
,-__ ,,_ AIIM %
_,/ ' "_,_, _ \._1_. Association for Information and

_;_"_ 'i; _ ,__ Image Management __ _i i_,_ <

1
I

Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

i,,,, i,,,,i,,,,i,,_,l,,,, i,,,,i,,,,i,,,,i,,,,i,,,,i,,,, I,,,, I
1 2 3 4 5

BRainInches 1.0 _
,, _ lillt_

_' 1112----°lilli " IIIll_

ilill__IIII1_IIIII'_



lr



SANDIA REPORT
SAND93--2275 • UC--523
Unlimited Release

Printed January 1994

VICTORIA-92 Pretest Analyses of PHEBUS-FPTO

N. E. Bixler, C. M. Erickson

Prepared by
8andla National Laboratories
Albuquerque, New Mexico 87185 and Livermore,California 94650
for the United 8tatee Department of Energy
under Contract DE-ACO4-94AL85000

c, ")':)r_



Issuedby SandiaNationalLaboratories,operatedfor the UnitedStates
DepartmentofEnergyby SandiaCorporation.
NOTICE: Thisreportwaspreparedasanaccountofworksponsoredby an
agencyoftheUnitedStatesGovernment.NeithertheUnitedStatesGovern-
ment norany agencythereof,norany oftheiremployees,norany oftheir
contractors,subcontractors,ortheiremployees,makesanywarranty,express
orimplied,orassumesany legalliabilityorresponsibilityfortheaccuracy,
completeness,or usefulnessof any information,apparatus,product,or
processdisclosed,or representsthatitsuse wouldnot infringeprivately
ownedrights.Referencehereintoanyspecificcommercialproduct,process,or
serviceby tradename, trademark,manufacturer,or otherwise,doesnot
necessarilyconstituteorimplyitsendorsement,recommendation,orfavoring
by the United.StatesGovernment,any agencythereofor any of their
contractorsorsubcontractors.The viewsand opinionsexpressedhereindo
notnecessarilystateorreflectthoseoftheUnitedStatesGovernment,any
agencythereoforany oftheircontractors.

Printed in the United States of America. This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from
Office of Scientific and Technical Information
PO Box 62
Oak Ridge, TN 37831

Prices available from (615) 576-8401, FTS 626-8401

Available to the public from
National Technical Information Service
US Department of Commerce
5285 Port Royal Rd
Springfield, VA 22161

NTIS price codes
Printed copy: A04
Microfiche copy: A01



SAND93-2275 Distribution

Unlimited Release Category UC-523
Printed January 1994

Ib

,b

VICTORIA-92 Pretest Analyses of PHEBUS-FPT0

N. E. Bixler and C. M. Erickson

Severe Accident Phenomenology Department
Sandia National Laboratories

Albuquerque, New Mexico 87185-1137

Abstract

FPT0 is the first of six tests that are scheduled to be conducted in an experimental reactor in Ca-
darache, France. The test apparatus consists of an in-pile fuel bundle, an upper plenum, a hot leg, a
steam generator, a cold leg, and a small containment. Thus, the test is integral in the sense that it at-
tempts to simulate all of the processes that would be operative in a severe nuclear accident. In FPT0,
the fuel will be trace irradiated; in subsequent tests high burn-up fuel will be used.

Separate pretest analyses of the FPT0 fuel bundle and primary circuit have been conducted using the
USNRC's source term code, VICTORIA-92. Predictions for release of fission product, control rod, and
structural elements from the test section are compared with those given by CORSOR-M. In general,
the releases predicted by VICTORIA-92 occur earlier than those predicted by CORSOR-M. The other
notable difference is that U release is predicted to be on a par with that of the control rod elements;
CORSOR-M predicts U release to be about 2 orders of magnitude greater.

Predictions for the primary circuit indicate the size distribution of aerosols, deposition profiles and
mechanisms, speciation of deposits, speciation of the bulk gases, and species that are delivered to
containment. Retention of the condensable elements is in the range of 32% to 51%. Elements forming
less volatile species tend to be retained in larger fraction than those forming more volatile species. The
VICTORIA-92 predictions should be useful for guidance in on-line aerosol monitoring and in post-test
chemicalanalyses.

Predictionsindicatethat revaporizationshouldbe importantin FPT0. Volatilefissionproductscontinue
to flow into containmentlong after the reactorhas been shut down. The opportunityshouldnot be
missedto monitorthisbehavior;the PHEBUS testseriesoffersa rareopportunityto observerevapor-
izationwhere there is a prototypicalmixtureof elements.

Predictionsof speciationinthe colderportionof the FPT0 primarycircuit,fromthe steamgeneratorto
'1' the exit to containment,are suspect because of the assumptionof thermodynamicequilibriumthat is

made in VICTORIA-92. In reality, chemicalkineticsare limitingwhen temperaturesfall below about
800 K, as they do in the steam generatorof the FPT0 test. A "frozen chemistry"model would be a
goodapproximationfor gasesthat are rapidlyquenchedbelowthistemperature.Such a modelis slat-
ed for developmentin 1994, but iscurrentlyunavailableinVICTORIA-92.
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1.0 Introduction

1.1 VICTORIA-g2 Ideally,the experimentaldata from PHEBUS should
containenoughinformationto constructa complete

o The consequencesof a severenuclearreactoracci- massbalanceas a functionof time. This wouldrequire
dentdependonthe quantity,characteristics,andtiming detaileddata on thetransientrelease of fissionprod-
of the releaseof radionuclidesfromthe containment, uctsfromthe fuel, of transportintothe containment,
whichis oftenreferredto asthe sourceterm. The and of accumulationalongthe lengthof the testsec-
behaviorof the radionuclideswithinthe reactorcoolant tion. Suchdata, if it werepossibleto obtain,would
system(RCS) willhavea significanteffect on determin- allowVICTORIA, whichdoesproducea complete
ingthe quantityof radionuclideswithinthe containment massbalanceof the initialfuel inventory,to bevali-
duringan accident,and thuson the potentialrelease datedwiththe confidencethatany disagreement
intotheatmosphere.VICTORIA-92 [1] is a mechanistic betweenpredictionand measurementwas dueto the
codefor predictingfissionproductreleasefrom fuel, code itself.Obviously,it is not possibleto measurea
chemicalspeciationand interactions,aerosolphysics, completeand accuratemass balancewithavailable
transport,anddecay heatingwithinthe RCS under instrumentationand techniques.However,the goal
severeaccidentconditions, shouldbe to quantifythe inflow,outflowanddeposition

of fissionproductsinthe testsectionas accuratelyas
VICTORIA-92 followsthe evolutionof 26 elements, possible.These measurementsshouldcapturethe
includingthose from fuel and controlrods,major RCS transientnatureof the depositionas wellas the spatial
materials,andthe coolant,as they interactunderthe distribution.Furthermore,they shouldcapturediffer-
influenceof varyingtemperatures,pressures,and encesbetweeninteractionswith Inconeland withthe
velocities.Localchemicalequilibriumisassumedfor stainlesssteel linerthat is to resideina portionof the
the 288 chemicalspeciesinthedatabase.Speciesthat primarycircuit.These typesof data willgenerallybe
reachthe coolantchannelmay condenseontostruc- usefulforvalidatingVICTORIA.
turalsurfacesor formaerosolsthat growandagglom-
erate,whichmay inturndepositontostructural
surfaces,reheat, revaporize,resuspend,or chemically 1.3 VICTORIA-92 Pretest Analyses
interact with other materials on the surface, of FPT0

VICTORIA-92 [1] analysesof PHEBUS-FPT0 were
1.2 PHEBUS-FPT0 performed in two parts: (1) the fuel bundleand a por-

PHEBUS isan experimentalreactorlocatedin tionof the upperplenumand (2) the upperplenumand
Cadarache,France. A seriesof sixtests,the FPT primarycircuitleadingto containment.The reasonsfor
series,is schedule'3to be conductedthere. The first the subdivisionof the domainwereas follows:(1) to
test, FPT0, was run in December,1993. allowcomparisonswithCORSOR-M calculationson

fissionproductreleasesfromthe fuel bundle;(2) to
The FPT testsare integralin nature,i.e., they attempt diminishthe CPU time requiredforthe individualcalcu-
to representall of the processesthat wouldtake place lations;and (3) allowsensitivitystudiesto be con-
duringa severenuclearaccident.A schematicof the ductedseparatelyon the two subdomains.The sepa-
apparatusto be used inFPT0 isshownin Figure1. It rate resultsof these two analysesare presentedin
consistsof an in-pilefuel bundlecontaining20 fuel Sections3.0 and 4.0. Section2.0 describesthe model-
rods and 1 controlrod,an upperplenum,a hot leg, a ing detailsusedinthe two analyses.
steamgeneratortube,a cold leg,and a containment

.,, vessel. In FPT0, the fuel willbe trace irradiated;current The analysesreported here are pre-test:no experi-
plansare to performsubsequentFPT testswithhigh mentaldata wereavailableat the time these analyses
burn-upfuel. were conducted.This work isthe first part of an ongo-

ingparticipationinthe PHEBUS program.
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Figure 1. Schematic of the PHEBUS-FPT0 test configuration.



2.0 Application of VICTORIA-92 to PHEBUS-FPT0

#

= AsdescribedinSection1.0, VICTORIA-92 analysesof The initialfissionproductinventoryinthestoichiometric
FPT0 were performedseparatelyon the fuel bundle UO2 fuel is givenin Table1. Graindiameterswere

, and onthe primarycircuit.Both inputdecksare modifi- taken, intheabsenceofany data, to be 10 microns.No
cationsof onesprovidedby Y. Drossinosat ISPRA sensitivitycalculationswere conductedto determine
[2,3]. Becausethe input parametersneededto specify the effectof grainsize on releases.Varyingthisparam-
the fuel bundleregionare somewhatdifferentthan eter wouldhave affectedreleaserates morethan inte-
thoseto specifythe circuit,they are describedsepa- gral releasefractions.Diffusioncoefficientsfor eachof
ratelyinthe followingtwo subsections, the fissionproductswere representedbythe expres-

, sion

2.1 VICTORIA-92 Input for the D = 5 × lO-Se -5°°°°IT. (1)FPT0 Fuel Bundle
where T isthe localtemperatureinK and D is inunits

The inputdata forthe fuelbundlecalculationsare dis- of m2/s.The coefficientsare ones recommendedby
cussed inthe order thatthey occurinthe inputdeck. Matzke [5].

The VICTORIA representationof the fuelbundleis Onecontrolrodwaspresentinthebottom10 cells.The
shownschematicallyin Figure2. The bottom10 cells alloydiameter,alloylength, innerandouter diameterof
(fueled)are each3.65 cm in radiusand 10 cm high. the stainlesssteelcladding,and rod lengthwere8.66
The top twocells (unfueled)were eachchosento be a mm, 1 m, 8.7 ram, 9.7 ram, and 1.1 m, respectively.
full meterinheight.This choicewas madeto ensure The alloymolarcompositionwas 80% Ag, 15% In,and
that thermodynamicequilibriumwouldbe established 5% Cd. The He fillpressurewas 4 bars.
by thetime the gas reachedthe outlet.Makingthese

heightsartificiallylargeshouldnot have significantly The settlingflagswere all set to -1.0 to allowdown-
affectedthe predictionsof fissionproductrelease, ward,inter-cell,gravitationalsettling.Axial flowareas

were set to 27.7 cm2 for the fueledcellsand to 41.9
Inputwas chosensothat nochemistry was performed cm2 forthe unfueledcells;radialflowareas wereall set
withinfuel grainsbut interactionsbetweenfissionprod- to 0. Hydraulicdiameterswere setto 1.34 cm for the
uctsand UO2at the fuelgrainsurface were modeled, fueled cellsand to 7.30 cm for the unfueledcells.Cell
This optionwas chosenbecause it gavethe best floorareasfor aerosolsettlingwere chosento be 10"s
agreementwithHI, VI, andACF!RST data inanother m2 forthe bottomcell, 0.0 for the others;wallareas
study[4]. werechosento be229 cm2 forthe fueled cellsandto

Data for thefuel were chosenas follows.The pellet be91.7 cm=for the unfueledcells;ceilingareas were
diameter,gapthickness,claddingthickness,heliumfill chosento be 0o0for all cells.Structuralmaterialswere

chosento be inert in all the cellsto representthe ZrO2pressure,andfractionof theoreticaldensitywere 8.19
mm, 85 microns,0.57 mm, 28 bars, and0.9582, sheath.

respectively.Eachfueled cellcontained20 fuel rods. Twelvemass binswere used to representthe aerosol
Permeabilitieswere chosenbasedonsimpleestimates
to be 10"14m2 inthe fuelpelletsand 10"12m= inthe sizedistributions.In VICTORIA-92, each massbin rep-

resentsallof the aerosolparticles whoseindividual
• gap, clad,and fuel film.

• Table 1: Initial Fission Product Inventory (g-mol/m3)

Element Cs Ba I Sr Zr Sn Te Kr Xe Mo Ru Sb Eu
' "_I........

Concentration 1.027 1.027 0.269 1.225 2.920 0.020 0.352 0.372 2.465 11822 1.423 0.010 0.019
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Figure 2. VICTORIArepresentationof the FPT0fuelbundle.
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massesare approximatedby the mass corresponding 14,000 s, then held at that value for the remainder of the
tothat bin. In thiscalculation,the mass binsranged calculation.
from 10"21to 10"1°kgbydecade. The parameters

affectingaerosolphysicsandnumericswerechosento 2.2 VICTORIA-92 Input for the FPT0• be the usualvaluesused in mostVICTORIA-92 calcu-
lations[1]. Primary Circuit

The VICTORIA-92 representationof the FPT0 primary
' Becausethe gas velocitieswere relatively large and circuit isshown schematicallyin Figure 11. (The contain-

the cell lengthsrelativelysmall inthiscalculation,the mentison the rightside inthisfigure;whereas, it is on
time steps hadto be keptsmall.The time step chosen the leftside in Figure1.) Cell radiiandlengthsare given
was 0.1 s. Eventhischoiceresultedinthe Courant inTable2. The cellswith90" bendsshownin Figure 11
conditionbeingexceeded byalmosta factorof 10 in weretreated byusingthe standardbenddeposition
the fueled (shorter)cells.The top cellswere chosento modelinVICTORIA-92 [1]. Downwardinter-cellsettling
be artificiallylargeso thatthe Courantconditionwould was modeled in each of the vertically oriented cells.
be slightly less than unity there. This allowed equilib- Points C and G, shown in Figure 11, are referenced in
rium thermodynamics to be reached before the gas Section 4.0.
exited from the domain. Calculations were run from
10,000 to 18,000 s. However, in FPT0 the reactor will Axial flow areas were chosen to be the cross sectional
be shut down at 16,000 s (see Figures 3 and 4), so areas of each cell; radial flow areas were chosen to be 0.
negligible release occurs after this time. Thus, most cf Each hydraulic diameter was chosen to be the true diam-
the resultsfor the fuel bundle are shown from 10,000 to eter of the cell. Floor, ceiling, and wall areas were set as
16,000 s. shown in Table 3. The structural material in the first cell

was taken to be inert (ZrO2); the structural material in
Thermal-hydraulic input for the fuel bundle were taken each of the other cells was taken to be oxidized inconel.
from calculations done by Shepherd et al. using the
code, CATHARE [2]. Fuel centerline, fuel perimeter, Ten aerosol mass bins were used, which represented
and cladding temperatures were prescribed to be the particles ranging from 10"21to 10"9kg. This range was
same in a given cell. The temperature histories for the chosen to be smaller than normal because of the rela-

; fuel in each of the fueled cellsare shownin Figures3 tively lowfissionproductsourcerates in FPT0. Other
and4; gas temperaturehistoriesare shownin Figures parametersaffectingaerosolphysicsandnumericswere
5 and6; structuretemperaturesare showninFigures7 chosento bethe normalvalues usedin mostVICTORIA-
and 8; gas pressureswere chosento be uniformly2.2 92 calculations.
bars;and axial velocitiesare shown inFigures9 and
10. Radialvelocitieswereall set to 0. The mass rateof Calculationswere run from 10,000 to 18,000 s using0.1
steam intothe bottomcellwas held at 3 g/s until s time steps.The Courantlimitfor this calculationis
12,000 s, rampeddownto 1.5 g/s between12,000 and about 0.01 s. CPU requirementswouldhave been pro-

Table 2: Cell Radii and Heights Used to Represent the FPTOPrimary Circuit

Cell 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

R (cm) 3,65 3,05 2.40 1.97 1,50 1,50 1.50 2,04 1,80 1,50 1.50 1.50 1.26 1.00 1.00

" H (cm) 13.7 9.80 78.5 7,00 222. 11.8 513. 76.1 3.00 298. 13.1 4.00 3,55 148, 148.
....

" Cell 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
,,,,

R (cm) 1.00 1.00 1,00 1.00 1.26 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

H (cm) 148. 15,7 15.7 443. 3.50 15.8 31.4 159. 19.2 91.7 31.4 25,0 31.4 85.0 31.4
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Application of VICTORIA-92 to PHEBUS-FPT0

hibitiveif the Courantlimithad been adheredto. cell 15 was held at about 424 K; and cells 16 through
Instead,testswere done to showthatthe resultsdid 30 were held uniformlyat 423 K.
notchangeappreciablyif 0.1 s time stepswere used
insteadof 0.01 s time steps [6]. Gas pressuresvariedslightlyduringthe calculation;

' they were nearly uniform at 2.2 bars. The lowestpres-
Calculations made with the French code CATHARE [3] sure was 2.199 bars and the greatest was 2.210 bars.
were used as the basisfor the thermal-hydraulic input

" needed by VICTORIA-92. The data are summarized in Radialflowvelocitieswere uniformlyzero for the entire
thefollowingparagraphs, transient.Axial flowvelocitieswere spatiallyandtem-

porallyvariable.Figure 15 showsthe inflowvelocities
The thermalhistoriesforthe gas incells ! through7 intocell 1. Velocitiesthroughthe remainderof the
are shownin Figure12. The temperaturesfor cells8 dom_.finwere thoserequiredin orderto conservemass.
through12 were held uniformlyat 973. K. The thermal
historiesforthe gas incells13 through19 are shownin One aerosol,UO2, and 18 vaporsources,includingH 2

Figure 13. The temperaturesforcells20 through30 and H20, were used to inputeach of the elementsinto
wereheld uniformlyat 423. K. the circuit.The release ratesusedby VICTORIA-92

were thosepredictedbyCORSOR-M (usingthe Petti
The structuralsurfacesincells 1 through5 are shown correlationfor release of thevolatiles[7]) for the fuel
in Figure14. The surface temperaturesfor cells6 andcontrolrod elementsand ICARE [3]for steamand
through30 are to be regulatedinthe FPTOtestand so hydrogen.The CORSOR-M predictedreleasesare
werecalculatedto be nearly constantoverthe FPTO comparedinthe followingsectionwiththoseof VICTO-
test. The values used inthe VICTORIA-92 analysis RIA-92. It wouldbe desirable,for reasonsoutlined
wereas follows:the surface temperaturesforcells 6 below,to performcalculationsusingVICTORIA-92 pre-
through12 were helduniformlyat 973 K; cell 13 was dictionsforthe releasesfromthe fuel bundleas inputto
heldat about 681 K; cell14 was heldat about425 K; the FPTOprimarycircuit.

Table 3: Floor, Wall, and Ceiling Areas in Each Cell (cm2)

Cell 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
'"' "I, ,, ' ' '_", ""

Floor, 0.01 O. O. O. O, O. 1539. 311. 10.8 895, O. O. O. O. O,
Ceiling

Wall 313, 188. 1184. 86.5 2088, 111. 1757. 355. 12,3 1022. 123. 37.7 28,2 928, 928,
.....

..........

Cell 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
"I'" ,_ '' "'

Floor, O. O. O. O. O. O. O. 478. O, 275, O. O. O. 255. O.

Ceiling

Wall 928. 98.6 98.6 2784. 27.8 148. 296. 546. 181. 314, 296. 236. 296, 291, 296,
...
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3.0 Predictions for the FPT0 Fuel Bundle

t,.

This sectioncomparesVICTORIA-92 predictionsfor dictionshouldbe moreaccurate. It isdifficultto antici-
releaseof fissionproductsand structuralmaterials pate whichassumptionwillprevailinthe FPT0 test. Sn
fromthe fuelbundle regionwiththoseof CORSOR-M, release inVICTORIA-92 can occuronce the cladding ,
whichare used as the basisfor the analysisof the pri- melts.However,the claddingwas notallowedto meltin
marycircuitgiveninSection4.0. thiscalculationin orderto better representthe interac-

tionsof Tewiththe cladding.This is becausethe clad-
Table4 comparesthe integralreleasespredictedby dingfailure modelinVICTORIA-92 assumesthat
VICTORIA-92 withthosepredictedby CORSOR-M. meltedcladdingis entirelyremovedand isunavailable
Figures16 through18 comparethe relativetimingof for furtherinteraction.The choiceto retainthe cladding
release. Ingeneral,VICTORIA-92 predictsthat inthisanalysisallowedTe-claddinginteractionsto
releasesoccurearlierthan does CORSOR-M. occur,but didnot allowmuchof the Sn inthe cladding

to be released. Forthisreason,the CORSOR-M pre-
Totalreleasefractionsfor four of the elements,I, Te, dictionfor Sn release is probablymore realisticthan
Xe, and Kr,are predictedto be withina factor of twoby the VICTORIA-92 prediction.
the twocodes. However,VICTORIA-92 allowsa signifi-
cant fractionof the Te to interactwiththe zircaloyclad- VICTORIA-92 predictssubstantiallyhigherreleasesof
dingwhileCORSOR-M does not.This is a low Ag and Inthan does CORSOR-M. This may be due to
concentrationeffectdue to thetrace irradiatedfuel a VICTORIA-92 model in which2% of the alloy iscon-
used in FPT0. If moreTe had been availablefor vertedintoaerosoluponburstof the controlrod,as
release,a smallerfractionof it wouldhavebeen able to wasmeasuredby Bowsheretal. [8].The conversionof
interactwiththe claddingand, thus,a largerfraction controlrodalloyto aerosolis not modeledby COR-
wouldhavebeen released. SOR-M.

VICTORIA-92 predictssubstantiallylowerreleasesof Releaseof the controlrodcladdingelements,Fe, Cr,
U, Cs, Ba, Sr, Cd, Sn, andZr thandoes CORSOR-M. Mn, and Ni,was not modeledinthe VICTORIA-92 cal-
The U, Ba, and Zr releasespredictedbyCORSOR-M culation.Thus, the releasesof these elementswere
are largerthan havebeen observedinothertests.VIC- null.A modelforthis type of release shouldbe added
TORIA-92 predictsthat a substantialfractionof the Cs to the code.
getsboundupinthepores as Cs2U207, which reduces
the fraction of Cs that can be released.This effect Based onthe abovediscussion,it isobviousthat some
undoubtedlyresultsfromthe lowfissionproduct inven- of the differencesbetweenthe twosets of predictions
tory for FPT0; if more Cs were presentinthe fuel, only willhaveto await executionof FPT0 for resolution.This
a smallfractionwouldbe able to interactwiththe UO2 is especiallytrueof the U release,whichaccordingto
at the grainsurfaces.The Sr releasespredictedbythe CORSORoMshoulddominatethe elementsreleased
two codesagree reasonablywell.The VICTORIA-92 intothe circuit.On the otherhand,VICTORIA-92 pre-
predictionfor release of Cd is based on a modelthat dictsU releaseto be similarto that of the controlrod
allowsmostof the alloyto relocateto colder regionsof elements.Evenso, release of U andthe controlrod
the testsectionafter failure. If thisassumptionis valid elementsis predictedby VICTORIA-92 to dominate
for the experiment,then the VICTORIA-92 prediction thoseof the fissionproductsfor FPT0. This will notbe
shouldbe reasonable;ifthe Cd remainsin hotter the case forthe later FPT tests,because they willuse .
regionsof the testsection,thenthe CORSOR-M pre- highburn-upfuel.

14



Predictions for the FPT0 Fuel Bundle

Table 4: Integral Releases Predicted by VICTORIA and CORSOR-M
........... I ........ i

CORSOR-M CORSOR-M VICTORIA VICTORIA
Element Initial Inventory Mass Release Fraction Mass Release Fraction

• (g) (g) Release (%) (g) Release (%)
......... '.',.I ",',',,",.......... ' .... " : " --' ' ....' ' .....

U 9183 140 1.5 2.5 0.03
k _ ,... ,,, .,, .,.

Cs 0o1378 0.12 87 0.050 37
,,,,, ,,.,. . . ,, •

I 0.03446 0.030 87 0.028 81
.,, ,m,, , , , ...,, ,,,,

Te 0.04532 0.040 88 0.022 49
,, , , ,, ,., , .i, ,,., ,,., , ,

Ba 0.1424 0.049 34 0.0072 5.1
.. ,, ,, ,, ,, , ,,

Sr O.1083 0.0041 3.8 0.0011 1.0
.,., ,.,, , ,,, ,, , .-, ,..,, i., , ,,, , ,,..,

Xe 0.3268 0.28 86 0.27 83
, ,,,,,, _ ,_ -- ..,,,, , ,,

Kr 0.03143 0,027 86 0.026 83
, m

Ag 471.2 3.9 0.83 19 4.0
,,, __ ,, i .,, ..... . ,,,,,.

In 88.35 0.50 0.57 2.5 2.8
, , ,,.,,, ,, ,,, ,

Cd 29.45 10. 34 1.1 3.7
.,, ....,

Sn 39.25 24. 61 0.0016 0.00
=,,, , ,. , ..,, ,

Zr 2062 0.35 0.02 0.0040 0.00
, ,, .... ,,,, , .,,, .,,

Fe 76.64 1.7 2.2
_,, _ , .,., ., .,,, , _ ,, , ,,,, ,., ,.

Cr 24.77 1.6 6.1
_ __ , ,, .,,., .. ,

Mn 2.18 0,0019 0.09
.,

Ni- 13.10 0.00013 0.00
.....
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Predictions for the FPTO Fuel Bundle
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Figure 16. Fractionalreleaseintotheprimarycircuitfor thevolatileelements,Xe, Kr,i, Te,andCs.
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Predictions for the FPTOFuel Bundle
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4.0 Predictions for the FPT0 Primary Circuit

Release data from CORSOR-M using the Petti correla- over mostofthe transient.Again,the variationfrom
tion [7]for volatilerelease,givenin Table4 and shown pointto pointwithinthe primarycircuitis not great.
in Figures16 through18, wel,_used as inputinthe
analysisof the FPT0 primarycircuit.A futurecalcula- Aerosolmass andparticleconcentrationsare shownat
tion usingVICTORIA-92 releasepredictionsas inputto four locationsin Figures22 and 23, respectively.Dur-
the primarycircuitshouldbe performed.Other input ingtheperiodwhen the reactoris operating,the mass
data are discussedin Subsection2.2. concentrationsgenerally rangefrom10"sto 10"1kg/m3

and the particleconcentrationsfrom 10TMto 1Q14patti-
Figure 19 showsthe locationsand mechanismsof cles/m3. Againthe temporalvariationof these quanti-
aerosoldeposition.The largestae_'osoldepositsoccur ties is muchgreaterthanthe spatialvariation.
inthe verticalsectionabovethefuel bundleand inthe

firsthalfofthe steamgenerator.The primarydeposition IdahoNationalEngineeringLaboratoryhassuppliedan
mechanismin theseregionsisthermophoreticdeposi- on-lineaerosol monitor(OLAM)for measuringparticle
tion, whichoccursbecausethe gas streamis signifi- concentrationsduringthe FPT transients.It operates
cantlyhotterthanthe surfaces(see Figures12 through byattenuationof an opticalbeam. Predictionsfor parti-
15). Aerosoldepositionalsooccursalongthe straight cle concentrationsare wellwithinthe rangefor which
horizontalsectionnear point C. The dominantdeposi- the OLAM wascalibrated[9], whichindicatesthat this
tion mechanismthere is gravitationalsettling, deviceshouldprove usefulfor observingthe onsetof

controland fuel rodreleases.However,predictionsfor
Figure20 showsthe aerosol mass mean diameterat bothaerosol mass and particleconcentrationswould
pointC, the steam generator,pointG, and the exitto havebeen somewhatlowerhadthe releasesfromthe
containment.The mass mean diameterchangessignif- test sectionpredictedbyVICTORIA-92 been usedas
icantlyover the transient,dependingon the rate of inputto the primarycircuit.
releasefromthe testsection.Several early peaks
occuras materialis expelledfromthe control rod.The The hydrogen/steamratiois showninFigure24 at four
relativelysmall aerosolsizes priorto about 13,000 s pointsinthe FPT0 primary circuit.As mightbe
willbe difficultto quantifywithon-line impactors.The expected, there is nosignificantvariationfrompointto
broadpeak from 13,000 to 16,000 s correspondsto pointbecause onlya smallfractionof the steamreacts
releasefromthe fuel rods.On-lineimpactorsshouldbe withthe fuel and structuralmaterialsas itflowsthrough
effective for measuringaerosolsizedistributionsduring the circuit.There is, however,a largevariationintime;
thisperiod.Differencesinmass mean diameterfrom the ratiois small overmostof the transient,exceptat
point to point withinthe primarycircuittend notto be around10,300 s when ICARE predictscladdingoxida-
great, tionto occurrapidly.

The multiplicityof peaks inthe mass mean diameterof Figures25 through29 showthe dominant iodinespe-
the aerosolduringthe periodbetween10,000 and ciesat the inlet,pointC, the steam generator,pointG,
12,000 s, correspondingto multiplefailuresof a single and atthe exit,respectively.At the inlet,the dominant
controlrod, is an artifactof the way thatthe CORSOR- species are I(g), HI(g), and Csl(g), inthat order over
M calculatiG,nwas appliedto FPT0. Therefore,redoing mostof the transient.BypointC the temperaturehas
the calculationusingVICTORIA-92 release data would cooled to 700"C, whichis lowenoughthatthe domi-
be worthwhile.Furthermore,the smallertotalmass nantformsare Csl(c) followedby Csl(g) over mostof "
release pr_icted by VICTORIA-92 shouldproduce the transient.In the steamgenerator andbeyond,the
somewhatsmalleraerosols,an effect that shouldbe dominantformis Csl(c) overthe entiretransientuntil ,
quantified, reactorshutdown.After reactorshutdown,Cdl2(c),

Cdl2(g), and otherspeciescompete for dominance.
Aerosolstandarddeviationsare shownin Figure21. Thisset of plots,as wellas onesto follow,make it clear
These range invalue from 1 to 3. They are around2 that revaporizationis importantinthe FPT0 primary cir-
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Predictions for the FPTOPrimary Circuit

Figure19. LocationsanddominantmechanismsofaerosoldepositionintheFPTOprimarycircuit.
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Figure 26. Iodine species at point C in the FPTOcircuit.
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Figure 28. Iodine species at point G in the FPT0 circuit.
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cuit, becoming apparent after reactorshutdownwhen Figure40 showsthe build-up of surface layer deposits
fissionproductreleasefromthe fuel is negligible, at the inlet,pointC, the steam generator,andthe exit.

Bythe end of the transient,the totaldepositsare about
Figures30 through34 show the dominantcesiumspe- 0.02 g/cm2at allof thepointsexceptpointC, wherethe

• cies atthe same set of locations.At the inlet, depositsare onlyabout0.0009 g/cm_.Thermophoresis
Cs2Zr2Os(c) dominatesover theentiretransient, isthedominantdepositionmechanismat eachof these
CsOH(g) and Cs2Zr3OT(C)are next indominancedur- pointsexceptpointC, wheregravitationalsettlingis

" ing the eady and intermediateportionsof the transient, dominant.Thisdifferenceindepositionmechanisms
respectively.The Cs speciesat the inletall die out probablyaccountsfor the difference in surfacedeposit
quicklyafter the reactoris shut downat 16,000 s. At density.
point C, Cs2Zr2Os(c) followedbyCsOH(g) are the
dominantspeciesearly inthe transient;Cs2Zr2Os(c) Figures41 through45 show the dominantI species
followedby Cs2ZrO3(c) are dominantinthe intermedi- depositedat the inlet,pointC, the steam generator,
ate portionof the transient,and Csl(g) followedby pointG, andthe exit,respectively.Csl(c)dominates
CsOH(g) are dominantafter reactorshutdown.In the overthe othersand is predictedto be the only measur-
steam generator,temperaturesare coolenough(about able formof iodinedeposit inthe primarycircuit.
200"C) that onlycondensedphasespecies are impor-
tant. Csl(c)dominatesover mostof the transient. Figures46 through50 showthe domin_.ntdeposited
CsOH(c), Cs2Zr205(c), and Cs2ZrO3(c) alsocompete Cs speciesat the same locations.Cs2U207(c ) and
for dominanceduringthe firsthalf of the transient.Sim- Cs2Zr3OT(C)are the dominantdepositsat the inlet;
ilartrendsare foundat point G andthe exit. Cs2ZrO3(c), Csl(c), and Cs2U207(c ) are important at

pointC; Csl(c)and Cs2ZrO3(c)dominateinthe steam
SnTe(g)and Te(g)are the dominanttelluriumspecies generatorand at pointG; and Cs2Zr2Os(c),Csl(c), and
at the inlet,as shownin Figure35. At pointC (Figure Cs2ZrO3(c) are importantat the exit intocontainment.
36), the numberof specieshas increasedand many of
themdominateovershortperiodsof the transient.By Figures51 through55 showthe dominantTe species
the steam generator(Figure37), the numberof signifi- depositedat the inlet,pointC, the steam generator,
canttelluriumspecieshas decreasedto eight.Of these andpoint G, respectively.Te(c) followedby SnTe(c)
CdTe(c) isdominantearly and late inthetransientand dominateat the inlet;the same two speciesplus
Te(c) inthe intermediateportion.Cs2Te(c) alsoplaysa CdTe(c)are importantat pointC; at the steamgenera-
significantrole. Similartrendsare predictedat point G tor,at pointG, andat the exitto containment,Te(c)and
(Figure38) and the exit (Figure39). CdTe(c)dominate.Again, predictionsof speciationof

deposits inthe steamgeneratorandat pointG are sus-
It shouldbe noted, however,thatsome of the predic- pect.
tionsof speciationin andbeyondthe steam generator
are suspectbecauseof the assumptionof thermody- Uraniumsurface deposit densitiesare shownin Fig-
namicequilibriumthat is made in VICTORIA-92. In ures56 through60. UO2 is the dominantU species
reality,thermodynamicequilibriumisan excellent throughoutthe primarycircuit.The surfacedepositsof
assumptionat temperaturesabove 1000 K; at temper- UO2 are 10.3 to 10.2 g/cm2, whichis severalordersof
aturesbelow 800 K it may be a poorassumption.Tern- magnitudegreaterthan any of the fissionproductsur-
peraturesbetweenthe inletto the circuitandthe steam face deposits.However,if the VICTORIA-92 predic-
generatorare about 973 K, but fall to wellbelow800 K tionsfor U releasefromthe fuel are more realisticthan
inthe steam generator.A betterapproximationto the thoseof CORSOR-M, the U depositswouldbe about
chemicalspeciationinthe steamgeneratorand twoordersof magnitudeless than is showninthese

q' beyondwouldbe tha', the speciationis "frozen," i.e., figures.Other importantU speciesdeposits include
thatthe speciationdoes not continueto changeonce U409 at the inletand point C and BaUO4 and SrUO4
temperaturesfall below800 K. Rather,onlyphase fromthe steam generatorto the exit intocontainment.

" change shouldbe allowed below this cutoff. This ''fro-
zen chemistry"modelis not yet availableinVICTORIA- Silverdepositsare shownin Figures61 through65.
92, and so was not used inthisanalysisof FPT0. It is Ag(c) isthe dominantAg speciesthroughoutthe pri-
plannedas a future developmentto the code. mary circuit.Indiumsurface depositdensitiesare

shownin Figures66 through70. In(c)and In203 are

25



Predictionsfor the FPTOPrimaryCircuit

CsOH(g)

.-. CsI (g) --X-----)4-----,v

I _ Cs2Zr307 (c) / _ "
"_ Cs2Zr03(c)
_m Cs2 Zr205 (c) /

lo-s CsI (c)_ / -- _" ---hv _ cs2_o_(_) /_ -e-,_ --'_
Z --,-- csoM(c) //

_. jl
t I i1_ : /'- / .,-'/_"ti',. ,

_, 1: . !_t \_'J / ," J%4-" '>-. L

•:^ !'AI! / _' ,;I¢:_-.'_.--v-_ili\

_o-,O:/I_',i:'_':' , / , ? , ,'<-¢_i_ =
1.0 i.i 1.2 1.3 1.4 1.5 1.6 1.7 1.8 xlO 4

Time (s)

Figure 30. Cesium species at the inlet of the FPTOcircuit.
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Figure 31. Cesium species at point C in the FPTOcircuit.
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Figure32. CesiumspeciesatthesteamgeneratorintheFPT0circuit.
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Figure33. CesiumspeciesatpointG intheFPT0circuit.
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Figure 34. Cesium species at the exit of the FPTOcircuit.
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Figure 35. Tellurium species at the inlet of the FPTOcircuit.
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Figure36. Telluriumspeciesat thepointC in theFPTOcircuit.
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Figure37. Telluriumspeciesatthe steamgeneratorin theFPTOcircuit.
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Figure 42. I surface deposit densities at point C in the FPTOcircuit.
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Figure 43. I surface deposit densities at the steam generator in the FPTOcircuit.
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Figure 44. I surface deposit densities at point G in the FPT0 circuit.
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Figure 45. I surface deposit densities at the exit of the FPT0 circuit.
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Figure 48. Cs surface deposit densities at the steam generatorinthe FPTOclmuiL
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Figure 49, Cs surface deposit densities at point G in the FPT0 circuit.
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Figure 52. Te surface deposit densities at point C in the FPTO circuit.
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Figure 53. Te surface deposit densities at the steam generator in the FPTO circuit.
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Figure54. Tosurfacedepositdensitiesat pointG inthe FPT0circuit.
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Figure55. Tosurfacedepositdensitiesattheexit of the FPT0circuit
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Figure 56. U surface deposit densities at the inlet o: the FPTO circuit.
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Figure 57. U surface deposit densities at point C in the FPTO circuit.
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Figure 58. U surface deposit densities at the steam generator in the FPTOcircuit.
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Figure 59. U surface deposit densities at point G in the FPT0 circuit.
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Figure 60. U surface deposit densities at the exit of the FPT0 circuit.
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Figure 61. Ag surface deposit densities at the Inlet of the FPT0 circuit.
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Figure 64. Ag surface deposit densities at point G tn the FPT0 circuit.
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Figure 65. Ag surface deposit densitlu at the exit of the FPT0 clrculL
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both importantat the inlet;In203 dominatesthroughout retainedbetween 32% and 51% inthe circuit.In gen-
the restof the circuit, eral,the elementsforminglessvolatilespeciesare

retainedat a higherfractionandthose formingmore
Cadmiumdepositdensitiesare shownin Figures71 volatilespeciesare retainedat a lower fraction.The

" through75. At the inlet,Cd(c) isthe dominantspecies; predictedrange of retentionsis relativelynarrow,less
at point C, Cd(c), CdTe(c),and CdO(c) are important; than a factorof two. This is becausemostof the depo-
and atthe steamgeneratorand beyond,CdO(c) and sitionphenomenain FPT0 are govemedbyaerosol
Cd(c) dominate, physics(primarilythermophoresis)and transport.If

vaporcondensationhadbeendominantforsomeof the
The overallretentionsinthe FPT0 primarycircuitare elements,as it was inthe FALCON-ISPexperiments
summarizedby element inTableb. The masses [10], the retentionswouldhavebeen morevaried. For
releasedintothe circuitare thosepredictedby COR- example,measuredretentionsvariedfrom13% for Bto
SOR-M and matchthevalues inTable4. The masses 61% forAg inFAL-ISP1 and from2% forB to 50% for I
releasedintocontainmentand fractionsretainedinthe in FAL-ISP2. VICTORIA predictionsrangedfrom16%
circuitare thosepredictedbyVICTORIA-92. As to 49% and from 10% to 35% forthese two tests,
expected, all of the noblegasespassthroughthe cir- respectively.
cuit and intocontainment.The other elementsare

Table 5: Summary of Retention in and Release from the FPT0 Primary Circuit

Releasedfrom Core
intoCircuit(g) ReleasedfromCircuit Retained in CircuitElement

as predictedby intoContainment(g) (%)
CORSOR-M

,,

U 140 70 51

Cs 0.12 0.061 48
, H

I 0.030 0.016 46

Te 0.040 0.020 50

Ba 0.049 0.024 51

Sr 0,0041 0.0020 51

Xe 0.28 0.28 0

Kr 0.027 0.027 0

Ag 3.9 2,3 41
,

In 0.50 0.31 38
, ,,

Cd 10. 6,8 32
,,,

Sn 24. 12. 50

• Zr 0.35 0.17 51

Fe 1.7 0.83 51

'_ Cr 1.6 0.77 51
,,

Mn 0.0019 0.0012 39

Ni 0.00013 0.000083 38
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Figure 72. Cd surface deposit densities at point C in the FPTO circuit.
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Figure 73. Cd surface deposit densities at the steam generator in the FPTO circuit.
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5.0 Conclusions

Analysesof the PHEBUS FPT0 fuel bundleand pri- In203, In,CdO, and Cd. These species should be rnea-
mary circuit have been performed with VICTORIA-92. sured in post-test chemical analyses. VICTORIA-92
Resultsfor elemental releases from the fuel and control predictions show the portions of the circuit where each
rods have been compared with ones provided by of these species should be relatively abundant. For
ISPRA using CORSOR-M with the Petti correlation [7]. most of the species, the steam generator tube is a
Specific conclusions are drawn in the following two region of high deposition. This is because the large
subsections, temperaturedifferencebetween the gas and steam-

generator-tubesurface shoulddrivethermophoretic

5.1 FPT0 Fuel Bundle deposition there.

The fissionproductreleasespredictedbyVICTORIA- On-linesamplingshouldbe able to measurethe aero-
92 differsubstantiallyfromthosepredictedby COR- sol sizedistributionsduringthe test, especially
SOR-M usingthe Petti correlationfor releaseof the between 13,000 and 16,000 s. Priorto this time, signifi-
volatiles[7]. The VICTORIA-92 releasesbeginearlier cant aerosolsshouldbe presentonly when thecontrol
inthe transient.The predictedreleasefractionsalso rodbursts.One caveat isthat CORSOR-M appearsto
differ.The mostnotabledifference isfor uranium.COR- predictunusuallyhighreleasesof UO2 fromthe fuel. If
SOR-M predictsthat U releasewilldominatenotonly thispredictionis inerror,aerosolconcentrations,sizes,
the fissionproductreleasesbutalso thoseof the con- and particledensitiesmay be somewhatsmallerthan
trolrodelements;VICTORIA-92 predictsthat U willbe predicted.This uncertaintycouldbe resolvedby rerun-
released insimilarabundanceas the controlrodele- ningthiscalculationusingVICTORIA-92 predictionsof
ments.The difference inthe predictionsis abouttwo releases fromthe test sectionas inputto the circuit.
ordersof magnitude.Mostof the otherdifferencesare
probablydue to the lowburn-upof the FPT0 fuel andto The predictionsindicatethat revaporizationwillbe an
modelingdifferencesin thetreatmentof meltingof the importantphenomenonduringthe FPT0 test. Materials
fuel claddingand lossof the controlrodalloyto colder depositedin the early and middlepart of the transient
regionsof the reactor, revaporizeand flow intocontainmentwellafter reactor

shutdown.This shouldbe observableduringthetest if
on-linemeasurementsare continuedafter reactorshut-

5.2 FPT0 Primary Circuit down. Measurementsof thiskindshouldproveuseful

A largequantityof predicteddata has been presented for assessmentof the chemistrymodelsinVICTORIA-
forthe FPT0 primarycircuit.These includeaerosolsize 92. Further,measurementsof fissionproductsinthe
distributioncharacteristics,the locationand speciation primarycircuitafter reactorshutdownmay proveto be
of deposits,and the speciationof fissionproductsin oneof the mostusefulto be madeduringFPT0. No
the circuitandof thoseenteringcontainment.These otherupcomingtestoffersthe possibility'to collectthis
data shouldbe useful forcalibrationof aerosolinstru- type of revaporizationdata witha prototypicalmixof
mentationand for optimizingpost-testchemicalanaly- elements.This opportunityshouldnot be missed.

ses. VICTORIA-92 predictsthat chemicalspeciationfor

VICTORIA-92 predictsthat mostof the uranium manyof the elementschanges dramaticallyalongthe
releasedfromthe fuel is depositedas UO2. With time primarycircuit.Inpart, thesechanges inspeciationare •
at ambientconditions,itshouldbecomefurtheroxi- real and important.However,one weaknessin VICTO-
dized to formU30 B.Thus,post-testchemicalanalyses RIA-92 may call intoquestionsomeof the predictions
shoulddetect U30 Brather than UO2 in the primarycir- of speciationinthe steam generator and cold P_g.
cuit. Belowtemperaturesof about 800 K, the assumptionof

thermodynamicequilibriumis not valid.The circuittern-
Otherdetectablespeciesinthe primarycircuitshould peraturefallswellbelow 800 K inthe steam generator
includeCsl, Cs2Zr307,Te, CdTe, BaUO4, SrUO4, Ag, and inthe coldleg leadingto containment.The effect
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Conclusions

onthe VICTORIA-92 predictionsof imposingthermo- probablylead to a largerset of speciesenteringcon-
dynamicequilibriuminthispartof the circuitis not tainmentthan is indicatedhere. Itwouldbedesirableto
known.In principle,speciationshouldbe quickly"fro- assessthe effect of a ffrozen chemistry"modelon the
zen" as temperaturesfall below800 K and onlyphase FPT0 circuitanalysis.

, changesshouldcontinueto take place. This would
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