures and
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Figure 8. RCS pressureversus time for the CalvertCliffs TMLB' with inten-
tionaldepressurization.

flashed,causingthe RCS pressureto increaserapidlyand haltingthe accumu-
lator injection.

The extendedtime requiredto reach the accumulatorsetpointpressurerelative
to Surry resulted in more core damage beforeaccumulatorinjection. Fuel rod
claddingoxidationwas initiatedat 9860 s, and fuel rod failuredue to clad-
ding ballooningoccurredat 10,730s. The center fuel channelbegan melting
at 15,770 s, 11,460 s earlierthan Surry. This was the resultof fuel rod
fragmentationduring the initialaccumulatorinjectionblockingflow to the
center two core channels. The fragmentationresultedfrom the high fuel rod
temperaturespredictedfor CalvertCliffs. The early rod fragmentationlimit-
ed the claddingoxidationto 24% of the cladding (comparedto a value of 70%
for Surry), since SCDAP/RELAP5does not accountfor claddingoxidationafter
rod-likegeometry is lost. The reductionin oxidationenergy and core flow
area reducedthe core exit steam temperatureand preventedthe surge line
piping from heatingup and failing.

The molten core materialwas supportedby a metallic crust as in the other
analysesbut located I m above the core inlet. The crust was predictedto
fail at 16,990s, with 13,087kg of molten core materialrelocated. A second
failureat 17,290 s relocatedan additional7,251 kg of molten core material.
With the assumptionthat relocatingdebriswould break up, the lower head
failuretime was 29,060 s, since there was sufficientliquid below the crust
to quench the debris. The RCS pressurewas 4.5 MPa, and the containmentpres-
sure was 0.30 MPa. With no RCS piping failurespredicted,the potentialfor
HPME exists.
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A sensitivity calculation was performed to determine the effect of the debris
breakup assumption. The result, as shown in Table 2, was a calculated lower
head failure time of 17,740 s, 11,320 s earlier than the debris breakup case.
Since the debris did not interact with the coolant in the lower head, the RCS
pressure increase due to the relocation was only I MPa and the thermal attack
on the lower head structure was much faster. The RCSpressure at lower head
failure was 2.0 MPa, with an 0.24 MPacontainment pressure. The potential for
HPMEstill exists.

The final analysis evaluated the TMLB' sequence with intentional depressuriza-
tion for the Oconee PWR. The calculation was performed from transient initia-
tion until lower head failure was predicted. The sequence of events for the
transient is presented in Table 2.

The total secondary side water mass of the Oconee once-through steam genera-
tors (OTSG) is 50%of that for the Surry steam generators (70,807 kg for Oco-
nee compared to 131,998 kg for Surry). This resulted in the steam generators
drying out 900 s after transient initiation. The rapid reduction in steam
generator heat transfer early in the transient results in an RCSpressure
increase to the PORVsetpoint 192 s into the transient, as shown in Figure 9.

Once the PORVsetpoint was reached, the PORVcycled to maintain RCSpressure;
but, because of the relatively small relief capacity of the Oconee PORV
(13.5 kg/s compared to 45.1 kg/s for Surry), it was impossible for the PORVto
maintain RCSpressure. The pressurizer filled with liquid at 1190 s, and the
RCSpressure continued to increase until the pressurizer safety relief valve
(SRV) setpoint was reached at 2400 s. By 3000 s, the PORVand SRVswere again
discharging steam; at 3720 s, the heat removal rate through the SRVsand PORV
exceeded the decay heat generation rate in the core and the RCS pressure began
to decrease.

Since the RCScoolant inventory was continually being removed during this
period, the core eventually began to uncover at 2430 s. The core exit steam
temperature reached 922 K at 4570 s, and the PORVwas latched open in accor-
dance with the intentional depressurization strategy. This occurred soon
after the SRVs ceased operation, but before the RCSpressure had dropped below
the PORVclosure setpoint. Once the PORVwas latched open, the RCSpressure
decreased to the core flood tank (CFT) setpoint pressure at 10,120 s. The
time for RCSpressure reduction was over five times longer than was predicted
for Surry. The PORVsetpoint pressure at Oconee and other B&Wplants is lower
than other plant types at 15.65 MPa. The CFT setpoint pressure of Oconee is
typical of the accumulator setpoint pressure of W plants at 4.24 MPa, but
higher than the CE value of 1.48 MPa. Finally, the PORVratio for Oconee is
0.24, compared to Surry's value of 1.00. From the PORVratio alone, it would
be anticipated that Oconee would require more time than was predicted for
Surry to reduce the RCSpressure to the CFT setpoint pressure.

Unlike the other PWRanalyses, the higher decay heat levels and extended time
required to reach the accumulator setpoint pressure resulted in significant
core damage for Oconee before CFT injection began at 10,120 s. Fuel rod clad-
ding oxidation was initiated at 4790 s, and fuel rod failure due to cladding
ballooning occurred at 7190 s. Over 70%of the cladding in the core was oxi-
dized before the initial CFT injection. The fuel in the center channel began
melting at 9,930 s, effectively blocking that channel from CFT cooling.
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Figure g. RCS pressureversus time for the Oconee TMLB' with intentional
depressurization.

Once CFT injectionbegan, all injectioncycles have a short duration. (CFTs
are equivalentto accumulatorsin CE and W PWRs except that CFTs injectdi-
rectly into the reactorvessel insteadof the cold leg piring.) This was
becauseof the slow RCS pressurereductioncausedby the :mall PORV capacity.
The RCS pressure (Figure9) barelydecreasedbelow the CFJ setpointbefore the
injectedliquidwas vaporized,raisingthe RCS pressureabove the CFT pressure
and terminatingthe injection. The CFT injectionperiodlasted 9180 s, with
54.6% of the CFT volume being injected.

Failureof the surge line was calculatedto occur during the CFT injection
portionof the transient. SCDAP/RELAP5predictedcreep rupturefailureof the
surge line at 16,800s. An analysisof the surge line's ultimatestrengthwas
performed,using the pressure-inducedstresson the surge line in conjunction
with the surge line temperatureprofileand ultimatestrengthdata of the
surge line material (stainlesssteel). This analysisestimatedthat a surge
line failurewould occur at 16,940s when the averagestructuretemperature
reached 1500 K, 138 s later than the SCDAP/RELAP5prediction.

As the fuel channels continuedto melt, a crust of metallicmaterialwas
formed 0.4 m above the bottomof the core that suppor'tJdthe molten material.
Failureof the bottom crust occurredat 19,310s, with 99,141 kg of molten
core material relocated. The relocatingmaterialwas assumedto break up, and
the relocatingmaterialwas initiallycooled by flashingcoolantin the lower
head to steam, shown by the rapid RCS pressureincreaseat this time (see
Figure9). After 24 s of relocation,there was insufficientliquid in the
lower head to quench the relocatingmaterial;and the remainderof the core



materialrelocatedover the next 192 s as a cohesivemolten stream. As the
molten core material relocatedto the lower head in a cohesivestream,the
lower head began to heat up dramatically. At 19,660s, creep rupturefailure
of the lower head was predicted. The RCS pressureat the time of failurewas
5.7 MPa, and the containmentpressurewas 0.19 MPa. If the surge line had
failed as predicted,the RCS would probablyhave depressurizedafter the relo-
cation and HPME would not be a concern.

A sensitivityanalysesrelativeto the debris breakup assumptionwas performed
for Oconee. If all of the relocatingmaterialwas assumedto relocateas a
cohesivestream,the increasein RCS pressuredue to coolantflashingdoes not
occur. The peak RCS pressure followingrelocation,assumingno debris break-
up, was 1.7 MPa. The lower RCS pressureresultedin a predictedc_eep rupture
failureof the lower head at 19,820s, 160 s later than the debris breakup
case. The RCS pressure at the time of failurewas 1.7 MPa, and the contain-
ment pressurewas 0.19 MPa. The heatup rate of the lower head was nearly the
same in both calculations,since the majorityof the relocationin the debris
breakupcalculationwas in a cohesivestream.

CONCLUSIONS

The unintentionaldepressurizationanalysesfor a Surry TMLB' indicatethat
creep rupturefailuresof ex-vesselpipingcan be expectedto occur before
lower head failure if the RCS is not depressurizedby leaks. Under those
conditions,RCS pressurewill be maintainedby pressurizerPORV cycling.
During each valve cycle, energy will be transferredfrom the core to the hot
leg and surge line piping. Hot leg countercurrentnaturalcirculationwill
also transfercore decay heat to the loop piping. A sensitivitystudy showed
that ignoringhot leg countercurrentnaturalcirculationchangesevent timing
but not the conclusionrelativeto HPME. The analysesshow that the surge
line will be the first RCS piping structureto fail. lt is anticipatedthat
the surge line failurewould depressurizethe RCS and effectivelyeliminate
the potentialfor HPME.

A potentialfor HPME exists if RCS pressureis reducedbelow the pressurizer
PORV setpointby leaks. RCP seal leakagecould producethe requiredreduction
in RCS pressure. Surge line heatingdecreasessignificantlywhen the RCS
pressurefalls below the setpointand PORV cyclingstops. Hot leg countercur-
rent flow does provide a mechanismfor continuedheatingof the hot legs. For
an RCP leak rate of 250 gpm, the hot leg was predictedto fail before lower
head failure,effectivelyeliminatingthe HPME concern. For a leak rate of
480 gpm, the RCS pressurereductionis sufficientto allow the heated hot legs
to remain intactwhile core degradationprogressesand molten core materials
are relocatedto the lower head. A subsequentthermalattack can produce
creep rupturefailureof the lower head long before the hot legs are heated to
failuretemperatures(at the reducedpressure).

For the analyseswhere the intentionaldepressurizationstrategywas employed
to mitigateHPME concerns,the W design PWRs could successfullydepressurize.
For the CE PWRs, the CalvertCliffs analysisresults showedlower head failure
at elevated RCS pressuresas the first pressureboundaryfailureeven with the
PORV latchedopen. As a consequence,HPME is a concernwith the intentional



depressurizationstrategyimplemented. No assessmenthas been done for
CalvertCliffs for unintentionaldepressurization(no operatoractions). For
the B&W PWRs, the Oconee analysisshowedthat intentionaldepressurization
would result in surge line creep rupturefailureprior to lower head failure.
Again, no assessmentwas made relativeto unintentionaldepressurizationin
Oconee.

The potentialfor HPME was not changedin any of the analysesby variationof
the core damage parameters. The changesin claddingdeformationlimits and
debris coolantinteractiondid have a significanteffect on the ultimatetim-
ing of lower head failure.
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NOTICE

This report was preparedas an accountof work sponsoredby an agency of the
United States Government. Neitherthe United StatesGovernmentnor any agency
thereof,or any of their employees,makes any warranty,expressedor implied,
or assumes any legal liabilityor responsibilityfor any third party'suse, or
the resultsof such use, of any information,apparatus,productor process
disclosedin this report,or representsthat its use by such third party would
not infringeprivatelyowned rights. The views expressedin this report are
not necessarilythose of the U.S. NuclearRegulatoryCommission.






