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SAMMANFATTNING

Kunskap om de fenomen som kan upptrada vid svara haverier i en kéarnkraftan-
laggning é&r viktig forutsattning for att kunna forutse anldggningens beteende, for
att kunna utforma rutiner och instruktioner for haverihantering, for beredskaps-
planeringen samt for att fa god kvalitet pa haverianalyser och riskstudier.

Sedan bdrjan pa 80-talet har karnkraftforetagen i Sverige och Statens karnkraftin-
spektion (SKI) samarbetat inom forskningsomradet svara reaktorhaverier. Samar-
betet i borjan var framfor allt knutet till att forstarka skyddet mot omgivningskon-
sekvenser efter ett svart reaktorhaveri genom att bl.a. ta fram system for filtrerad
tryckavlastning av reaktorinneslutningen. Sedan borjan pa 90-talet, har samarbetet
delvis andrat karaktar och inriktats mer pa fenomenologiska fragor av riskdomine-
rande betydelse.

Under aren 2006-2008 har samarbetet fortsatt inom forskningsprogrammet APRI-
6. Syftet har varit att visa om de Idsningar som har valts i den svenska strategin
for haverihantering ger ett tillrdckligt skydd for omgivningen. Detta sker genom
att fa fordjupad kunskap om dels viktiga fenomen vid hardsmalteforlopp, dels
mangden radioaktivitet som kan sldppas ut till omgivningen vid ett svart haveri.

For att na syftet har forskningsprogrammet omfattat dels uppfdljning av den inter-
nationella forskningen inom svara haverier och utvérdering av resultaten, dels
fortsatt stod till forskningen pa KTH och Chalmers om svara haverier.

Uppfoljningen av den internationella forskningen har frdmjat utbyte av kunskap
och erfarenheter samt har gett tillgang till en mangd information om olika feno-
men av betydelse for handelseforlopp vid svara haverier. Detta ar viktigt for att
erhalla en god bedomningsgrund av de utslappsbegransande atgarderna i svenska
kérnkraftsreaktorer

Det fortsatta stodet till KTH har gett 6kad kunskap om mojligheten att kyla den
smélta harden in reaktortanken och om processer i samband med kylbarheten i
inneslutningen samt vid angexplosioner. Analyser av smaltans paverkan pa reak-
tortanken i nedre plenum visar att ett kylflode genom drivdonen kan ge mojlighet
att fordroja tankgenomsmaltning och darmed 6ka méjligheten att halla hardsmal-
tan kyld i reaktortanken. Detta bekraftar resultat fran tidigare APRI-projekt. Ana-
lyser av sméltans kylbarhet i inneslutningens kondensationsbassang visar att poro-
siteten hos den fragmenterade sméltan &r hogre jamfort med vad man tidigare an-
tagit. Porositeten forefaller ocksa vara oberoende av sméltans sammansattning och
underkylning pa basséngvattnet. En 6kad porositet ar gynnsam ur kylbarhetssyn-
punkt. Studier av enskilda sméltdroppar i vatten har gett oss dkad detaljkunskap
om forloppet vid en angexplosion i samband med en hardsmalta.

Stodet till Chalmers har gett 6kad kunskap om haverikemi, framst jods och rute-
niums uppforande i inneslutningen efter ett haveri. Chalmers har studerat radioly-
tisk oxidation av jod for att fa 6kad forstaelse av specieringen av de slutliga pro-
dukterna. Man har bl.a. fatt fram att ozon som bildas vid radiolys av luft och anga,
kan oxidera jod och déarmed kan retention av jod framjas. For rutenium &r kemin
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mer kand jamfort med jod. Det har Klarstallts att den enda flyktiga ruteniumspecie
att behdva ta hansyn till vid haveri ar RuO,. Resultaten fran experimenten visar att
sorption eller deponering av RuO4 &r mycket trolig i en inneslutningsmiljo och att
rutenium kommer att bade deponeras pa metallytor och absorberas i vattenfasen i
inneslutningen. Darfor kommer rutenium inte att hora till de dominerande radio-
nukliderna vid utslapp efter ett hardhaveri.
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1. INLEDNING

Kunskap om de fenomen som kan upptrada vid svara haverier i en kéarnkraftan-
laggning é&r viktig forutsattning for att kunna forutse anldggningens beteende, for
att kunna utforma rutiner och instruktioner for haverihantering, for beredskaps-
planeringen samt for att fa god kvalitet pa haverianalyser och riskstudier.

De svenska parterna, SKI och kraftforetagen i Sverige har under en foljd av ar
samarbetat inom forskningsomradet svara reaktorhaverier. Detta har skett inom
projekten FILTRA, RAMA, RAMA 11, RAMA |11, HAFOS, APRI, APRI 2, APRI
3, APRI 4 och APRI 5. TVO har deltagit i projekten APRI, APRI 3 och APRI 4.

FILTRA- och RAMA-projekten var knutna till processen att utforma, genomftra
och verifiera de haveriforebyggande och konsekvenslindrande atgarder som nu
genomforts vid samtliga karnkraftverk.

| projekten HAFOS, APRI, APRI 2, APRI 3, APRI 4 och APRI 5 var en viktig
uppgift att folja internationell forskning rérande svara hardhaverier. En annan
uppgift var att stodja eget arbete inom Sverige dar forskningen pa hardsmaltefor-
lopp genomforts vid KTH och kemiska forhallanden i inneslutningen har under-
sokts vid Chalmers.

APRI 6-projektet har i stora drag haft samma inriktning som tidigare APRI.

1.1 Kort historik

Sedan borjan pa 80-talet har karnkraftforetagen i Sverige och SKI samarbetat
inom forskningsomradet svara reaktorhaverier. Samarbetet i borjan var framfor
allt knutet till att forstarka skyddet mot omgivningskonsekvenser efter ett svart
reaktorhaveri genom att bl.a. ta fram system for filtrerad tryckavlastning av reak-
torinneslutningen. Sedan borjan pa 90-talet, har samarbetet delvis andrat karaktar
och inriktats mer pa fenomenologiska fragor av riskdominerande betydelse.

| borjan av 1986 beslutade regeringen att som villkor for fortsatt drift skulle ut-
slappsbegransande atgarder vidtas vid reaktorerna i Forsmark, Oskarshamn och
Ringhals. Atgarderna skulle vara genomforda senast vid utgangen av 1988. | an-
slutning till dessa regeringsbeslut uppdrog® regeringen &t SKI att utdver redovis-
ning av beslut som SKI fattat med anledning av regeringens nya driftvillkor aven
redovisa en bedémning av behovet av fortsatta insatser inom omradet svara have-
riforlopp.

Efter SKl:s granskning av de atgarder som vidtagits vid berérda anlaggningar
konstaterades i ett beslut® av den 19 december 1988 att de mal som regeringen
angivit som villkor for fortsatt drift hade uppfylits. I SKI:s beslut pekades emel-
lertid ocksa pa att tillstandshavarna dven fortsattningsvis behdvde folja de forsk-

2 Regeringsbeslut 14 "Uppdrag att redovisa det fortsatta arbetet att begransa utslapp vid svara reaktor-
haverier”. Industridepartementet 1986-02-27.

3 SKl-beslut ”Utslédppsbegransande atgarder vid karnkraftverken i Forsmark, Oskarshamn och Ring-
hals”. SKI 1988-12-19.
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nings- och utvecklingsinsatser som bedrevs och dra slutsatser om vilka ytterligare
sakerhetshéjande atgarder som bor komma ifraga vid de egna anlaggningarna.

| slutet av 1990-talet fortydligades SKI:s allmanna krav pa utslappsbegransande
atgarder genom foreskrifterna (SKIFS 2004:1) om sékerhet i karntekniska anlagg-
ningar. | foreskrifterna stélldes krav pa att radiologiska olyckor skall forebyggas
genom en for varje anlaggning anpassad grundkonstruktion med flera barridrer
och ett anpassat djupforsvar. Bestammelserna om djupférsvar innehaller bl.a. krav
pa att utslapp av radioaktiva amnen till omgivningen skall férhindras och begran-
sas genom anordningar och forberedda atgarder. I SKIFS 2004:1 infordes aven
krav pa att sakerheten vid en anlaggning fortlopande skall analyseras och bedo-
mas pa ett systematiskt sétt, och i allménna rad pekade SKI pa att bl.a. forsknings-
resultat sarskilt bor beaktas vid sadan fortlépande analys och bedémning.

Genom foreskrifterna (SKIFS 2004:2) om konstruktion och utférande av karn-
kraftsreaktorer har SKI sedan ytterligare fortydligat och skarpt kraven i vissa av-
seenden. Aven svéra haverier med stérre hardskador skall beaktas nér det géller
konstruktionen av inneslutningsfunktionen, instrumentering for dvervakning av
anlaggningens tillstand, samt for att kunna uppna ett stabilt sluttillstand med reak-
torn sa att den inte utgor ett hot mot omgivningen pa lang sikt. | konsekvensutred-
ningen* av foreskrifterna konstaterades att dessa krav, som inte fanns d& reakto-
rerna konstruerades, tillkom i viss omfattning genom regeringsbeslutet om ut-
slappsbegransande atgarder 1986.

Den svenska strategin for haverihantering innebdr att inneslutningarna forsetts
med forstarkt inneslutningskylning, tryckavlastning och filtrering av utslapp. Den
svenska strategin for att hantera en hardsmalta - att lata en hardsmalta falla i djupt
vatten i inneslutningen — har visat sig vara ganska speciell. Endast i ett fatal andra
reaktorer i varlden tillampas denna strategi aktivt.

Eftersom den svenska strategin ar speciell, finns det mycket lite internationell
forskning som direkt belyser denna. Dock bedrivs internationell forskning om
fenomen som dven kan intraffa under ett svart haveri i ett svenskt verk.

Det finns kvarvarande osédkerheter forknippade med den svenska strategin som
behdver belysas ytterligare genom forskning. Genom den svenska strategin und-
viks troligen en stor inledande interaktion mellan betong och smélta. A andra si-
dan kan angexplosioner intraffa nar smaltan faller i djupt vatten. Forskningen pa
svara haverier inriktas nu pa att visa om de losningar som har valts ger ett tillrack-
ligt skydd for omgivningen, vilket vi idag haller for troligt med vissa osakerheter
som namnts ovan.

Utgaende fran regeringens och SKI:s beslut i slutet av 1980-talet har SKI (numera
SSM) och tillstandshavarna tillsammans fortsatt att bedriva forskning om svara
haverier samt folja upp internationell forskning.

* Konsekvensutredning av Statens kérnkraftinspektions forslag till foreskrifter (SKIFS 2004:2) om
konstruktion och utforande av karnkraftsreaktorer, Statens kdrnkraftinspektion 2004-10-07.
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1.2 Projektets syfte

Projektet syftar till att visa om de l6sningar som har valts i den svenska strategin
for haverihantering ger ett tillrackligt skydd for omgivningen. Detta sker genom
att fa fordjupad kunskap om dels viktiga fenomen vid hardsmalteforlopp, dels
mangden radioaktivitet som kan slappas ut till omgivningen vid ett svart haveri.

For att na syftet och i enlighet med rekommendationerna fran APRI-5 (SKI rap-
port 2006:28) har projektet arbetat med foljande uppgifter:

e att folja den internationella forskningen inom svara haverier och utvardera
resultaten for att erhalla en god bedémningsgrund av de utslappsbegransan-
de atgarderna i svenska karnkraftsreaktorer.

e att fortsétta att stodja forskningen pa KTH och Chalmers om svara haverier.

e att speciellt studera vissa fenomen som t ex smaltans kylbarhet i reaktor-
tanken och i reaktorinneslutningen samt haverikemi.

1.3 Organisation och arbetsformer

Projektet har bedrivits under aren 2006 - 2008 med en total kostnadsram pa
20 MSEK. SSM och kraftforetagen har bidragit med ungefar halften var till denna
budget. Arbetet inom projektet har varit uppdelat i 10 delprojekt med var sin del-
projektledare.

1.3.1. Deltagande i CSARP - NRC:s forskningsprogram

Delprojektledare har varit Wiktor Frid, SSM. En redogorelse for denna verksam-
het ges i avsnitt 2.1

1.3.2. Deltagande i SARNET - Integration av EU:s forskning inom svara ha-
verier

Delprojektledare har varit Ninos Garis, SSM. En redogdrelse for denna verksam-
het ges i avsnitt 2.2

1.3.3. Deltagande i PHEBUS — Experiment med hardsmaltor

Delprojektledare har varit Prof. Jan-Olov Liljenzin, Chalmers. En redogdrelse for
denna verksamhet ges i avsnitt 2.3.

1.3.4. Deltagande i MASCA 2 — Experiment med hardsmaltor i reaktortank

Delprojektledare har varit Prof. Raj Sehgal. En redogdrelse for denna verksamhet
ges i avsnitt 2.4.

1.3.5. Deltagande i MCCI 2 — Vaxelverkan mellan hardsmaélta och betong

Delprojektledare har varit Prof. Raj Sehgal. En redogdrelse for denna verksamhet
ges i avsnitt 2.5.
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1.3.6. Deltagande i SERENA — Angexplosioner i reaktorinneslutningen

Delprojektledare har varit Wiktor Frid, SSM. En redogorelse for denna verksam-
het ges i avsnitt 2.6.

1.3.7. Deltagande i BIP —Jodkemi i reaktorinneslutningen

Delprojektledare har varit Prof. Christian Ekberg. En redogorelse for denna verk-
samhet ges i avsnitt 2.7.

1.3.8. KTH:s forskning inom svara haverier

Forskningen vid KTH beskrivs i kap. 3 och foljs upp av styrgruppen genom tva
ma&ten per ar. Verksamheten dr uppdelat i fyra delar: a) smaltans kylbarhet i reak-
tortanken beskrivs i avnsitt 3.2, smaltans kylbarhet i reaktorinneslutningen be-
skrivs i avsnitt 3.3, angexplosioner beskrivs i avsnitt 3.4 och varderingen av
forskningen inom SARNET beskrivs i avsnitt 3.5.

1.3.9. Chalmers forskning inom svara haverier

Forskningen vid Chalmers beskrivs i kap. 4 och foljs up av styrgruppen genom ett
mote per ar. Verksamheten ar uppdelat i fyra delar: a) jodkemi vid svara haverier
— en genomgang av kunskapslaget beskrivs i avnsitt 4.1, jods beteende i inneslut-
ningen beskrivs i avsnitt 4.2, ruteiniumkemi vid svara haverier — en genomgang
av kunksapslaget beskrivs i avsnitt 4.3, ruteniums beteende i inneslutningen vid
svara haverier beskrivs i avsnitt 4.4 och varderingen av forskningen inom
SARNET beskrivs i avsnitt 4.5.

1.3.10. Handbok i haverikemi

Arbetet med handboken i haverikemi har tagits dver av en projektgrupp da delpro-
jektledaren pa grund av sjukdom inte kunde fullfélja projektet. Det koncept som
tagits fram tidigare har distribuerats till projektgruppen. Innehallsférteckningen
har gatts igenom och uppgifter att ansvara for de olika avsnitten har delegerats till
projektgruppens medlemmar. Planen &r att slutfora huvuddelen av arbetet under
2009 med sikte pa att ge ut handboken vid halvarsskiftet 2010.

1.4 Erfarenhetsutbyte och seminarier

Ett slutseminarium arrangerades i APRI:s regi den 22-23 januari 2009 pa Lejon-
dals slott, Stockholm. Seminariets syfte var att presentera det arbete som utforts
och de resultat som erhallits inom projektet APRI-6. Ett annat syfte med semina-
riet var ocksa att ge mojlighet till diskussioner mellan representanter for kraftver-
ken och de som deltagit i APRI:s arbete.

1.5 Ekonomi och rapportering

Ekonomiskt har en viss omfordelning skett mellan olika delprojekt och nagra nya
delprojekt har tillkommit men den totala budgetramen har innehallits.

De olika delprojekten har genererat publicerade artiklar, reserapporter och dylikt
vilket framgar av referenslistan i varje kapitel.
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2. INTERNATIONELL FORSKNING INOM SVARA
HAVERIER

2.1 CSARP — NRC:s Forskningsprogram

CSARRP star for "Cooperative Severe Accident Research Programme” och var fran
borjan den amerikanska karnsakerhetsmyndigheten NRC:s (Nuclear Regulatory
Commissions) forskningsprogram om svara haverier. Numera deltar de flesta
kérnkraftslander, inklusive Sverige och Finland, i CSARP-programmet dar man
utbyter forskningsresultat och erfarenheter samt gemensamt diskuterar inriktning
och prioriteringar av fortsatt forskning inom omradet svara haverier. CSARP-
moten halls arligen i september manad i USA.

En tendens inom CSARP é&r att USA pa senare ar haft betydligt farre bidrag pa det
experimentella omradet &n dvriga lander, dar bade Vasteuropa (framst Frankrike
och Tyskland) och fjarran Ostern (Japan och Korea) varit dominerande. En tydlig
tendens finns mot mera internationellt samarbete nér det galler stérre och kost-
samma experimentprogram. Detta ger inte bara rent ekonomiska fordelar utan ar
ocksa av betydelse for att fa ett 6kat utbyte av erfarenheter och resultat.

| direktanslutning till ett CSARP-méte halls ett MCAP-mote (MELCOR Coopera-
tive Assessment Program) om applikationer av MELCOR-koden. MELCOR har
blivit ett valetablerat verktyg for analys av svara haverier och antalet anvandare
varden éver vaxer. MELCOR anvands mer och mer for berdkningar pa nya reak-
torkoncept och for haveriscenarier som ligger inom design.

Den forskning som har redovisats under CSARP-m&ten under aren 2006-2008
handlar till stor del om de internationella projekt som pagar inom omradet, som
OECD MASCA 2, OECD MCCI 2, OECD SERENA, OECD BIP, Phebus-FP och
Phebus ISTP. Dessa projekt beskrivs i andra delar av rapporten.

| detta avsnitt sammanfattas kort den 6vriga forskning som &r av intresse for Sve-
rige. Redovisningen &r uppdelad enligt foljande:

e kylbarhet i reaktortanken (”in-vessel coolability”)

e kylbarhet i reaktorinneslutningen, (ex-vessel coolability”)
e angexplosioner

e fissionsprodukter och kallterm

e kodutveckling

e Ovrigt

2.1.1. Kylbarhet i reaktortanken

Inom detta omrade har laget for experimentprogrammen QUENCH, LIVE,
PEARL och OECD-projektet MASCA 2 presenterats. MASCA 2 beskrivs i av-
snitt 2.4.

QUENCH och LIVE pagar vid FzK (Forschungszentrum Karlsruhe) i Tyskland.
Overgripande syfte med QUENCH-programmet &r att f4 fram underlag for att
forbattra modellering av aterflodning av Overhettat bransle. Den dominerande
frdgan ar kapslingsoxidation med samtidig vatgasbildning. Aven kemiska aspekter

SSM 2009:25 11(118)



APRI 6 — Forskningsprogram inom omradet svara haverier

av véaxelverkan mellan olika material studeras. Integrala tester i QUENCH stods
av "separate-effects tests (SET)” och analyser. Forsksuppstéllningen bestar av ett
bransleknippe med 21 stavar, ca 2.5 m langa varav ungefar 1 m uppvarms elekt-
riskt till temperaturer runt 2000°C.

| test QUENCH-10 undersoktes hur inneslutningsluften som strdmmar in i reak-
tortanken (s.k. air ingress”) innan aterflodningen startas, paverkar haveriférlop-
pet. Paverkan pa kapslingen var betydligt storre jamfort med anga, pa grund av
kraftigare oxidation och sémre kylning, vilket resulterade i att degraderingen av
bransleknippet efter aterflodningen var omfattande. Kompletterande tester (SET)
har genomforts for att ndrmare studera den komplexa oxidationskinetiken.

For att kunna studera konsekvenser av aterflodning vid laga massfloden i
QUENCH-11, har QUENCH-faciliteten modifierats. Aterflddningen i QUENCH-
11 startades efter frilaggning av testknippet nar brénsletemperaturen var ca 2040
K. Aterflodningen har resulterat i hog vétgasproduktion. Detta experiment, som i
viss man har simulerat ett komplett scenario, dvs. hardfrilaggning och aterflod-
ning, har analyserats inom ett SARNET-benchmark med flera haverikoder. Aven
resultat av QUENCH-13 (med en PWR-styrstav) och QUENCH-14 (med M5-
kapsling) har rapporterats men bara i form av radata. Nya tester planeras, till ex-
empel fér LOCA-scenarier och Generation 1V reaktorer.

Inom forskningsprogrammet LIVE (”Late In-Vessel Phase Experiments”) stude-
ras hur en smaltpdél bildas i hardregionen och hur sméaltan omfordelas fran hardre-
gionen till nedre plenum samt smaltans beteende i nedre plenum. LIVE-faciliteten
ar en val instrumenterad modell av nedre plenum i skala 1:5. Insikter fran LIVE
kommer att anvéndas for att validera haverikoder samt for att forbattra haverihan-
teringsstrategier. Tester kommer ocksa att bidra till validering av CFD-modeller
for smaltans beteende i nedre plenum. | LIVE-testerna anvénds icke-prototypiska
smaltor, liknande de som har anvants i KTH:s tester, och en jamforelse med tidi-
gare liknande experiment, som SIMECO, ACOPO och BALI, kommer att genom-
foras. En viktig del av LIVE &r undersdkningar av egenskaper hos krustan som
bildas pa reaktortankbotten.

PEARL (Programme on degraded core reflooding) &r ett forskningsprojekt, expe-
rimentellt och analytiskt, vid IRSN for studier av aterflodning av skadad hard.
Syftet med PEARL dr att bidra dels till att optimera haverihanteringsstrategier for
franska PWR, dels till forbattrad modellering av aterflodning i PSA. Bakgrunden
till PEARL-projektet ar att IRSN anser att effekten av aterflodning for att stoppa
harddegradering inte &r tillrackligt kartlagt for alla haveriscenarier. En annan
"klassisk” fraga ar vatgasproduktionen vid aterflodning, som behdver beaktas i
utvardering av inneslutningsbelastningar. Den analytiska delen av projektet om-
fattar sammanstélining och utvardering av alla relevanta experimentella data och
data fran TMI-2. Den experimentella delen omfattar undersokningar av kylning av
en grusbadd (“debris bed”) med vattentillférsel underifran. Badden, som ar 60 cm
i diameter och 50 cm hog och smaltbadden bestar av en blandning av sma (1-2
mm) och stora (5-7 mm) partiklar, kommer att omges av en perifer zon for att
simulera intakt bransle. PEARL liknar tidigare experiment, som STYX vid VTT,
POMECO vid KTH och DEBRIS vid IKE. En vésentlig skillnad &r att dessa tidi-
gare experiment var 1-D medan man i PEARL kommer man att kunna studera 2-
D och 3-D effekter tack vare storre och mer realistisk geometri. PEARL startades
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2007 och kommer att avslutas 2012. Den experimentella delen av PEARL kom-
mer att pabdrjas forst 2011. Tiden fram till dess agnas at olika forberedande tester
och konstruktionen av testfaciliteten.

Kylbarheten i reaktortanken adresseras ocksa i KAERI:s forskningsprogram. | det
hér fallet handlar det om att visa att man kan behalla smaltan i tanken genom att
kyla tanken pa utsidan. For att visa detta kravs ocksa studier av smaltans beteende
I tankbotten. Denna haverihanteringsstrategi, som kallas “in-vessel retention”
(IVR), &r aktuell for nya PWR-reaktorer, som APR-1400 och OPR (Optimized
Power Reactor) -1000.

2.1.2. Kylbarhet i reaktorinneslutningen

Sméltans kylbarhet efter tankgenomsmaltning &r, trots att omfattande och kost-
samma forskningsprogram genomforts, en fraga dar stora osakerheter kvarstar.
Under CSARP-moten har resultat fran OECD-projektet MCCI 2 (Melt Coolability
and Concrete Interaction) presenterats, se avsnitt 2.5. Forskning och kodutveck-
ling i flera lander om kylbarhet i inneslutningen &r i stor utstrackning fokuserad
kring MCCI 2 dar ett brett spektrum av relevanta fragor studeras. Insikter fran
MCCI anvénds for att utveckla eller anpassa reaktorspecifika strategier for kyl-
barhet i reaktorinneslutningen.

KAERI har presenterat ett ambitiost program for kylbarhet i inneslutningen. Man
planerar for en I6sning med hardfangare (“core-catcher”), liknande den som an-
vands i EPR. Smaltbadden skulle kylas underifran med en blandning av vatten
och gas. Tillsatsen av gas motiveras med att man kan forhindra angexplosioner pa
detta sétt. Ett experiment planeras for att testa konceptet.

Vid FzK studeras langtidsaspekter av 2-D smalta-betong-véxelverkan i COMET-
L3 experiment. Aven effekten p& betongavverkningen och sméltans kylbarhet av
att tillféra vatten ovanifran, kommer att undersékas. Kiselbetong kommer att an-
vandas och smaltpdlen blir skiktad i flera lager. Forloppet kommer att studeras
under ca 5 timmar. Data fran COMET-L3 har anvants i ett SARNET-
kodbenchmark. Smaltméangden ar 636 kg varav 425 kg &r metallisk och 211 oxi-
disk. Informationen om COMET-L3 som har presenterats vid CSARP-mgten har
varit begrénsad.

2.1.3. Angexplosioner

Forskningen om angexplosioner pagar i huvudsak i anknytning till SERENA-
projektet, som presenteras i avsnitt 2.6. Aven KTH:s forskning om &ngexplosio-
ner, som ger en viktig input till integrala SERENA-experiment, har presenterats
under CSARP-mgtena.

Det ar huvudsakligen KAERI som under senare ar har haft separata presentationer
av sin nationella forskning om angexplosioner. Denna forskning bedrivs vid
TROI-faciliteten, som dven anvands i pagaende Fas 2 av OECD SERENA-
programmet. | en serie av tester har effekten av sméltans kemiska sammanséttning
pa angexplosioner undersokts, se avsnitt 2.5. KAERI utvecklar en metod, baserad
pa elektrisk tomografi, for matning av 3-D voidfordelning under “pre-mixing”
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fasen av en angexplosion. Vidare utvecklas olika metoder for att forbattra karakte-
riseringen av fysikaliska och kemiska egenskaper hos explosionsprodukter.

2.1.4. Fissionsprodukter och kéallterm

NRC:s aktiviteter inom detta omrade ar kopplade till MELCOR-analyser. Ett ex-
empel &r projektet SOARCA (State-of-the-Art Reactor Consequence Analyses)
vars syfte ar att genomfora realistiska analyser av haveriforloppet, kélltermen och
omgivningskonsekvenser. Analyserna skall beakta moderniseringar av reaktorer,
senaste forskningsresultat och strategier for att forhindra eller férdréja en hérd-
smalta. Vidare kommer beredskapsatgarder att beaktas vid analyserna. SOAR CA
kommer pa detta sétt att ge en mer korrekt bild av omgivningskonsekvenser for
dagens reaktorer. Ett annat syfte &r att identifiera omraden dar fortsatt forskning
behdvs. Flera typer av dagens reaktorer kommer att studeras. Studien kommer att
omfatta externa hé&ndelser och osédkerhetsanalys. Projektet startade 2006 och
kommer att paga under flera ar.

NRC har ocksa pabdrjat en revidering av den sa kallade alternativa kalltermen,
som definieras i NUREG-1465. Aven i det hér fallet & det MELCOR som é&r ar-
betshésten. Senaste kunskap om haveriforloppet, till exempel aterflodning av ska-
dad héard, jodkemi i primarsystemet och paverkan pa harddegradering av inneslut-
ningsluften som tranger in i reaktortanken, anvands vid analyserna. Vidare gors
berdkningar for olika bransletyper och utbréanningar. Analyserna har visat att ut-
slappet av aktivitet till omgivningen pagar under ldngre tid men att utslappet pa-
borjas ca en timme senare. Om man beaktar hur stor andel av hardinventariet som
slapps ut till omgivningen sa har det visat sig att ovan namnda skillnader jamfort
med NUREG-1465 &r storre &n dem som orsakas av hogre utbréanning eller MOX-
brénsle.

Parallellt med ovan namnda projekt, har NRC startat en aktivitet dar man tittar pa
kalltermen for nya reaktorer, som ESBWR, HTGR och VHTR. Syftet ar att defi-
niera en kéllterm, som i NUREG-1465. Man har tagit fram en PIRT dar relevanta
fenomen har identifierats och rangordnats. For analyser av HTGR behdvs vissa
modifikationer i MELCOR och dessa har pabérijats. Vidare kommer man att titta
pa om det behdvs nya experimentella data for dessa tillampningar.

Den experimentella verksamheten inom omradet har varit relativt blygsam. Det ar
bara Frankrike som har rapporterat om experimentella undersokningar relaterade
till fissionsprodukter, utdver presentationer som handlar om PHEBUS-projektet,
som beskrivs i avsnitt 2.3. Under 2005 startade IRSN, med stod fran CEA, EDF,
US NRC, AECL och PSI ett forskningsprogram som man betraktar som en fort-
sattning pa PHEBUS FP projektet dar man har identifierat fragor som kraver fort-
satta studier. Programmet bendmns International Source Term Programme (ISTP)
och innehaller bade experiment och modellering. Se dven avsnitt 2.3.

ARTIST (Aerosol Trapping in Steam Generators) &r ett internationellt projekt dér
avskiljning av fissionsprodukter i anggeneratorer studeras. Experimenten utfors
vid PSI (Paul Scherrer Institute) i Schweiz. Projektet startade under 2003 och un-
der 2007 avslutades dess forsta fas. Ringhals AB och SKI har deltagit i projektet. |
september 2008 startades fas 2 av ARTIST, utan svenskt deltagande. Resultat av
ARTIST fas 1 har rapporterats tidigare. | utvarderingen av resultat fran ARTIST
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har CFD-metoder anvants for att kunna studera deponering av aerosoler i ett tub-
knippe. MELCOR-koden har begrénsningar i detta avseende. Man har rapporterat
ganska bra overensstdimmelse mellan experiment och CFD-analyserna med
FLUENT-koden, bland annat att partiklar storre dn ca 6 um fastnar pé rorvaggar
med en bojning stérre &n 45 grader.

2.1.5. Kodutveckling

CSARP-moéten har tva sessioner som adresserar kodutveckling, kodvalidering och
tillampning, dar det sist ndmnda presenteras under ett separat mote i direkt anslut-
ning till CSARP, namligen MELCOR Cooperative Assessment Program
(MCAP)-mote. Eftersom MELCOR é&r koden som prioriteras av NRC och efter-
som koden har fatt en stor internationell spridning sa dominerar den CSARP-
presentationer. Utover utveckling och validering av MELCOR for dagens lattvat-
tenreaktorer, pagar en utveckling av koden for nya reaktorer och nya bréansletyper
och for anvandning i beredskapssammanhang.

Ny kunskap fran experiment anvéands for utveckling av modeller i MELCOR.
Denna verksamhet, som dven omfattar valideringar mot TMI-2, & omfattande och
berdr de flesta MELCOR-modeller.

Ett viktigt steg i utvecklingen av MELCOR har varit konvertering till programme-
ringsspraket Fortran-95, modifiering av kodstrukturen till modern, objektoriente-
rad arkitektur och framtagning av ett grafiskt anvandargrénssnitt. Detta arbete har
genomforts av Institutet for Reaktorsakerhet vid den ryska vetenskapsakademin
(IBRAE) i samarbete med Sandia National Laboratories (SNL). Den nya koden
bendmndes MELCOR 2.0. Denna kodversion har sedermera vidareutvecklats dar
bland annat dubbel precision har inforts. Den senaste versionen heter MELCOR
2.1.

NRC har initierat utveckling av en MELCOR-version som ska kunna anvéndas
som ett stodverktyg for beredskapsorganisationer. Detta innebdr att betydande
modifieringar av MELCOR-koden behdver goras, bland annat for att uppfylla
kravet att berakningar ska ga fortare an realtid.

Utveckling av MELCOR 3.0 har paborjats. Bland nyheter som kan namnas ar
battre kompabilitet med CONTAIN, forbattrad modellering av vissa sékerhetssy-
stem, forbattrad modellering av avgivning av fisssionsprodukter i inneslutningen,
etc.

Utvecklingen av den europeiska haverianalyskoden ASTEC (Accident Source
Term Evaluation Code) har ocksa presenterats. Detta program, som innehaller
modeller som beskriver haveriforloppet pa ungefar samma niva som MELCOR,
anvands av IRSN for PSA niva 2 av franska PWR med 1300 MWe. ASTEC har
varit en referenskod inom SARNET dar man har identifierat omraden som pakal-
lar forbattringar av ASTEC. IRSN och GRS har pabdrijat arbete med en ny version
av koden, ASTEC V2. Den nya koden kommer att kunna hantera andra drifttill-
stand &n normaldrift, nya reaktortyper (pa sikt d&ven Generation 1V) samt kylning
av reaktortanken fran utsidan (s.k. “ex-vessel cooling” for att uppna ”in-vessel
retention”). Man infor ocksa forbattrade modeller avseende bl.a. aterflédning av
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en Overhettad hard, den sena fasen av harddegardering och kemiska férlopp hos
fissionsprodukterna.

2.1.6. Ovrigt

Ett viktigt experimentellt program & THAI som genomfors i Eschborn i Tysk-
land. THAI startade 2000 och kan ses som en fortsattning pa tidigare experiment i
BMC (Battelle Model Containment) och HDR (HeilRdampfreaktor). THAI-
faciliteten bestdr av en testbehllare (”inneslutningen”) med en volym pé& 60 m®
och en héjd pa 9 m. 1 THAI studeras ett brett spektrum av inneslutningsfragor,
som termohydrauliken, distribution och stratifiering av vatgas samt transport och
deponering av fissionsprodukter. Resultaten fran THAI anvands for validering av
systemkoder och dven CFD-koder tack vare att THAI &r val instrumenterad.

Vid Japan Nuclear Energy Safety Organization (JNES) anvédnds CFD-metoder for
att forbattra modellering av vissa fenomen i MELCOR. Man har konstaterat att
detta ar nodvandigt for att minska osdkerheter i PSA niva 2 och vid utvardering av
haverihanteringsstrategier. Experimentella data fran ARTIST och inneslutnings-
tester i OECD SETH och NUPEC utnyttjas ocksa.

| Belgien genomfors en omfattande validering av haverihanteringsinstruktioner
(SAMGs — Severe Accident Management Guidelines). Belgiska SAMGs bygger
pa Westinghouse Owner Group SAMG, som nu valideras for reaktorspecifika
tillampningar. Analyserna genomfors med MELCOR-koden.

Vid Sandia National Laboratories studeras hur degradering av inneslutningsfunk-
tionen (genom framforallt korrosionsskador pa tatplaten) paverkar omgivnings-
konsekvenser. Man kombinerar strukturmekaniska inneslutningsberékningar med
MELCOR- och omgivningskonsekvensanalyser. Preliminéra resultat visar att bil-
den ar ganska komplicerad. Konsekvenser av skador pa tatplaten beror pa en
kombination av flera faktorer, som storleken pa skada, skadans lage och haveri-
scenariot. Resultaten av studien kommer att publiceras i en NUREG-rapport under
2009.

2.2 SARNET - Integration av EU:s forskning inom svara have-
rier

Néatverket SARNET (Severe Accident Research — NETwork of excellence) som
delvis varit finansierat av EU inom det 6:e ramprogrammet syftade till att bl.a.
samordna forskningen inom svara haverier i Europa, se figur 2.2.1 nedan.

| natverket deltog 51 organisationer fran 20 lander varav tre fran Sverige (KTH,
Chalmers och SwedPower). Natverket startade den 1 april 2004 och pagick till
sista mars 2008.

Syftet med SARNET har varit a) att forbattra koordineringen av forskningen om
svara haverier inom EU och losa aterstaende fragor, b) att bygga in ny kunskap i
berdkningsprogrammet ASTEC, for anvandning av kraftféretag och myndigheter
for haverianalyser och c) att sprida kunskap om svara haverier for att bevara kom-
petens inom omradet, speciellt bland yngre medarbetare (genom utbildningspro-
gram och stipendier).
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Figur 2.2.1: Alliméant om natverket SARNET som pagick under aren 2004-2008.

Aktiviteterna inom SARNET har varit uppdelade i tre huvudomraden, se figur
2.2.2. Dessa var a) integrerande aktiviteter, b) forskningsprogram som genomfor-
des gemensamt samt c) spridning av kunskap.

Integrating activities Jointly executed Spreading of
research activities excellence activities
A A A
N T N 7 N
WP 2 : USTIA WP 9,10,11 : CORIUM WP 17 : ET
ASJEC Users Support Early phase core degradation Education and Training
and Training, :
Integration, and Late phase cqre degradation WP 18 : BOOK
Adaptation Ex-vessel corium recovery .
Book on severe accident
WP 3: PHYMA WP 12,13 : CONTAINMENT phenomenology
ASTEC PHYsical Hydrogen behaviour WP 19 : MOB
Model Assessment Fast Interaction in Containment Mobility programme
WP 4 : RAB
ASTEC Reactor
Application
Benchmarking
WP 5: PSA2
Level 2 PSA

methodology and
advanced tools

Figur 2.2.2: Aktiviteterna inom SARNET

2.2.1. Huvudsakliga resultat som har uppnatts

For att underlatta samarbetet inom SARNET har dels ett kommunikationsverktyg
ACT (Advanced Communication Tool) utvecklats, dels databaser med experimen-
tell data som ér tillgangliga for alla som ar med i SARNET byggts upp, se figur
2.2.3.
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Figur 2.2.3: Kommunikationsverktyget ACT och databaserna med experimentell
data for att underlatta samarbetet inom SARNET.

Inom SARNET har utvecklingen av berdkningsprogrammet ASTEC (Accident
Source Term Evaluation Code) spelat en central roll. Avsikten har varit att ny
kunskap, som kommer fram i EU-samarbetet, anvénds for att ta fram forbattrade
modeller som sedan implementeras i ASTEC. Programmet har samma anvand-
ningsomrade som MAAP och MELCOR, d.v.s. simulering av haveriférlopp fran
inledande handelse till utslapp till omgivningen.

Over ett 30-tal anvandare har varit med i utvecklingen av koden ASTEC. Koden
har hittills kunnat tillampas for PWR och VVER. Det finns planer pa att utveckla
koden aven for tillampning pa BWR och CANDU.

Inom SARNET har dven forsok till harmonisering av PSA niva 2 studier pagatt
dar 17 organisationer har deltagit. Fran Sverige deltog SwedPower och Relcon pa
uppdrag av SKI och kéarnkraftsindustrin. Ett omfattande utbyte av information har
agt rum om metoder och hantering av osékerheter mellan deltagarna i PSA niva 2.

Inom SARNET har man dessutom arbetat med att identifiera, prioritera och bear-
beta aterstaende fragor som ar olosta inom svara haverier. Arbetet har uppdelats i
tre forskningsprogram: haverifenomen i reaktortanken (”Corium”), haverifeno-
men i reaktorinneslutningen (”Containment”) och ké&llterm (”Source term”). KTH
deltog i de tva forsta och Chalmers i det tredje. De resultat som har uppnatts och
som ar relevanta for svenska férhallanden redovisas i avsnitten 3.5 och 4.7.

De haverifenomen i reaktortanken som har prioriterats inom SARNET var bl.a.
vatgasproduktion vid aterflodning av dverhettat bransle, smaltans kylbarhet i reak-
tortanken/inneslutningen, tankgenomsmaltning, sméltans vaxelverkan med be-
tong, etc.
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Figur 2.2.4: Huvudkomponenterna i berakningskoden ASTEC.

De haverifenomen i reaktorinneslutningen som prioriterats inom SARNET var
vatgasbrand, angexplosioner och "Direct Containment Heating ” (DCH).

Inom omradet kéllterm behandlades a) fissionsprodukters frigorelse och transport,
b) aerosolers inverkan pa kalltermen och c) inneslutningskemins inverkan pa kall-
termen.

Vad galler spridning av kunskap om svara haverier har kurser for doktorander och
yngre forskare hallits under perioden. En textbok om svara haverier har tagits
fram och enligt planen kommer den att ges ut under 2009. Tre seminarier
(ERMSAR = European Review Meetings on Severe Accident Research) har ar-
rangerats i Frankrike, Tyskland och Bulgarien.

2.2.2. Fortsattningen av SARNET

Fortsattningen av SARNET har diskuterats under senare tid och hittills har 41
organisationer (8 universitet, 23 forskningsorganisationer, 5 kraftféretag och 5
myndigheter) fran 21 lander (18 europeiska plus USA, Kanada och Korea) anmalt
intresse. Projektet ar planerat att paga under aren 2009 — 2013 och syftet &r unge-
far som tidigare med malet att etablera ett sjalvgaende natverk. Innehallet i forsla-
get till fortsattning framgar av tabell 2.2.1 nedan.
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Infor fortsattningen har man identifierat och prioriterat nya fragor. De fragor som
fick hdg prioritet ar foljande:

Hardens kylbarhet under aterflodning och grusbaddens kylning

Smaltans konfiguration vid vaxelverkan med betong och smaltans kylbar-
het genom flodning ovanifran

Smaltans relokering i vatten och vid angexplosioner

Vatgas blandning och forbranning i reaktorinneslutningen

Oxideringens inverkan pa kallterm

Jodkemin i priméarsystemet och reaktorinneslutning

For ytterligare information om SARNET, hénvisas till natverkets hemsida:
http://www.sar-net.org/.

Tabell 2.2.1: Innehallet i forslag till fortsattning av SARNET som planeras att
paga under aren 2009-2011.

WPs Sub WPs Full titles Short titles Leader Country
WP1 Management MANAG IRSN (T. Albiol) France
WP1-1 COORdination, Administration and Budget COOR IRSN (T. Albiol) France|
WP1-2 Integration Assessment| 1A IRSN (T. Albiol) France|
WP1-3 Severe Accident Research Priorities SARP GRS (B. Schwinges) Germany|
WP2 Spreading of Excellence SE KTH (B. R. Sehqgal) Sweden
WP2-1 Education and Training ET UNIPI (S. Paci) Italy|
wp2-2 ERMSAR conferences| ERMSAR| Hosting Partners
WP2-3 MOBIlity programme MOB KTH (B. R. Sehgal) Sweden
WP3 Information Systems IS GRS (D. Beraha) Germany
WP3-1 WEB site| WEB,| GRS (D. Beraha) Germany|
WP3-2 Advanced Commuinication Tool ACT] GRS (D. Beraha) Germany|
WP3-3 Experimental Database] ED JRC/IE (to be confirmed)||  Netherlands ?
\WP4 ASTEC IASTEC IRSN (J.-P. Van Dorsselaere) France
WP4-1 Users' Support, Training and Integration USTI IRSN (J.-P. Van Dorsselaere) France,
WP4-2 ASTEC Code ASsessment| ACAS] IRSN (J.-P. Van Dorsselaere) France|
WP4-3 ASTEC Model EXtension AMEX GRS (W. Luther) Germany|
\WP5 Corium and debris COOLability COOoL FZK (W. Tromm) Germany
WP5-1 Reflooding and Coolability of a degraded core, RefCool PSI (J. Birchley) Switzerland
WP5-2 Remelting of debris, Melt Pool Formation and coolabilit MPF| KTH (W. Ma) Sweden
WP5-3 EX-vessel debris formation and COOLabilit: EXCOOL| USTUTT-IKE (M. Biirger) Germany|
WP5-4 bringing research results into Reactor Application| COOL-RA| IVS (P. Matejovic) Slovakia|
WP6 Molten Corium Concrete Interaction MCCI CEA (C. Journeau) France
WP6-1 effect of the concrete nature on 2D Ablation Profiles| AbProf IRSN (M. Cranga) France,
WP6-2 role of Metallic Layer on the MCCI MetLay| FZK (J. Foit) Germany|
WP6-3 efficiency of Late Water Cooling LWC| KTH (W. Ma) Sweden
WP6-4 bringing research results into Reactor Application| MCCI-RA| INRNE (P. Groudev) Bulgarial
WP7 ICONTainment ICONT JSI (1. Klienak) Slovenia
WP7-1 ex-vessel Fuel Coolant Interaction ECI IRSN (R. Meignen) France|
WP7-2 Hydrogen mixing and combustion in containment H2| GRS (H.-J. Allelein) Germany|
WP7-3 bringing research results into Reactor Application CONT-RA| Jilich (E.-A. Reinecke) Germany|
WP8 Source Term ST PSI (T. Haste) Switzerland
WP8-1 OXidizing impact on source term OX VTT (A. Auvinen) Finland
WP8-2 10Dine chemistry in RCS and in containment 10D IRSN (N. Girault) France|
WP8-3 bringing research results into Reactor Application, ST-RA CIEMAT (L. Herranz) Spain

2.3 PHEBUS — Experiment med hardsmaltor

Vid ett svart reaktorhaveri avges gaser, angor och gasburna partiklar (aerosoler).
En liten del av dessa &mnen &r radioaktiva och har stor betydelse for de radiolo-
giska konsekvenserna vid ett eventuellt utslapp till omgivningen. PHEBUS-FP ar
ett experimentprogram dar man studerar dels hardsmaltans beteende vid ett anta-
get reaktorhaveri, dels hur fissionsprodukter frigors fran en 6verhettad reaktorhard
och deponeras i reaktorns priméarsystem och dess inneslutning. Avsikten var ur-
sprungligen att utfora sex férsok med hardsmaltning i en nedskalad (ca 1:5000),
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men komplett, tryckvattenreaktor forsedd med prototypiskt k&rnbrénsle. Experi-
menten skulle utforas pa sadant satt att man skulle kunna anvanda resultaten for
att verifiera olika berékningskoder samt undersdka om tidigare okanda (eller for-
summade) fenomen upptréader i ett komplett system.

Programmet leds av franska IRSN (Institut de Radioprotection et de Sdrité Nuclé-
aire) och experimenten har genomférts i PHEBUS-reaktorn i Cadarache. Den
storsta finansidren var ursprungligen EDF (Electricité de France), som bidrog med
ca 60% av budgeten. Inom EU finns ett omfattande stodprogram for projektet dar
ett flertal forskningscentra &r engagerade. Dessa organisationer deltar &ven med
utvardering av forskningsresultat. Programmet stods aven av USA, Japan, Kana-
da, Korea och Schweiz. Ar 2000 hoppade tyvarr EDF av programmet, vilket med-
fort en langvarig ekonomisk kris.

N&r PHEBUS-programmet startade fick Sverige erbjudande om att vara med till
en kostnad av ca 6 miljoner FF/ar, men tackade nej av ekonomiska skél. | och
med medlemskapet i EU, har Sverige kunnat medverka och far (liksom alla andra
EU-lander) full tillgang till resultaten.

Programmet omfattade ursprungligen sex experiment vilka betecknas FPTO-5,
(FPT = Fission Product Test), se tabell 2.3.1. FPTO, FPT1, FPT4, FPT2 och FPT3
genomfdrdes under aren 1993, 1996, 1999, 2000 och 2004, medan det 5:e experi-
mentet stroks. Ursprungligen planerade man att utfora ett experiment per ar. Det
visade sig dock snart att nedmontering och dekontaminering efter varje experi-
ment, samt uppsattning av utrustningen for nasta experiment, var svarare och mer
tidskravande &n man antagit. Kraven pa sakerhet, arbetsmiljo och stralskydd har
dessutom hojts fran ar till ar. Kostnaderna for de fem experiment som utforts upp-
skattas till drygt 2 miljarder kronor. Frankrike star for 60 procent och EU for 25
procent. Resten fordelas mellan de andra deltagande landerna. For att orientera
lasaren om programmet i sin helhet sammanfattas testmatrisen | foljande tabell.

Tabell 2.3.1: Aktuell testmatris for utférda PHEBUS-experiment.

Experiment Typ av bransle Bransle Primérkrets  Inneslutning
FPTO Farskt branslei  Smaltning <20% FP retentioni  Aerosol-
Ar 1993 oxiderande milj6  Bransle- primarkrets. fenomen

degradering AGmedhet  Jodkemi vid pH
sekundérsida. 5

FPT1 Anvént brénslei  Som FPT-0 Som FPTO Som FPTO

Ar 1996 oxiderande miljo

FPT4 "Debris bed” Total Ingen (filter) Ingen

Ar 1999 nedsmaltning

FPT2 Anvant brénslei  Som FPT-0In-  Som FPTO Som FPTO men

Ar 2000 reducerande miljo  sprutning av med pH 9

borsyra

FPT3 Anvant bransle Max ca 1 kg Som FPTO Som FPTO men

Ar 2004 med styrstavs- relokerat med pH 9 och
material av B4C brénsle rekombinatorer
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2.3.1. Experimentuppstallning

En forenklad skiss av PHEBUS-uppstallningen visas i figur 2.3.1. Anldggningen
bestar i huvudsak av en drivande kérnreaktor, en testsektion, en anslutande yttre
krets, en inneslutningstank, samt en avlastningstank. Den drivande reaktorn an-
vands forst for att aterskapa kortlivade klyvningsprodukter i branslet under normal
kylning vid full effekt, samt darefter for att upphetta den nu okylda testsektionen
tills dess att bréanslet i den relokerar och smalter. Testsektionen bestar av ett bréns-
leknippe omgivet av ett keramiskt sékerhetsholje av toriumdioxid (innerst) och
zirkoniumdioxid (ytterst). Ett typiskt bransleknippe bestar av ca 18 branslestavar
och en central styrstav i en axiellt rotationssymmetrisk geometri. Den yttre kretsen
skall simulera en del av primarkretsen hos en PWR med varma benet och angge-
nerator, samt reaktorinneslutning.

Angogenerator H_,.r-""'_'_""x,‘&

— i

Inneslutning Filter

Avlastnings-
tank

Kylkrets ot

Drivande
reaktor

Provknippe HL&L_l__._,_JJ-‘j

/ Wylkrets fir testzektion

Testzektion

Figur 2.3.1. En forenklad skiss av PHEBUS-anlaggningen med drivande reaktor,
testsektion och en simulerad PWR-krets med anggenerator och inneslutning (an-
laggningen nedskalad 1:5000).

Ett experiment borjar med att det kylda testknippet bestralas med hogt neutronflo-
de under nagra veckor for att uppna jamviktshalter av mera kortlivade radio-
nuklider. Det egentliga experimentet startas sedan genom att det utgaende kyl-
flodet fran testkanalen omlankas till den simulerade PWR-kretsen, ingaende kyl-
flode stryps samtidigt som reaktoreffekten sanks kraftigt. Reaktoreffekten tkas
sedan ater i steg tills provknippet borjar relokera eller smalta. Experimentet stop-
pas genom att reaktorn slas av och knippet kyls med inert gas. Detta gors av bade
praktiska och sakerhetsméassiga skal eftersom provet kan forstoras vid aterflod-
ning med vatten. Man vill vidare inte ha for mycket smélta eftersom detta skulle
kunna leda till en reaktion mellan smélta och skyddshélje eller ett drénage av
smadlta till den nedersta delen av testsektionen.

Mojligheten att fOlja experiment under sjalva utforandet med direkta obser-
vationer och méatningar &r ytterst begransad. Temperaturen i bransleknippet blir sa
hog att stora delar av instrumenteringen i detta smélter, forangas eller reagerar
kemiskt med ndrvarande gaser. Eftersom skyddsholjet &r termiskt kopplat till
bransleknippet, kan man genom att méta temperaturen pa olika stallen i holjet fa
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indirekt information om temperaturen i knippet. Genom tvadimensionella berak-
ningar faststalls i forvag vilka uppmatta temperaturer pa olika platser i skyddshol-
jet som motsvarar dnskade temperaturer i brénsleknippet och vilka métvarden som
skall leda till reaktoravstangning. Dessutom finns speciella métdon i skyddshéljet
som skall reagera pa eventuell sméltning av holjets inre del och utlésa omedelbar
reaktoravstangning.

I anslutning till vissa stallen pa provkretsen utanfor reaktorn finns gammadetekto-
rer monterade som ser ett litet omrade av kretsen genom langa kollimatorer. Ana-
lys av det gammaspektrum som registreras av respektive detektor ger information
om hur mangden radioaktiva amnen varierar i det omrade som detektorn “ser".
Normalt bildar man aven differenser mellan matningar dar vaggar med eventuellt
deponerat material ingar i olika utstrackning. Ur dessa skillnader kan dels mang-
den deponerat pa vaggen och dels méangden i den av vaggarna inneslutna volymen
uppskattas.

Forutom temperaturméatningar och gammaspektroskopi erhalls de flesta resultaten
fran experimenten genom analys av tagna stickprover och genom olika typer av
undersdkningar som gors i efterhand. Ultraljudtermometrar med matkroppar av
sintrad toriumoxid (smaltpunkt ca 3220°C) monterade i branslet har anvants i de
senare experimenten for att utoka matomradet. Speciellt studeras tagna gas- och
aerosolprov, deponering av material pa olika ytor, sammansattning av vattenlos-
ningen i sumpen och aterstoden av bréansleknippet, se figur 2.3.2.

Figur 2.3.2. Tomografiskt tvarsnitt genombranslekanalen efter de olika experi-
menten. Tathetem har askadliggjorts med hjalp av en fargskala, som tyvarr and-
rats for FPT3. | samtliga fall ser man hur en betydande méngd bransle relokerat
till branslekanalens botten vilket lett till bildning av 6verliggande halrum.

Experimenten motsvarar ndrmast haverier med utebliven reaktoravstangning ef-
tersom kortlivade fissionsprodukter nybildas i stigande fart under hela férloppet
fram till reaktorstopp. Under t.ex. FPT3 6kades effekten hos den drivande reak-
torn fran ca 0.38 MW, nar de forsta kapslingsbrotten observerades, upp till ca
4.6 MW vid experimentets slut. | stora drag foljer n-flodet genom bransleknippet
denna effekt och dérigenom stiger &ven fissionraten kraftigt. Detta b6r man ha i
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atanke vid jamforelse av resultaten fran PHEBUS med verkliga tankbara reaktor-
haverier. | de flesta tdnkbara haverifall ar det ju resteffekten som leder till upp-
varmning medan fissionsraten &r lag.

I samtliga fall har utforliga beréakningar genomforts med olika koder for att i for-
vag prediktera de kommande resultaten. Efter genomforda forsok har avvikelserna
mellan beraknade och erhallna data analyserats. Dessutom har ett antal nya berak-
ningar genomforts efter experimenten, dar de exakta forsoksbetingelserna anvénts
som ingangsdata. Observerade avvikelser mellan data fran experimenten och be-
rékningarna har i stor utstrdckning anvants for att utveckla battre modeller eller
for att finna battre varden pa justerbara parametrar i modellerna. Uppenbarligen
har PHEBUS haft en stor betydelse for forbattring av berdkningsmetoderna och
for belysning av olika koders styrkor och svagheter. I och med detta finns tyvéarr
nu en viss osakerhet om koderna, samt deras modeller och parametervarden,
trimmats for kraftigt med hansyn till specifika fenomen i PHEBUS-anléggningen.
Detta skulle kunna medfora att de inte ger lika goda berékningsresultat vid till-
lampning pa verkliga svara haverier.

2.3.2. Experiment FPT3

Under hosten 2004 genomfordes det sista stora experimentet, FPT3. Ett betydande
antal observatorer inbjods som kunde folja genomforandet via bildskarmar i ett
stort talt som rests ndra PHEBUS-anldggningen.

Syftet med FPT3 var huvudsakligen att studera hur kalltermen paverkas av bor-
karbid (B4C) i den simulerade styrstaven. Kvoten rostfritt/B,C har valts till ca 3
vilket &r representativt for franska PWR med B,4-stavar men mindre representativt
for BWR.

Man har tidigare observerat bildning av koloxid, koldioxid och metan, vilket kan
medfora en 6kad bildning av organiska jodider (t.ex. metyljodid). Av denna an-
ledning valde man att ha ett hogt pH i sumpens vatten sa att halten elementér jod i
inneslutningens atmosfar skulle hallas relativt lag. Gasformig jod i inneslutningen
forvantades da vara dominerad av organiska jodider, vilket ansags underlatta ana-
lyserna.

Tyvarrr misslyckades ingjutningen av bransleaterstoden i Woods metall eftersom
denna stelnade for snabbt och darigenom blockerade vidare tillforsel. Harigenom
uteslots det normala forfarandet dar ingjuten bréansleaterstod snittas till skivor for
vidare undersokning. For att anda erhdlla sa bra information som majligt om ater-
stoden flyttades provkanalen med innehall fran PHEBUS-anlaggningen till en het
cell vid CEA:s anlaggningar i Caradache. Dér har nu kanalen snittats pa ett antal
stallen. Tyvarr har innehallet relokerats i betydande omfattning genom oundvikli-
ga lageséndringar och vibrationer under transporten varfor ursprunglig position
for uttagna prov ar osaker. D& aktuell het cell vid ITU® & under renovering kan
dessa prov troligen undersokas i detalj forst under ar 2012.

5 ITU (Institute for TransUranium elements) &r ett europiskt forskningscentrum. For ytterligare in-
formation hénvisas till http://itu.jrc.cec.eu.int.
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I Ovrigt har nastan all matutrustning fungerat som avsett under och efter FPT3.
Matdata visar att transporten av jod fran branslet till inneslutningen var mycket
storre &n under motsvarande experiment med silver/indium/kadmium-Ilegering
(AgInCd) i styrstaven, FPT2. Orsaken till detta ar &nnu ej helt klarlagd. Trots den
stdrre mangden instrommande jod sjonk jodhalten i inneslutningen efter reaktor-
stopp snabbt till ett 1agt varde, som ar av samma storleksordning som det som
observerats i FPT2. Mgjliga forklaringar till detta beteende soks vid de experi-
ment som nu genomfors inom ISTP-projektet, se avsnitt 2.3.4 nedan.

2.3.3. Slutsatser av PHEBUS-programmet

PHEBUS-projektet adresserar flera fragestallningar som ocksa ar aktuella fran
svenskt hall. Man bér forsta att inget PHEBUS-experiment ar en exakt kopia av
nagot haveri i en verklig anlaggning. Data fran dessa experiment bor darfor i for-
sta hand anvéndas for utveckling och validering av olika modeller och koder.

Det &r mycket troligt att ytterligare undersokningar och experiment kommer att
erfordras for att slutligen kunna dra definitiva och konkreta slutsatser fran forso-
ken inom PHEBUS-projektet.

Nar det géller sluttillstandet hos det nedsmalta bransleknippet sa uppvisar forso-
ken relativt stora likheter. Bransleknippets upptréadande, inklusive vétgasbildning-
en, ar kanske det som idag kan modelleras bast. FPT3-knippets sluttillstand avvi-
ker dock en hel del fran predikterad konfiguration, vilket tolkas som en effekt av
narvarande borkarbid. En jamforelse mellan materialférdelningarna i aterstoden
av knippena visas i figur 2.3.2. Observera att knippet fran FPT3 uppvisar tva sepa-
rata halrum ovanfor varandra, vilket inte framgar helt tydligt av figuren. Prelimi-
nart tolkas detta som en effekt av borkarbiden.

Redan de forsta experimenten pekade pa den stora betydelsen av kemiska proces-
ser och forlopp, som dven &r relevanta for svenska verk. Vi star har infor ett para-
digmskifte. | fallet jod och cesium kan man dra den forsiktiga slutsatsen att deras
kemiska form paverkas av branslets medelutbranning och av typen av styrstavar.
En betydande del av cesiet verkar bindas till nagon annan klyvningsprodukt — en
gissning &r att det & molybden. Harigenom minskas mojligheten att bilda cesium-
jodid. Styrstavar med AglnCd-legering tycks leda till att huvuddelen av jod binds
som silverjodid — bade i aerosolform och i sumpvattnet. | samtliga experiment dar
totalhalten av jod métts i inneslutningens atmosfar har denna hela tiden varit lag —
typiskt under 0.3 % av hardinventariet. Tyvarr saknas dnnu data pa jods upptra-
dande i inneslutningen vid ett experiment utan silver. FPT4 saknade visserligen
silver men saknade ocksa inneslutning. Nar alla analyserna fran FPT3 — som ju
hade inneslutning, men saknade silverhaltiga styrstavar — ar klara om nagra ar kan
man kanske dra mer generella slutsatser.

Framtagande och publicering av rapporter med tolkning av resultaten fran de olika
experimenten har varit forenat med stora fordrgjningar. Framtagande av den for-
sta, och hittills enda fardiga, tolkningsrapporten (for FPT0) tog omkring 10 ar.

Samtliga koder har haft patagliga svarigheter nar det géller att forutsaga jodspe-
cieringen och jodhalten i inneslutningens atmosfar som funktion av tiden. De &r
dessutom mycket daliga pa att modellera effekten av styrstavar och deras degra-
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dering. Sarskilt skillnaden i jodtransport mellan FPT2 (lag transport, 0.6 % av
IBI®) och FPT3 (mer 4n 100x storre transport, 85 % av I1BI) genom systemet till
inneslutningen saknar en fullstandig forklaring. | fallet BWR ar detta extra viktigt
att forsta. De olika berdkningsverktyg som anvands for svenska verk bor darfor i
maéjligaste man valideras mot resultaten fran experimenten i PHEBUS och mot
nya data fran ISTP, se avsnitt 2.3.4. Har behdvs troligen ocksa en vidareutveck-
ling av de koder som anvénds i Sverige, t.ex. MAAP. Det ar darfor viktigt att man
aven i fortsattningen medverkar i analysarbetet fran svenskt hall.

2.3.4. Det internationella kalltermsprojektet

Da man annu inte natt en fullgod forstaelse av alla orsakerna till observerade fe-
nomen i PHEBUS-experimenten och for att forsoka behalla kritisk kompetens
efter projektets avslutande, beslutades att starta ett uppfdljande projekt, ISTP (In-
ternational Source Term Project), ibland &ven kallat ”Source Term Separate Ef-
fects Programme”

Detta program berdknas minst I6pa mellan 2005 och 2010 med en total budget pa
ca 30 miljoner euro. Eftersom en mindre del av finansieringen kommer fran EU
kan Sverige ta del av resultaten medan programmet pagar. De méten inom ISTP
dar erhallna resultat presenteras samordnas tills vidare med fortsatta moten inom
PHEBUS-projektet. Starten av ISTP har varit ganska langsam, med manga forse-
ningar, varfor projektet med stor sannolikhet kommer att fortsatta annu nagon tid
efter 2010. Det ar uppenbart att materialet som presenteras vid ISTP:s mdten
kommer att 6ka med tiden medan motsatsen galler for PHEBUS.

ISTP &r nu i huvudsak uppdelat i féljande fyra delprojekt.

1. Jods upptréddande i reaktorns kylsystem och inneslutning
2. Inverkan av borkarbid pa utvecklingen av svara haverier
3. Situationer med luftinflode

4. Avgivning av klyvningsprodukter fran branslet

Inom delplrojekt 1 pagar i huvudsak foljande: a) jodkemi i kylsystemet (RCS), b)
jodkemi i inneslutningen och c) jodkemi i inneslutningen. Delprojekt 2 ska be-
handla inverkan av B4C pa degradering av branslepinnar. Inom delprojekt 3 sker
foljande: a) oxidering av kapsling i luft och b) frigtrelse och transport av ruteni-
umoxider. Experimenten inom delprojekt 4 utfors ej vid IRSN:s anlaggningar

De flesta delprojekten ar &nnu i sin linda eftersom tillverkning, installation och
verifiering av ny utrustning fortfarande pagar till betydande del. | samtliga fall
avser man att anvénda resultaten till modellutveckling och/eller verifiering av
enskilda moduler i program for simulering av svara haverier.

For att rada IRSN infor ISTP:s fortséttning bildades i borjan av 2008 en “Source
Term Scientific Programme Committee” med &ldre forskare genom personliga
inbjudningar fran IRSN. Gruppen har haft ett férsta sammantrade 21-22 oktober
2008. | gruppen ingar tva representanter med svensk anknytning, B. R. Sehgal och

® 1BI = Initial Bundle Inventory, dvs totalt initialt innehall i bransleknippet.
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J-O. Liljenzin. Ett dokument med gruppens gemensamma rekommendationer och
slutsatser har avlamnats till IRSN.

2.4 MASCA 2 — Experiment med hardsmaéltor i reaktortank

2.4.1. Introduction

The OECD sponsored projects at their conclusion, traditionally hold a seminar,
whose purpose is to disseminate the results obtained during the course of the Pro-
ject. The MASCA-2 (MAterial SCAling phase 2) Project concluded in 2006 and
the MASCA-2 Seminar was held on 11-12 October 2007.

The MASCA-2 Project is a successor of the MASCA-1 Project. The MASCA-1
Project also held a Seminar in 10-11 June 2004 to disseminate the results obtained
in that Project, which were reported in the APRI-5 Seminar. The MASCA-2 Pro-
ject was projected to be succeeded by another Project named CORTRAN (CORi-
umTRANSsient), which has not yet started due to financing problems.

The in-vessel retention methodology and experimental programs that were devel-
oped to design and qualify the in-vessel retention accident management strategy
for the Loviisa, AP-600 and AP-1000 plants did not consider the chemical reac-
tions that can occur between the various constituents of corium melt pool during
its convection in the vessel lower head. The RASPLAV Project observed stratifi-
cation of the melt pool, which could result in the re-distribution of the heat flux
that would be incident from the melt pool on the vessel wall.

The MASCA-1 Project was initiated to provide data on the chemical reactions
between the various constituents of the melt pool. It was found that the melt strati-
fication observed in the RASPLAV experiment No.1 was due to the formation of
Zirconium Carbide due to the presence of ~0.3% carbon in the melt pool. The
MASCA-1 Project established that the addition of steel to the corium pool (UO,-
Zr O,-Zr) could also lead to a stratification which could have large implications
for the heat flux imposed on the vessel wall.

The MASCA-2 Project was started to obtain further data on the melt stratification
due to the presence of steel in an inert atmosphere. It was observed that the addi-
tion of steel may result in the formation of an alloy formed with some of the steel
with Uranium, which is extracted from UO,. This alloy being heavier than corium
could settle at the bottom of the pool. Later experiments employed the prototypic
atmosphere of steam. It was observed that the addition of the steam, however,
reversed the bottom stratification of the steel-Uranium alloy, since the presence of
oxygen formed UO, from Uranium and released the steel, which proceeded to
move to the top of corium pool, since it is lighter than corium. The reversal of the
bottom stratification took some time, since it depends upon the diffusion of oxy-
gen from the steam atmosphere through the corium pool to the steel-uranium layer
at the bottom.

The last experiments of MASCA-2 lead to a conclusion that the chemical reac-
tions and the resultant pool stratification are time dependent processes and further
experiments should be performed to determine the key elements of such transient

SSM 2009:25 27(118)



APRI 6 — Forskningsprogram inom omradet svara haverier

processes. A proposal for continuation of such investigations was drafted as the
CORTRAN Project.

A projected scenario of the effect of the pool stratification may be as follows:

The addition of steel due to the melting of the structure in the lower head or that
of the melting of the core plate may establish a thick enough steel layer on top of
the corium melt pool so that the focussed head flux is lower than the critical heat
flux (CHF) due to the cooling of the vessel with water-flooding of the BWR dry
well or the PWR containment cavity. However, if some of the steel moves to the
bottom making the upper steel layer thinner so that the focussed heat flux in-
creases to values above the CHF, it may start the melting of the vessel wall in
contact with the steel layer. If the reversal of the bottom stratification of the steel
takes a long time, there is the hazard of the vessel melt-failure. However, if the
reversal of stratification takes place quickly, the value of focussed heat flux would
again be less than the CHF and the vessel integrity will be maintained.

The above scenario consideration was quantified by an analysis by the French
contributors to the Seminar to point out the necessity of obtaining data with the
CORTRAN Project. Clearly, the transient analysis methodology, which couples
the thermal hydraulics of the pool with the chemistry between the corium con-
stituents is needed. Work on the coupling has been started in IRSN and CEA in
France. It would be very beneficial if such a methodology and code is completed
and the CORTRAN experimental program started in order to obtain a validated
analysis method for the behaviour of corium in the lower head during the in-
vessel progression of the severe accident. The objective, of course, is to determine
if the in-vessel retention accident management strategy can be successful when
the vessel is cooled from outside.

2.4.2. Significance of the RASPLAV, MASCA and the CORTRAN Projects for
Sweden

The RASPLAV and MASCA Projects are of direct interest to the PWR reactors
installed in Sweden since they plan to employ cavity flooding, as prescribed by
the Westinghouse Accident Management Guidelines. Although the cavity flood-
ing is much too slow and the lower head contains several penetrations, thereby,
in-vessel retention may not be possible for a full (bounding) core melt, however a
partial core melt could be contained within the vessel if the vessel is cooled from
outside.

The Swedish BWRs do not employ cooling of the vessel from outside, however,
they have much steel due to the presence of the control rod guide tubes (CRGTS).
They also contain carbon due to melting of the B,C of the control rods. Thus, the
behaviour of the corium in the lower head and the effects of the chemical interac-
tion between the various constituents of the lower head are important to determine
the pool configuration and the heat fluxes that can be imposed on the vessel wall
and on the control rod guide tubes. The possibility of maintaining water flow in
the CRGTSs to cool the melt in situ also requires knowledge of the process of co-
rium pool formation and its stratifications, therefore, of the chemical reactions
that may occur between the constituents of the melt in the lower head.
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2.5 MCCI 2 — Véaxelverkan mellan hardsmalta och betong

2.5.1. Background

Ex-vessel debris coolability is an important light water reactor (LWR) safety is-
sue. For existing plants, resolution of this issue will confirm the technical basis
for severe accident management guidelines. The current OECD- MCCI” program
is conducting reactor material experiments. Debris cooling mechanisms investi-
gated in the current program include: i) water ingression through cracks/fissures
in the core debris, ii) melt eruption caused by gas sparging (volcanic-type event),
and iii) large-scale crust mechanical failure leading to renewed bulk cooling.

A total of seven Small-Scale Water Ingression and Crust Strength (SSWICS)
tests, two large-scale 2-D Core-Concrete Interaction (CCI) tests, and one Melt
Eruption Test (MET-1) have been carried out in the current program. The
SSWICS tests have shown that water ingression can augment the debris cooling
rate at the early stage of the core-concrete interaction, but the effectiveness of this
cooling mechanism diminishes at the late stage. Post-test crust strength measure-
ments in the SSWICS series as well as in-situ strength testing in the CCI series
have shown that crusts formed at the melt-water interface are weak. Thus, a float-
ing crust boundary condition is the expected state at plant. Furthermore, crust
breach in the large-scale CCI tests has been found to cause a significant transient
increase in the debris cooling rate thus augmenting long-term cooling.

The results to date provide an envelope (principally determined by the melt depth)
for debris coolability. However, this envelope does not encompass the full range
of melt depths that are calculated for some plant accident sequences. Cooling
augmentation by additional means may be needed at the late stage to assure
coolability for new reactor designs as well as for various accident sequences for
existing reactors.

Finally, the results of two-dimensional CCI tests have shown that radial erosion is
a key element of the overall cavity erosion process. However, the current pro-
gram produced very limited data sets for code assessment. In light of significant
differences in ablation behavior for different concrete types, additional data will
be useful in reducing uncertainties and gaining confidence in code predictions.

The MCCI-2 Project is a continuation of the MCCI-1 Project and the objectives
are the same, i.e. perform experiments to develop sufficient experimental informa-
tion about the corium melt coolability processes so that mathematical models
could be developed for each of the coolability processes. These models, on inte-
gration in a code could provide the means to assess whether a corium melt pool
formed on the concrete basemat in the containment of a LWR can be cooled if it is
flooded by water at its top surface.

The MCCI-1 Project performed several experiments in the SWICCS facility to
understand, and get data on, the corium coolability process of water ingression in
the melt pool. It was found that as more concrete is added into the corium (UO,-
Zr Oy), the water ingression rate decreases. A correlation was developed on the

7 MCCI — Melt Corium Concrete Interaction
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effects of the addition of concrete products, from the experiments conducted and
it has been incorporated in the model employed in the CORQUENCH Code.

The strength of the crust obtained in each of the water ingression tests was meas-
ured after the test was completed. In addition, the strength of the crust was meas-
ured at elevated temperatures (during the larger scale tests). These data were also
correlated and a model for crust strength has been incorporated in the
CORQUENCH code.

The MCCI-1 project also performed a number of tests on the corium concrete in-
teraction. The intent here was to obtain data on the two-dimensional ablation of
concrete. The two concretes employed were: (i) the lime stone common-sand
(LCS) and (ii) the siliceous. It was found in the tests that the ablation rate of the
lime stone common-sand concrete was quite uniform spatially, i.e. the radial abla-
tion and the axial ablation rates were about equal. The radial ablation rate for the
siliceous concrete, on the other hand, was found to be much greater (factor of 3)
than the axial ablation rate. This latter observation was confirmed also in the tests
conducted on siliceous concrete in the Vulcano facility in Cadarache.

The dry concrete ablation tests were flooded with water near when the allowed
ablation depth was about to be reached, in order to observe whether the corium
could be cooled. It was found that, in general, the corium melt could not be cooled
and the concrete ablation continued, albeit, at a slow rate. In one case, the corium
was cooled, which however, could not be explained. Perhaps, water came in
through a large crack at the side boundary between corium melt and the concrete.

2.5.2. Work Scope for the MCCI-2 Project

The MCCI-2 Project is a continuation of the MCCI-1 Project, with tests, which
explore the remaining components of the coolability modelling.

The MCCI-1 and -2 projects are a successor of several experimental projects at
Argonne National Laboratory (ANL), which have been conducted since 1989.
That the corium coolability issue is not an easy one to resolve is clear from the
length of this sustained research effort. That the experimental research on coola-
bility is still being funded by a consortium of countries testifies to the importance
of the coolability issue for the public and regulatory aspects of LWR Safety.
Without achieving the coolability of the corium discharged to the containment, in
the event of a severe accident resulting in vessel failure, the plant operator can not
assure the public that the severe accident has been stabilized and will be termi-
nated soon with no potential for a large release of radioactivity to the environ-
ment. Thus, it is vitally important to assess whether the melt discharged to the
containment in a large core-melt accident can be cooled or not.

Thus, the SWICCS-8 test was intended to obtain data on the water ingression in
the presence of the gas flow, which is generated by the concrete ablation in the
prototypic accident. There are tests scheduled to, (1) understand the reasons for
the different ablation behaviour of the LCS and the siliceous concrete, (2) deter-
mine the ablation and the coolability with metal melt included in the oxide corium
melt, (3) explore innovative ways to enhance the coolability of corium melt (4)
explore ways to enhance the coolability in an integral manner in which all the
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coolability mechanisms are active and (5) develop models for all the coolability
processes in the CORQUENCH code and validate them against the data obtained
in the various MCCI tests conducted over the years at ANL and at other laborato-
ries, e.g. in France, USA, Germany, Russia, etc.

The various tests have been classified into 4 categories. Category 1 tests are the
tests performed in the SWICCS for investigating water ingression in different
situations. Category 2 tests are for exploration of innovative ways to enhance the
coolability of corium melts. Category 3 tests are primarily for the investigation of
dry corium-concrete interaction, except that near the end of the test water is added
on top to determine if the melt can be cooled. This is also representative of a late
accident management action of adding water. It also measures the long term slow
ablation of concrete. The category 4 tests are of integral nature with early addition
of water. One large scale test is planned and the objective is to obtain data to vali-
date codes. Category 5 is the development of models for the corium concrete in-
teraction processes and incorporating them in the MCCI codes, e.g. WECHSEL
and CORCON (MELCOR) and the development of models for the various coola-
bility mechanisms and incorporating them in the COREQUENCH code.

2.5.3. Tests Performed and Preliminary Results Obtained

The MCCI-2 Project is still in a preliminary state since some tests have been per-
formed and some results have been obtained, however, no definitive conclusions
have been reached.

Category 1 tests have been performed in the SWICCS facility. Ingots with large
diameter/depth ratio were generated in the tests for strength testing. It was found
that the data obtained on the strength was quite similar to that obtained for the
ingots with smaller diameter/depth ratio. In both cases the crust strength is quite
low, i.e. the crust could break with the loading of the water added from top.

The SWICCS-8 test modelled coolability of a melt pool in which gas (from con-
crete ablation) is added from the bottom. The objective is to measure the effect of
gas injection on the rate of water ingression. The SWICCS-8 test showed that
there was no effect of the gas injection on the rate of water ingression. This was a
surprising result and it was determined from post-test examination that in the ex-
periment the gas had bypassed the melt pool. Another test is being prepared with
careful sealing so that the gas bypass does not occur.

Two corium concrete interaction (CCI) category 3 tests, the CCI-4 and CCI-5
have been performed. The CCI-4 contained more metal than earlier tests to repre-
sent a BWR corium melt. This test was flooded with water after the specified con-
crete ablation depth was reached. Coolability was not achieved as in the earlier
tests performed in the MCCI-1 Project (except for one in which water came in
from the side and cooled the melt). The CCI-5 test was designed as a large aspect
ratio (span/depth) test. This test has just been performed and the data is being
evaluated. It was not possible to add water at the end, since it was feared that the
pressurization of the test section could be greater than its design pressure.
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2.5.4. Test in Various Stages of Planning

The Category-2 Tests

Some category-2 tests are being planned. These tests are the controversial tests.
The objective of these innovative tests is to enhance the coolability of melt pool
by employing different coolability mechanisms. Clearly, just adding water on top
of the melt pool has been unable to achieve melt coolability and the ablation of
the concrete basemat continues.

A decision was made to conduct a SWICCS experiment with water injection at
four different points at the bottom of the test section at different pressures. The
minimum water pressure employed would be equal to the static head of the melt,
the maximum would be that plus <0.2 bars.

The design of the EPR type category 2 experiment was presented. This is a 50 x
50 cm heated experiment with ~400 kg melt in a one dimensional test section (all
inert walls) with a sacrificial concrete layer above the water cooled channels. Five
parallel channels are proposed in the design. The power input in the melt is
80 kW. The water ingression should proceed, however, if it stops, then the input
power is greater than the dry out power. The next procedure would be to decrease
the power level in steps of 10 KW at ~15 minute intervals, until the power input
starts to decrease at constant voltage. This would provide the dry out limit for the
melt. Water ingression should restart at a power level below the dry-out power
level. The test would be terminated if, and when, the melt temperature at the bot-
tom reaches the water saturation temperature. This test is under preparation.

The Category-4 Test

The Category 4 tests were supposed to be integral tests to provide data to test the
code predictions. The proposal from ANL is to perform one test at the scale of 75
X 75 cm in a 2-D concrete test section employing approximately 100 kg of melt.
The melt height would be ~25 cm. The test would differ from the CCI tests in that
there will be early immediate flooding of the melt with water as soon as the melt
starts interacting with the 2D concrete basemat.

The proposed Category 4 test is like CCI tests, except that water is added immedi-
ately after the ablation starts. Most of the 2-D CCI tests did not cool down, when
water was added after about 30 cm of concrete was ablated from the base and
sidewalls.

2.5.5. Modelling Activities

The code CORQUENCH is being improved at ANL. The modelling of the water
ingression process is being upgraded by adding the correlation developed in the
MCCI-1 Project for the effect of concrete addition. The melt eruption modelling is
being improved by adding first order phenomenological models. The crust
strength model is being prepared and the anchoring model has been incorporated.
The integrated analysis capability is being tested. Some other minor fixes have
also been made.

University of Wisconsin, is incorporating two-phase flow effects in the modelling
of melt eruptions. The difficulty in modelling is in determining the flow area in
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the crust for the eruption flow and in determining the entrainment coefficient for
the melt in the gas that is going through the cracks (holes) in the crust. The model
development is proceeding.

2.6 SERENA — Angexplosioner i reaktorinneslutningen

2.6.1. Bakgrund

Under januari 2002 startades ett OECD/NEA-projekt kallat SERENA — Steam
Explosion REsolution for Nuclear Applications. Sverige har inte deltagit i den
forsta fasen av projektet. Anledning till detta var att projektets huvudsakliga syfte
var att genomfora angexplosionsberakningar for olika reaktorsituationer och Sve-
rige saknade berakningsverktyg for detta andamal.

Det 6vergripande malet med SERENA har varit att fa en tillrackligt bra forstaelse
for angexplosioner for att kunna gora riskbedomningar av reaktoranlaggningar.
Projektet hade féljande fyra specifika delmal:

e Att utvardera formagan hos ett flertal angexplosionskoder att prediktera
explosionsbelastningar for realistiska forhallanden i och utanfor reaktortan-
ken.

e Att identifiera viktiga angexplosionsfenomen och uppskatta relaterade oséa-
kerheter.

o Att foresla fortsatt forskning med syfte att reducera dessa osakerheter till en
acceptabel niva.

Dessa malsattningar uppnaddes huvudsakligen genom jamforande berékningar av
relevanta experiment och relevanta generiska haverisituationer i och utanfor reak-
tortanken. | figur 3.6.1 visas forutsattningar for ”in-vessel” och “ex-vessel” be-
rékningar.

Nér projektet avslutades i december 2005 kunde man konkludera dels att reaktor-
tanken skulle motsta postulerade “in-vessel” angexplosioner, dels att "in-vessel”
angexplosioner inte utgdr nagot hot mot inneslutningens integritet. Dessa slutsat-
ser kunde dras trots osakerheter, framférallt vad géller anginnehallet under pre-
mixing, tack vare att berdknade impulser var tillrackligt sma jamfort med reaktor-
tankens hallfasthet. Betraffande “ex-vessel” explosioner var slutsatsen inte lika
positiv, dvs. det gick inte att utesluta att en angexplosion skulle kunna hota inne-
slutningens integritet.
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In-vessel Ex-vessel

Figur 3.6.1. Forutsattningar for reaktorberakningar i fas 1 av SERENA-projektet.

Ett annat problem var att olika datamodeller som beréknar forloppen vid angex-
plosioner, gav stor spridning i resultaten. Detta kunde tyda pa att det finns brister i
forstaelsen av fenomen relaterade till angexplosioner i reaktorinneslutningen. Den
formodligen viktigaste fragan dar kunskapen behéver forbattras ar anginnehallet
(voiden) i blandningszonen strax innan explosionen. | figur 3.6.2 kan man se att
berdknade impulser i utrymmet under reaktortanken (som motsvarar nedre dry-
well i svenska kokvattenreaktorer) kan bli hoga och att det ar en stor spridning
mellan impulser berdknade med olika koder.

Figur 3.6.2. HOgsta vaggimpulser berdknade med olika koder.
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Utvarderingen av resultaten fran SERENA-projektet ledde till en rekommendation
for fortsatt forskning med syfte att minska osékerheter och darigenom uppna stor-
re tillforlitlighet i berdkningar av sédkerhetsmarginalerna, i synnerhet vad géller
inneslutningsbelastningar.

2.6.2. SERENA 2 - Fortsattningen av SERENA

Fas 2 av SERENA-projektet startade i oktober 2007 och 11 lander deltar. Delta-
gande organisationer ar:

Tractabel Engineering, Belgien

Atomic Energy of Canada Limited, Kanada
VTT, Finland

CEA and IRSN, Frankrike

GRS, Tyskland

Japan Nuclear Energy Safety Organisation, Japan
KAERI and Korea Institute of Nuclear Safety, Sydkorea
Jozef Stefan Institute, Slovenien
Stralsakerhetsmyndigheten, Sverige

Paul Scherrer Institute, Schweiz

US NRC, USA

Syftet med fas 2 av projektet ar att bringa klarhet i angexplosionsfenomen for
prototypiska smaltor genom att genomftra ett begransat antal val designade expe-
riment med avancerad méatutrustning. Ett annat syfte ar att tillhandahalla experi-
mentella data for vidareutveckling och validering av angexplosionskoder. Som
stdd till den experimentella delen finns en grupp vars uppdrag ar att genomfora
for- och efterberakningar med olika koder samt berdkningar for realistiska haveri-
scenarier.

Experimenten genomfors i den s.k. TROI-anldggningen som finns hos KAERI i
Sydkorea samt i KROTOS-anlaggningen som numera ligger i Cadarache i Frank-
rike. Projektet kommer att paga till september 2011. Tidigare har tester genom-
forts i TROI med sméltméngder upptill 30 kg. Materialet i smaltan var en bland-
ning av UO, och ZrO, samt i en del fall tillsatser av zirkonium eller stal. Generellt
for dessa experiment var att dverhettad smélta (i vissa tester var dverhettningen
betydande) vaxelverkar med underkylt vatten. Experimenten i TROI har bekraftat
den betydelse som sméltans sammanséattning har for sannolikheten att en angex-
plosion intraffar och for energiutbytet vid explosionen.

En serie med sex kompletterande tester vardera i TROI och KROTOS kommer att
genomforas, dvs. totalt 12 tester. Grundforutsattningarna for dessa experiment
visas i tabell 3.6.1. Effekten av smaltans sammansattning pa initiering och propa-
gering av en explosion kommer att studeras genom att anvanda fyra olika smalt-
kompositioner, se tabell 3.6.2.

Grundkompositionen &r en eutektisk blandning av UO; och ZrO,, dvs. 70% UO;
och 30% ZrO,, eftersom tidigare TROI-experiment visade att denna sammansétt-
ning kan ge spontana explosioner med storre verkningsgrad an andra kompositio-
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ner. Andra kompositioner kommer att bestdimmas senare. FOr att garantera att en
explosion kommer att intraffa, anvands en trigger i alla tester.

Tabell 3.6.1: Grundférutsattningar for KROTOS och TROI experiment.

Parameter KROTOS | TROI
Smaltans massa, kg ~5 ~ 20
Vattenbassangens djup, m <1.1 0.7-1-3
Vattenbassangens diameter, m 0.2 0.6
Smaltans fallhéjd, m 0.5 05-1.0

Tabell 3.6.2: Féreslagna sammansattningar pa smaltan.

I tabell 3.6.3 visas forslag till testmatris. Smaltans temperatur kommer att ligga
nara den temperatur som ges av realistiska bedomningar av haveriforloppet. Stark
Overhettning som i vissa tidigare TROI-experiment kommer att undvikas.

Det forsta testet i TROI, TS-1, genomfordes i september 2008. Sméltstralens dia-
meter i vattnet var 5 cm och en explosion dgde rum. Sméltans temperatur var ca
2600°C och smaltmangden ca 15.4 kg. Explosionens verkningsgrad har uppskat-
tats med hjalp av uppmatta impulser men det finns osakerheter pa grund av pro-
blem med bestdmning av sméltans temperatur. Resultaten visade att verknings-
graden inte Gverstiger ca 0.1 %. Medianen for partikelstorleken ligger pa ca 0,5
mm.

I november 2008 genomftrdes det andra testet i TROI, TS-2. Testparametrarna
for TS-2 var samma som for TS-1 med undantag for vattnets underkylning, som
var lagre i TS-2 &n i TS-1, namligen 62°C mot 115°C, och att smaltméangden var
mindre, namligen 12.5 kg. Denna skillnad berodde pa lagre tryck och hogre vat-
tentemperatur. Resultaten fran TS-1 och TS-2 ar jamforbara men verkningsgraden
var nagot hogre i TS-1 an TS-2.
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Tabell 3.6.3: Forslag till testmatris for KROTOS och TROI.

Det forsta testet i KROTOS, KS-1, genomférdes i augusti 2008. Sméltans tempe-
ratur var ca 2700 °C och sméltméangden som deltog i explosionen var ca 2.6 kg.
Verkningsgraden var nagot hogre jamfért med TS-1 och TS-2. Detta skulle delvis
kunna forklaras av 1-D geometrin i KROTOS. Partikelstorleken for fragmenterad
smalta &r ungefar samma som i TROI-testerna.

2.7 BIP —Jodkemi ireaktorinneslutningen

Under ar 2006 foreslog AECL (Atomic Energy of Canada Limited) att OECD
skulle starta projektet Behaviour of lodine Project (BIP) for studier av jodkemin
under sadana betingelser som forvantas under svara reaktorhaverier. Ett forsta
mote organiserades under september 2006 vid OECD-NEA:s hdgkvarter i Paris.
Da ett tydligt intresse fanns bland representanterna fér deltagande lander besléts
att OECD och AECL skulle ga vidare med aktuellt projektférslag. Detta medforde
att ett kontrakt for OECD:s BIP-projekt upprattades och signerades under maj-juni
2007 och berdknas paga under 3 ar.

| projektet skall AECL genomftra en serie experiment med jodkemi under de be-
tingelser som gemensamt 0verenskommits bland deltagarna. Vidare skall AECL
overfora data, resultat och kunskap fran utvalda tidigare genomférda experiment i
AECL:s Radioiodine Test Facility (RTF) till deltagarna i BIP-projektet. BIP-
projektet skall bedrivas under tre ar samt styras och Gvervakas via en program-
grupp (Program Review Group) med deltagare fran alla de lander och organisa-
tioner som signerat BIP-projektets kontrakt. PRG skall sammantrada tva ganger
per ar under projektets loptid.

Syftet med BIP-projektet ar att tillhandagdra forskning inom 3 olika omraden som
sker och har skett vid AECL i Kanada.
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De tre omradena ar:
1. Analys av data fran tidigare RTF-forsok
2. l,-adsorption pa ytor
3. Produktion av organisk jod fran ytor

Av dessa ar den forsta i princip ett tillhandahallande av "gamla"” redan genomfor-
da forsok av jodsorption pa olika farger vid olika temperaturer. En fortséttning pa
de redan gjorda forsoken &r del 2 ovan. Nu finns det mojlighet att undersoka rele-
vanta faktorer i nya forsok. Forsoken har inte helt varit representativa for svenska
forhallandena men intressanta resultat har anda framkommit sdsom att jodsorptio-
nen pa farg beror starkt pa den relativa luftfuktigheten.

| den tredje delen undersoks bildningen av organiska jodféreningar fran olika far-
ger av varierande alder och vid olika temperatur. Har har man problem med iden-
tifiering av produkterna men det kommer att utvecklas under projektets gang.

Tre rapporter fran de tidigare genomférda RTF-experimenten har getts ut i draft-
format for kommentarer fran programgruppen. En rapport som beskriver experi-
mentutrustningen och tva med redovisning av genomforda forsoksomgangar.

Experimentella data fran de sju forsta forsoken med jodadsorption och organisk
jodbildning samt data fran tva av RTF-forsoken har gjorts tillgangliga for samtliga
BIP-medlemmar genom BIP:s hemsida. Ett antal av BIP-medlemmarna har ut-
tryckt att de kommer att anvanda dessa data for modelleringar.

Samtidigt med BIP-projektet har det i Sverige pagatt nationellt och EU-
finansierad forskning pa jodkemi av intresse for analyser av konsekvenser fran
hypotetiska svara reaktorhaverier i bade PWR och BWR.

Det projekt som i huvudsak relaterar till Chalmers bidrag inom BIP &r undersok-
ning av jodsorption pa autentisk farg tagen fran inneslutningen i Barseback. Detta
ar ett stort steg framat da de farger som undersoks inom BIP antingen &r nya eller
har lagrats i laboratoriemiljo. Fargen fran Barsebéack ar mer dn 30 ar gammal och
har utsatts for stralning under tiden vilket gor forsoken mycket mer realistiska.

Aven 6vriga jodforsok som genomfors pa Chalmers eller i samarbetet mellan
Chalmers och VTT i Finland har stor relevans for BIP da det ror sig om bland
annat identifiering av jodoxider och andra specier. Denna speciering kommer att
vasentligt paverka modelleringen av systemen.
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3. KTH:S FORSKNING INOM SVARA HAVERIER

3.1 Research Goals, Approach, Activities and Achievements

The overall objectives of severe accident research at Kungliga Tekniska hogsko-
lan (KTH) are as shown in Figure 3.1, with the central aim of creating new
knowledge (e.g., data, models, codes, methodologies and insights) on melt-
structure-water-interaction (MSWI) phenomena that enables reducing uncertainty
in quantification of severe accident risks in a light water reactor (LWR).

Figure 3.1: Objective of MSWI research.

Under the support of the APRI-6 program (2006-2008), the MSWI research at
KTH has been directed to a new phase, which focuses on the assessment of ex-
vessel melt risks in Swedish BWR plants with external cavity flooding. The re-
search’s ultimate goal is to enable resolution of two long-standing issues, namely
ex-vessel steam explosion and debris coolability in the BWR severe accident sce-
narios. Guided by a risk-oriented approach (cf. Figure 3.2), the research selected
the MSWI phenomena which are identified as having the largest impact and the
significant uncertainties on the quantification of corium coolability and ex-vessel
steam explosion.

Originally, the MSWI-APRI6 research was driven by the hypotheses that i) melt
discharge from the BWR vessel is gradual, in dripping mode that largely elimi-
nates the steam explosion risk and forms high-porosity beds, ii) water access to
the porous bed in multi-dimensional arrangement ensures coolability of particu-
late beds, even for deep and stratified beds, and iii) non-eutectic binary melts ren-
der low conversion ratio in a steam explosion. Accordingly, the research activities
were divided into three topical areas:

e INCO (IN-vessel debris COolability).

e EXCO (EX-vessel debris COolability), including two sub-topics:
— DEFOR (DEbris bed FORmation).
— POMECO (POrous MEdia COolability).
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e SEE (Steam Explosion Energetics).

The MSWI-APRIG6 activities capitalize on the existing knowledge base and lever-
ages on international research programs, especially in synergetic collaboration
with the SARNET project supported by EU, through a supportive activity named
SAID (Severe Accident Information Distillation from the EU-SARNET).

Figure 3.2: Risk-oriented approach for selection and integration of activi-
ties.

In summary, the MSWI-APRIG6 research has generated additional evidences and
knowledge to enhance confidence in the initial hypotheses. The key findings and
messages from the research are confirming the initial hypotheses as follows.

e INCO: The advances and understanding achieved provide the basis to as-
sess the in-vessel retention (IVR) by adoption of control rod guide tube
cooling in BWRs. The developed methodologies are also instrumental to
address the unlikelihood of the previously postulated bounding scenarios
with large melt release rate.

e EXCO: There is a very high likelihood that the prototypic debris bed is
coolable, when both the delay in melt relocation and self-organization in
debris bed formation are accounted for.

e SEE: Given the high likelihood of dripping-mode discharge of the melt
and growing evidences on corium to explosivity, the previously calculated
risk of large-scale steam explosions in ex-vessel scenarios is diminishing.

Overall, the MSWI-APRIG6 research has advanced knowledge of steam explosion
and debris coolability toward reducing conservatism in quantification of ex-vessel
melt risks in Swedish BWRs. We have developed a solid ground for understand-
ing and validation of analysis tools (e.g., DEFORSIM, DECOSIM, PECM,
WABE) that were unavailable a couple of years ago. The research is also instru-
mental to training of experts in severe accident risk assessment and management.
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Two MSWI-based theses of Licentiate of Technology were completed and de-
fended.

It is notable that the EU SARNET program is a useful platform for KTH, APRI
and Sweden to leverage on international collaborations. The MSWI-APRI6 pro-
ject had established an effective two-way street interaction and synergy with the
SARNET, as well as other severe accident research programs within CSARP,
OECD and ISTC.

In this report only the major achievements are summarized. More detailed de-
scription of research activities can be found in respective progress reports and
publications.

3.2 In-Vessel Coolability (INCO)

3.2.1. Motivation

To prove the hypothesis of melt gradual discharge from the BWR vessel, we need
to perform a systematic in-vessel coolability (INCO) analysis for accident scenar-
ios with aim to find and quantify vulnerabilities and characteristics for melt re-
lease (e.g., the framework as in Figure 3.3).

Figure 3.3: Systematic analysis of in-vessel severe accident scenarios.

However, due to manpower constraint and ex-vessel emphasis in MSWI-APRIG,
the INCO activity was only focused on heat transfer simulations to understand
core melt behavior in the BWR lower plenum (Figure 3.4). It is also our intention
to examine the possibility of the in-vessel retention (IVR) by control rod guide
tubes (CRGTSs) cooling which may be adopted as a severe accident management
measure. Toward the objective, a computational tool is needed.
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The task to predict volumetrically-heated liquid melt pool behavior at reactor
scales has been a challenge due to the corium pool’s high Rayleigh number (10"-
10'"), and the long duration of the accident progression. The difficulty is further
increased in BWRs whose lower plenum includes a forest of vessel penetrations,
i.e. instrument guide tubes (IGTs) and CRGTSs, especially when the CRGTS is
considered to aid Severe Accident Management (SAM) by providing a pathway of
water supply to remove the heat from a melt pool through the CRGTs cooled sur-
faces. The presence of CRGTSs significantly complicates the lower plenum heat
transfer geometry and fluid flow patterns.

The objective of the present study is to develop a computationally effective
method to describe the thermofluid dynamics of melt pool formation in the RPV
(Reactor Pressure Vessel) lower head, so to enable high-fidelity predictions of
thermal loads on the reactor vessel and internal structures. Empirical lumped pa-
rameter (analytical) models can be used as baseline for qualification of energy
splitting in simple-configuration melt pools. The CFD method is used extensively
as a supporting tool. Although computationally expensive, the CFD simulations
are indispensable when it comes to complex flow geometry and complex fluid
physics. The CFD method itself must be validated against relevant experimental
data. In that way, the validated CFD method can then be used to perform “nu-
merical experiments” which provide data for validation of other lower-fidelity
models. The central part of the study is the Effective Convectivity Model (ECM)
and Phase-change ECM (PECM) method, whose development and validation sig-
nificantly leverage on the analytical model, the CFD results and the validation
database. As illustration of the ECM method capability and effectiveness, hereaf-
ter we present a multi-dimensional mechanistic analysis of thermal processes in a
BWR lower head under severe accident conditions.

Water CRGT Steam

Molten pool

Debris bed

Figure 3.4: Material configuration in a late phase of accident progression in a
BWR.

3.2.2. ECM/PECM Approach

Built on the concept of effective convectivity first introduced in the Effective
Convectivity Conductivity Model (ECCM) by Bui and Dinh [3.1], and supported

SSM 2009:25 42(118)



APRI 6 — Forskningsprogram inom omradet svara haverier

by the findings obtained from the CFD study, the ECM is developed to enable
effectively sufficiently-accurate simulations of melt pool heat transfer in a reactor
lower plenum. The ECM method uses directional effective heat-convecting ve-
locities, or simply named characteristic velocities Uy, Uy, and U, to effectively
transfer the heat generated in the fluid volume toward the cooled boundary (wall)
in an amount equal to the convective heat transport in the respective direction.

The use of effective convectivity helps eliminate the need to solve a complete set
of Navier-Stokes and energy equations with instantaneous fluid velocities (ux, uy
and u,) — a computationally expensive exercise for a large natural convection lig-
uid pool with high Rayleigh numbers (turbulent regime). Instead, the energy con-
servation equation is solved using the effective convective terms represented by
the characteristic velocities [3.2]. To determine the characteristic velocities,
clearly, the heat transfer coefficients upward, sideward and downward are needed.
Therefore, the developed ECM method is a correlation-based method. For such a
purpose, Steinberner-Reineke correlations are selected [3.3].

The ECM is implemented in a commercial Computational Fluid Dynamics (CFD)
code, the Fluent code. The treatment of the modified source term is achieved by
Fluent user defined functions. During each time step, the modified source term is
determined for all computational cells, using temperature gradients available ex-
plicitly (from the previous time step). The use of Fluent also provides pre- and
post-processing capabilities (e.g with Gambit/TGrid grid generator for 3D mesh-

ing).

To enable simulations of melt pool formation heat transfer, the ECM is extended
to phase change problems, and the phase-change ECM is named PECM.

/

>
>

TsoL Tug T

Figure 3.5: Relation between total enthalpy and temperature with phase-change
temperature range (TsoL and Ty are solidus and liquidus temperatures).

In the PECM, the source-based method is used to model the solidification/melting
process. The enthalpy formulation is based on the assumption of total enthalpy as
a dependent variable, along with the temperature (Figure 3.5). According to the
enthalpy formulation, the phase-change material is assumed to be mushy for tem-

perature T in the range Tgo, <T <T ;.
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The main task of the PECM is treatment of heat transfer characteristic velocities
in a mushy zone of non-eutectic binary mixture. The characteristic velocity in a
mushy zone is modeled as a function of the liquid fraction F.. In a mushy zone,
liquid fraction defines the fluid velocity, in turn, the fluid velocity effects heat
transfer characteristics of the mushy zone. In reality, liquid fraction is related to
temperature of the binary mixture in a mushy zone by either linear, linear-eutectic,
Scheil, or power-law relationship [3.3]. Thus using various types of liquid fraction
dependency we are able to realize different models of the mushy-zone characteris-
tic velocity in a mushy zone. To examine the effect of different models of the
mushy-zone characteristic velocity, the linear, quadratic and n-order liquid frac-
tion dependencies are implemented in the PECM, and simulation results are com-
pared. It is found that the linear dependency is benchmarked against both the ex-
periments and CFD generated data, and it can be accepted for description of
mushy-zone convection heat transfer [3.3, 3.4]. The PECM with the linear model
of mushy-zone characteristic velocity is applied for simulations of melt pool for-
mation heat transfer in a BWR lower head.

3.2.3. Validation of ECM/PECM

Validation of the ECM/PECM is performed using a dual approach. This means
that the ECM and PECM are benchmarked against key available experiments, as
well as validated against CFD generated data.

The ECM is extensively validated against various experiments with different
types of geometry. The reason is that, in the ECM, three separate directional heat
transfer coefficients of Steinberner and Reineke are implemented [3.2]. For a
curved surface, e.g. the lower plenum vessel, in the ECM the sideward and
downward heat transfer coefficients harmonize together where temperature gradi-
ents are available for both directions (i.e. horizontal and downward). It is there-
fore important to check the resulting heat transfer coefficient along a curved sur-
face, thus validation of the ECM with complex geometry is necessary.

For a fluid layer cooled from the top, Kulacki-Emara experiment is used for spa-
tio-temporal validation of the ECM. The ECM well predicts transient temperature
profiles of the fluid layer. The ECM is also validated against the Kulacki-
Goldstein experiment, where a fluid layer is cooled from the top and bottom
walls; Steinberner-Reineke experiment with Joule heated water in a rectangular
cavity cooled from all walls. Results predicted by the ECM are qualitatively and
quantitatively agreed with the experimental data. For complex geometry, the ECM
is validated against experiments in different types of geometry: semicircular cav-
ity geometry by Jahn and Reineke; COPO torospherical cavity by Kymalainen et
al.; hemispherical pool by Asfia and Dhir. Good agreement between the ECM
predicted results and experimental data was achieved [3.2].

To the second approach of validation, the ECM is used to predict energy splitting
and pool’s temperature of an internally heated fluid in a semicircular cavity and
unit volume, for which the CFD simulations are also performed [3.2]. Results of
the ECM and CFD simulations show that the predicted upward and sideward heat
transfer coefficients are well agreed (in 15% range), and consistent with the
Steinberner-Reineke correlations. The downward heat transfer coefficient pre-
dicted by the ECM slightly differs from that of the CFD, although it is still kept in
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an acceptable range. The ECM predicted heat transfer coefficient profile along the
CRGT shows a good correspondence with that of the CFD simulation (unit vol-
ume geometry).

It is important to note that although for both semicircular cavity and unit volume
geometry, the ECM is capable to predict the pool’s superheats, which differ from
those of the CFD method by only few degrees, the ECM predicted temperature
profile is not really reassembled with that of the CFD in the lower pool’s region.
The effect of turbulent mixing in the lower region is not captured in the ECM
simulation. This effect is believed to be caused by impingement of the flows
which have descended from the boundary layers along inclined surfaces, on the
lower surface. This phenomenon was first predicted by Nourgaliev et al. [3.5] and
attributed to the relatively low Prandtl number of the corium melt. The effect of
the low fluid Prandtl number on heat transfer of a melt pool formed in the BWR
lower plenum was examined and results are presented in [3.4].

To the melt pool formation heat transfer simulations, the PECM is used to simu-
late the SIMECO experiment (an eutectic test in a semicircular cavity, run SSEu-
10) performed at KTH. Results of SIMECO simulation [3.3] show that the PECM
is capable to predict energy splitting, melt pool temperature profiles, as well as the
heat transfer coefficient profile along the vessel wall surface. The PECM per-
formance is also benchmarked against another representative experiment, the
LIVE-L1 experiment (a non-eutectic test in a hemispherical pool) performed at
FZK, Germany. Crust thickness along the vessel cooled wall is well captured by
the PECM tool [3.4].

It is worth noting that the ECM/PECM simulation allows using larger time steps
and coarser meshes compared to those of the CFD simulation. More importantly,
solving only the energy conservation equation without the need to follow instan-
taneous fluid motion, the ECM/PECM requires a much smaller number of itera-
tions to achieve solution convergence in each time step. Consequently, the
ECM/PECM runs are two orders of magnitude faster than the corresponding CFD
run.

3.2.4. Application of ECM/PECM

The ECM and PECM methods are used to analyze a corium pool formed in a
BWR lower plenum. First, we apply the ECM to an enveloped melt pool of 1.0 m
depth representative of BWR 3D slice geometry [3.2]. The Rayleigh number in
such a pool reaches 10". The following boundary conditions are applied: the left
wall of the slice, front and back surfaces are symmetrical or adiabatic; the top,
CRGT and vessel wall surfaces are isothermal. The ECM simulation results are
presented in Figure 3.6. It can be seen that the heat flux distributions along the
CRGTs are very close in both profile and value. The maximum value of CRGT
heat flux profile is found to be close to 300kW/m? for the pool of 1.0 m depth.
The superheat of the core melt is ~78K. Clearly, this relatively low superheat is
due to good mixing that transports heat to large cooled areas, especially the CRGT
surfaces. The analysis shows that the CRGT-cooed surface area may accommo-
date up to 75-80% of the decay heat. In fact, the CRGT wall heat flux is predicted
to be higher than the vessel wall heat flux. The peak heat flux on CRGT is 1.7
times higher than the peak heat flux on the vessel wall. The ECM simulation per-
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formed for the 1.4 m corium layer shows a slightly higher superheat (~ 93K), and
a reduced ratio of the peak heat flux between CRGT and vessel wall (~1.3). The
wall inclination apparently has influenced the peak heat flux. A higher melt pool
results in a higher peak heat flux on the vessel wall. The calculated peaking values
of heat flux can be used to compare with the Critical Heat Flux (CHF) to deter-
mine the coolability, either inside the CRGTSs or outside the vessel wall in case of
external cooling [3.6].

CRGT and Vessel Wall Heat Fluxes
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Figure 3.6: Heat flux distributions along CRGTs and vessel wall, H = 1.0 m.

In a next step, the PECM is used to simulate debris bed heatup and melting in the
1 m-deep slice. The simulation is performed with a computational domain includ-
ing the vessel wall thick 182 mm, connecting to the debris bed from below. Figure
3.7 shows the progress of melt pool formation. The debris reheating is predicted
to take 2.8 hours until the melting onset. Small melt pools are first formed in the
midst of the CRGTSs, afterward enlarged and connected together, forming a large
melt pool in the lower plenum. The effect of natural convection is well captured in
the simulation. Along the top surface and the CRGT surfaces, thick crusts are
formed at the beginning. During melt pool expansion, natural convection results
in higher upward and sideward heat fluxes [3.7]. As a result, the crusts become
thinner in the upper regions of the pool. The pool superheat predicted by the
PECM is 84K, slightly higher than the ECM result for the same geometry con-
figuration, reflecting the effect of the pool’s enveloping crust. The upward and
sideward (to CRGT) heat fluxes reach a steady state at ~7 hours. The heat fluxes
to the vessel wall and from the vessel wall to CRGTSs remain transient, suggesting
a continued heatup and melting for the vessel under deficient cooling from the
vessel outer surface. If creep temperature is 1100 °C for vessel steel, the PECM
simulation predicts that a creep failure may occur in the vessel region next to the
debris uppermost corner at 5.6 hours into the transient heatup (Figure 3.8).
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For thinner debris layers (0.7 m and less), the corium fills only the vessel area
penetrated (and cooled) by the CRGTSs. In such a case, the hot vessel wall is trans-
ferring the heat to the cooled CRGTSs through radiation and conduction via the
thin air gaps between the vessel wall and CRGTs. The PECM calculation shows
the vessel external surface temperature below 1100 °C, no sign of vessel ablation
and reached the steady state at ten hours into the transient (Figure 3.8).

t=2.8h t=3.1h

t=3.6h t=4.2h

Figure 3.7: Melt pool formation in a BWR lower plenum (slice simulation, H =
1m).
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Figure 3.8: Evolution of vessel wall maximum temperature for different pool
depths.

This result suggests that the CRGTSs cooling offers an avenue to remove the heat
from the bed and the melt pool, keeping the vessel wall temperature below the
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material creep temperature when the debris layer is less than 0.7 m thick. It is
noted that the SAM scheme also calls for continued supply of water from other
sources into the containment, bringing the ex-vessel water level above the core
level in a later phase of the accident progression. Consequently, the external ves-
sel cooling would alleviate the likelihood of the vessel failure due to the delayed
overheating and creep of the reactor pressure vessel predicted for the in-vessel
debris beds of 0.7 m and higher. Thus, CRGT cooling can serve as an effective
heat removal measure in the case of melt pool formation in the lower plenum,
reducing the probability of vessel failure due to corium thermal attacks.

3.2.5. Concluding remarks

Toward quantification of melt discharge from the BWR vessel, a computational
tool (ECM/PECM) was developed and validated to be able to analyze core melt
behavior in the BWR plenum with complex geometries. It is shown that the
ECM/PECM is an effective tool for computing melt pool formation and evalua-
tion of thermal loads on the reactor pressure vessel wall and internal structures in
severe accident scenarios. In particular, the ECM/PECM simulations indicate a
high potential of using CRGT cooling to delay the vessel failure and increase the
likelihood of in-vessel core melt retention in BWRs.

Further development of the simulation tool includes the coupling of ECM/PECM
with structural mechanics code, which can be used to estimate the vessel failure
under thermal and mechanical attack. Towards a proof of the hypothesis that melt
discharge from the BWR vessel is gradual in dripping mode, a comprehensive
framework is needed to quantify the vessel failure mode and timing by taking into
account accident scenarios and reactor specifics. This should be emphasized in
follow-up study, since the insights from MSWI-APRIG6 research has pointed out
the weakest links, among which the expertise and capability in INCO activity are
far more critical for the issue resolution than it was initially envisioned.

3.3 Ex-Vessel Coolability (EXCO)

3.3.1. Motivation

In the past, coolability study was focused on homogeneous debris beds in top-
flooding scenarios, which manifest the situations when side and bottom coolant
feeding is negligible or absent, for example when corium debris was assumed to
spread evenly over the cavity floor. Moreover, a porosity of 0.3~0.4 was used in
coolability analysis. For a uniform debris bed packed by regular particles, the dry-
out heat flux (DHF) can be determined by a 1D counter-current flow limit (CCFL)
and predicted, with a fair accuracy, by analytical models, see e.g. [3.8-9].

Given reactor accident scenarios with formation of a deep bed or a fine bed with
either small particles or low porosity, the existing models predict that the top-
flooding is insufficient to remove decay heat released in such debris beds. This
perception has motivated further search for additional means to enhance the debris
bed coolability, eventually benefitting reactor safety performance.

The ex-vessel coolability (EXCO) study was motivated by our belief that the de-
bris bed formed in fuel coolant interactions (FCI) is heterogeneous with potential
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porosity more than 0.4, and the coolability of a debris bed formed in the flooded
cavity during a severe accident scenario is determined by the bed’s characteristics
such as bed porosity, fragment (debris) size distribution and geometrical configu-
ration. However, until very recently the characteristics of a prototypical debris bed
were an omitted gap between the study of molten fuel-coolant interactions (FCI)
and evaluation of debris bed coolability. Very little data and scattered evidences
from FCI studies suggested that FCI particles are not spherical and the prototypic
beds may feature a much higher porosity [3.10].

The EXCO study consists of the DEFOR (DEbris bed FORmation) activity and
the POMECO (POrous MEdia COolability) activity. The DEFOR aims to fill the
contemporary knowledge gap on debris bed characteristics. The activity includes
experimental, analytical and computational components [3.11-16]. The objective
of the DEFOR experimental campaign (using corium simulant materials) is to
provide separate effect investigations of the debris formation and debris packing
phenomena. Extrapolation of the DEFOR experimental findings to the reactor
conditions is supported by the development, validation and application of a mul-
tiscale simulation approach.

The POMECO (POrous MEdia COolability) activity is oriented to assess the
coolability of a debris bed with prototypical characteristics discovered in DEFOR,
or with retrofit measures such as a downcomer. The research includes both ana-
Iytical and experimental work. The focus has been placed on analysis so far, and
experiment is under development after the needs appeared from the analysis.

3.3.2. Debris Bed Formation

The phenomenology of debris bed formation can be seen in Figure 3.9. We em-
phasize complex interactions and feedbacks between distinct phenomena, namely
premixing, debris bed thermal-hydraulics and debris bed formation [3.12].

For investigation of the debris bed formation during long transients of melt release
to the reactor cavity, it is evident that complete numerical simulations of the de-
bris bed formation are neither practical nor even necessary, given intrinsic uncer-
tainties of accident scenario and precursory processes (e.g. FCIs). We therefore
adopted an integrated experimental/computational approach. Our objective is to
maximize the benefits of both experiments and simulations in developing capabil-
ity to predict debris bed formation in reactor accidents with a high confidence.

A summary of the approach for the debris bed formation is presented in Figure
3.10. The first stage is decomposition of a complex problem into a number of
separate-effect problems. Particularly we decompose the process of the debris bed
formation in three sub-processes: (i) generation and dynamics of debris particles
in FCls; (ii) sedimentation and spreading of particles in the water pool; (iii) set-
tlement and packing of the debris particles into a bed. For each sub-process we
develop a separate effect experimental study, and supplement it with analyti-
cal/computational study.
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Figure 3.9: Phenomena that govern the debris formation.
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Figure 3.10: Approach and components of the debris bed formation study.

Apparently, the complexity and multi-faceted nature of the debris bed formation
necessiate the use of several tools, each one needing its own validation database.
Synergy between calculations and experiments is provided by two way informa-
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tion exchange. Experiments provide observation of physical phenomena and data
for validation of numerical tools and scaling of the empirical closures. In turn,
numerical simulations for reactor processes help forecast reactor prototypical be-
haviors and determine relevant scalable conditions for experiments (Figure 3.10).

For the experimental study of the debris particle formation we employ DEFOR-
HT (High Temperature) tests [3.11-13]. For better understanding of single particle
formation phenomena we plan to use SHARP facility [3.17] initially developed
for steam explosion study. Simulation approach for particle formation and pre-
deposition state is based on the FCI code VAPEX and recently developed en-
hanced models for heat transfer and particle formation [3.18].

The DECOSIM code [3.16] is used to predict particle deposition and spreading by
taking into account two-phase flow inside the decay-heated debris bed and in the
drywell pool. It is shown that global flow circulation has strong influence on par-
ticle deposition and spreading over the pool bottom area. Debris particle packing
and bed formation are studied in two experimental settings DEFOR-HT and
DEFOR-LT (Low Temperature), and computationally with the DEFORSIM code
[3.14-15]. The DEFOR-LT experiments aim to quantify the influence of particle
shape and coolant flow characteristics on the debris bed properties such as poros-
ity and non-homogeneity. The DEFORSIM (Debris Formation Simulator) code is
a multiscale code for prediction of long transient processes of the debris packing
and bed formation.

The combined experimental and numerical approach to DEFOR study helps us to
reveal important physical mechanisms which are responsible for the formation of
high-porosity debris bed.

Experimental Results

The schematic view of DEFOR experimental facility is presented in Figure 3.11.
The DEFOR facility is composed of a 45kW medium-frequency (up to 30 kHZ)
Induction Furnace (IF) for melt generation, a melt delivery funnel, and a coolant
tank with glass windows for visual imaging of transient melt-coolant mixing, par-
ticle formation, sedimentation and packing. The simulant-material melt is gener-
ated in a SiC crucible. The liquid melt is delivered to the funnel by tilting the cru-
cible, using a remote control. The delivery funnel is conical with a replaceable
discharge nozzle 12, 16, and 20 mm in diameter. For DEFOR-S tests S1~S8 the
test facility (Figure 3.11) is as the same as in the DEFOR-E tests E1~E7 [3.11]. In
DEFOR-S tests S9~S13 [3.13], the test section was extended for a deeper pool (up
to 1.5m depth).

The exploratory DEFOR-E [3.11] test campaign provided a first-cut examination
of the effect of various non-prototypic factors (e.g., simulant melt materials) and
test conditions (e.g., melt temperature and discharge velocity, coolant pool depth
and temperature) on debris bed formation. The results of DEFOR-E scoping tests
showed strong dependence of the resulting debris bed characteristics on water
subcooling and pool depth (Table 1). However, these scoping tests were of tran-
sient nature because coolant conditions were significantly altered by the heat
transferred from the debris bed during relatively long melt delivery. Also in the
DEFOR-E tests significant differences were observed between low density glass-
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like and high density ceramic type material melt simulants in the fragmentation
and debris packing behavior. While it is not possible to extrapolate the DEFOR-E
results to the reactor prototypic debris bed formation, the lessons learned from the
DEFOR-E observations led to the formulation of the DEFOR-S test campaign
[3.12], whose experiments are described in [3.13].

Figure 3.11: Schematic view of the DEFOR facility’s test section.

Table 3.1: DEFOR-E experimental conditions and main results [3.11].

Experiment
El E2 E3 E4 E5 E6 E7

Parameter/Property

Melt volume, liter 35 7.0 35 35 35 35 25
Melt initial temp, °C 1200 1300 1350 1350 1200 1250 1280
Coolant volume, liter 163 163 163 100 100 163 163
Coolant initial temp, °C 13 11 85 15 83 88 7
Water pool depth, cm 65 65 65 40 40 65 65
Measured porosity, % 60 77 74 56 50 68 65

The DEFOR-S experiments aims to characterize debris formation under well-
defined coolant conditions. For this purpose the amount of melt used in DEFOR-S
test was reduced to ~1 liter to minimize the coolant condition variability, most
notably, the coolant temperature during melt discharge and bed formation. On the
base of the DEFOR-E results analysis it was decided to use a deep water pool to
prevent debris cake formation. Several DEFOR-S tests as well as several material
tests with small amount of melt were performed to identify the best material for
experiments. The mixture Bi203-WQO3 is favored because of its high density and
exhibition of a broad range of fragmentation behaviors reported in the previous
FCI experiments with ceramic melts including corium. In addition, this material is
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easy to work with over a wide range of chemical compositions for which the melt-
ing temperature remains accessible by the inductive heating technology and SiC
crucible used in the DEFOR facility.

The first 13 tests (S1~S13) of DEFOR-S was devoted to the study of the influence
of melt composition and water subcooling on the bed’s averaged porosity and
morphology of the particles. Test matrix, including test conditions, along with the
measured values of the resulting bed’s averaged porosity, is given in Table 2 and
Figure 3.12.
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Figure 3.12: Averaged porosity of debris beds as function of water subcooling
and melt composition in DEFOR-S simulant-melt experiments and CCM tests with
prototypic corium melt [3.13].

Table 3.2: The DEFOR-S test matrix and measured data of the debris beds.

Main observations and findings from the first DEFOR-S campaign can be summa-
rized as follows.

o The measured averaged porosity is higher than the typical porosity of 40%
postulated in all previous studies of the debris bed coolability (Table 2).

« Averaged porosity of the debris bed is largely insensitive to the melt compo-
sition (Figure 3.12).
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« Under high subcooling (S1~S4, S6, S7, S9, S13 tests) the averaged porosity is
high ~62-70%, and slightly decreases with the decrease of water subcooling.

« While averaged porosity is high (~57-65%) in experiments with middle and
low subcooling of water (S5, S8, S10~S12), there is considerable fraction of
defective porosity due to particles with fully or partially encapsulated cavity.

« The DEFOR-S data are in a good agreement with data of CCM-3 corium test
[3.10].

 Relatively low porosity (46%) measured for the test S8 with lower water sub-
cooling is consistent with a cake formation. Also, a noticeable particle ag-
glomeration was observed in S5 and S10 tests under low water subcooling.
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Figure 3.13: Maps and trends in particle morphology dependency on water sub-
cooling and melt composition: a,b) large particles (>1mm); c,d) small particles
(<1Imm).

Apparently, the combination of low water subcooling, relatively shallow pool
(0.65 m in S5 and S8) and high melt superheat (210°C in S10) impeded the debris
fragments from complete solidification prior to settlement. This observation is in a
good agreement with the debris agglomeration and porosity measurements in co-
rium tests CCM-1 and CCM-27 conducted in shallow water pool (0.63 m) under
low to intermediate subcooling (Figure 3.12). Even in bed with agglomerated par-
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ticles (59% in S5) or cake (46% in DEFOR-S8) the porosity is still higher than
typical values of porosity in sphere packing (~30-40%) used in coolability as-
sessment.

Particle morphology is known to exert a significant influence on the porosity of
the particulate beds. Morphology of debris fragments generated in DEFOR-S ex-
periments conducted at different “snapshot” conditions varies from smooth sur-
face particles (arbitrary shape big particles, filaments-like middle size particles,
and near spherical shape small particles, all with considerable internal porosity),
to rock-like particles with sharp edges and no internal porosity. Figure 3.13 sum-
marizes the DEFOR-S observations of particle morphology and its dependency on
water subcooling and melt composition. Despite a similar trend in morphology of
small (<1 mm) and big (>1 mm) particles, they are considered separately. The
main reason for such a separation is apparent difference in fragmentation behavior
in these two classes. For example, the smooth and spherical shape characteristic of
small particles at low subcooling (Figure 3.13 (c)) manifests the dominance of
surface tension, where as the shape of large particles (Figure 3.13 (a)) is neither
spherical nor smooth.

The arrows on Figure 3.13 (b) and (d) depict the trend of increased significance
(frequency of occurrence) of the observation. For example, we observe an increas-
ing fraction of debris fragments with sharp edges with the increase of water sub-
cooling for both small and large particles; Figure 3.13 (a) and (c). Certain behav-
ior is observed only under high or low subcooling. For example, increase of the
surface micro-roughness with melt composition shifted from eutectic is evident
only under low subcoling. Non sphericity of particles, such as sharp edges and
convoluted surfaces observed in tests with high water subcooling is consistent
with the increased porosity. At low and medium subcooling, high porosity is par-
tially due to the internal porosity.

In summary, given the limited information available from the past FCI experi-
ments on debris morphology and bed characteristics, the DEFOR-S experiments
provide the first systematic database on fragment morphology and debris forma-
tion. Keeping the debris coolability as safety goal in perspective, it is noteworthy
that while the bed’s higher “macroscopic” porosity (60-70%) is potentially coola-
bility-friendly, there remain large uncertainties in “microscopic” factors, such as
the internal porosity; particle and pore size distribution, particle morphology and
surface roughness. These factors may be counteractive with respect to two-phase
flow permeability and passability in the bed’s porous media. Understanding and
characterization of both the prototypic debris bed’s microscopic characteristics
and their impact on corium coolability are subjects of the continued study in the
DEFOR research.

Analytical Results

The DEFORSIM multiscale code is developed on the basis of Discrete Element
Method (DEM) and employed for the study of the debris packing phenomena
[3.14-15]. We use an effective representation of the particle roughness by increas-
ing of the sliding and rolling friction coefficients in the expression for the tangen-
tial forces.
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It was shown [3.14] that DEM simulation indicates higher porosity of the bed in
case of increased inter-particle friction. Also we found an effect of uniform and
non-uniform coolant flow on resulting averaged porosity and formation of low
porosity channels in the bed [3.15].

Figure 3.14 shows the DEM simulation result for non-uniform upward coolant
flow with a jet-like region in the center of the domain. As the coolant flow veloc-
ity increases, the resultant porous media are predicted to feature local inhomoge-
neities, such as pockets and channels, concentrated along the region of coolant jet
(Figure 3.14 (b)). Also to stress on importance of inter-particle friction we show
the case with high velocity of the jet and low inter-particle friction (Figure 3.14
(c)). No channel formation can be observed and the bed’s averaged porosity is
significantly reduced.

Remarkably, the predicted heterogeneous configurations in Figure 3.14 corre-
spond to the microscopic inhomogeneities observed both in the DEFOR-HT ex-
periments and in the DEFOR-LT experiments. Due to vapor production, flow pat-
tern of two-phase flow in and above a heated bed are highly complex and charac-
teristically non-uniform. Therefore, we expect that the structural heterogeneity is
similar to all debris beds formed under prototypic FCI conditions.
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Figure 3.14: Debris bed porosity in case of narrow upward jet flow of coolant:
a) Vy=0.3 m/s; b) V,=0.5 m/s, c) V,=0.5 m/s, low inter-particle friction.

It is instructive to note that direct simulation with DEM of the whole debris bed
formation in case of long transient of reactor accident will be very computation-
ally expensive if at all possible. On the other hand we don’t need to know the his-
tory of each particle (micro properties) in the debris bed. What we need is aver-
aged (macro) properties of the bed like porosity etc. Thus we develop multiscale
numerical methods to enhance computational performance of calculations [3.14].
The idea of the methods is based on the so called “Gap-Tooth” scheme. It was
suggested [3.14] that by performing simulations with DEM method only in a fi-
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nite number of small DEM “windows” and by using extrapolation in time and
interpolation in space for calculation of averaged debris bed properties we can
significantly reduce computational costs (up to 10" times) in comparison with
direct DEM simulation.

The DEFORSIM code [3.16] is developed for study of large scale circulation flow
in the pool and its influence on the debris sedimentation, resulting geometrical
configuration of the debris bed, and its coolability. Figure 3.15 demonstrates the
influence of the large scale circulation flow in the water pool on sedimentation of
corium droplets.

Intensive circulation results in more pronounced spreading of settled particles
over the pool bottom, especially for fine particles. Such spreading is an effective
self-organization mechanism against formation of a tall, non-coolable debris bed.

The numerical results obtained by the DECOSIM code clearly indicate that natu-
ral convection plays a very important role in heat and mass transfer between the
debris bed and coolant as well as in the formation of the debris bed spatial con-
figuration. Further research will be concentrated on the prediction (together with
DEFORSIM code) of the growing debris bed properties (spatial configuration,
porosity, local particle size distribution) with taking into account natural convec-
tion driven flows.

0.3 MW 0.6 MW 1.2 MW

Figure 3.15: Trajectories of particles in a pool with the debris bed at different
heat total power of decay heat.

Debris agglomeration and non-porous “cake” bed formation may significantly
reduce bed coolability limits. Reliable prediction of conditions for onset of the
debris agglomeration and cake bed formation is a must for reduction of uncer-
tainty in ex-vessel corium coolability analysis. The VAPEX-P code [3.18] is used
for prediction of debris agglomeration. A preliminary agglomeration mode map
was obtained with the help of VAPEX-P code and conservative consideration of
the jet breakup influence on pre-deposited state of the debris. More work is ongo-
ing in this direction.
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3.3.3. Assessment of Debris Bed Coolability

As shown in the DEFOR study, for a debris bed formed under prototypical fuel-
coolant-interaction (FCI) conditions, one may expect the configuration and char-
acteristics of the bed to be distinct from the homogenous beds that are packed
under cold conditions and employed in the past studies on debris coolability. It is
the distinction of debris bed formation that determines the bed’s prototypicality
which is contrary to the non-prototypical configuration and characteristics of an
experimental bed.

While it is the primary goal for DEFOR activity to discover such prototypicality
of debris bed characteristics, here we focused on the coolability assessment with
taking into account the specific aspects of the prototypicality, in term of coolant
supply scheme, porosity range, multi-dimensionality, inhomogeneity, particle
morphology, and heat generation (e.g. volumetric heating vs. local heaters). We
believe the five aspects have a potentially large impact on coolability. The main
features of these prototypical aspects are listed in Table 3, in comparison with a
one-dimensional homogeneous top-flooding bed [3.19].

Table 3.3: Identification of characteristics of a debris bed formed under FCI.

Bed Confi- Bed inhomo- Bed porosity Particle Heat genera-
guration geneity morphology tion
Experimental 1D Homogeneous From particle Solid particles, Electric hea-
packing theory regular shapes ters (local
(e=~0.4) and smooth heating)
surface
Prototypical 2D/3D Heterogeneous Affected by Some hollow Decay heat
in micro level intense boiling particles, ir- (volumetric
and particle regular shapes, and uniform
morphology rough surface heating)
(e=~0.6~0.7)

More specially, this subsection presents the coolability effects of (i) coolant bot-
tom-fed, (ii) bed inhomogeneity, (iii) porosity range, (iv) particle morphology,
and (v) heat generation (e.g. volumetric heating vs. local heaters).

For the coolability analysis (prediction of dryout heat flux), three approaches are
used in the current analyses — a semi-analytical model for bottom-fed beds [3.20],
the Reed’s analytical model [3.9] for 1D top-flooding homogeneous beds and the
WABE-2D code [3.21] for two-phase thermal-hydraulics in two-dimensional de-
bris beds.

While we recognize the limitations of the existing tools (although the Reed’s
model and WABE-2D code are the state-of-the-art tools in the field), the objective
of the present study is to provide the first-cut evaluation of the effects of the
above-mentioned aspects in prototypicality so as to aid the quantification of un-
certainty in ex-vessel melt risk safety assessment and guide future experiments.
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Results and Analysis

Effect of Coolant Bottom-Fed

The debris beds formed from FCI are expected to have a heap-like shape, which
allows coolant ingression from sides as well as top, and therefore improves coola-
bility of the peripheral region. In preferable cases, the coolability is believed to be
further enhanced if a bottom-fed configuration (see Figure 3.16) is obtained by
natural formation of a decay-heat-free bottom layer (e.g. earlier ejection of
stainless steel) or retrofit of the reactor cavity with a porous layer on the floor
(e.g. core catcher). Several experimental investigations have been performed for
the bottom-fed configurations as shown in Figure 3.17, including bottom forced
injection and downcomer installation.
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Figure 3.16: Debris bed with coolant Figure 3.17: Schematic of a simpli-

side ingress and bottom-fed fied ex-vessel debris bed with bottom-
fed.

Our study here was to develop the semi-analytical model for two-phase flow in
bottom-fed beds, which was then applied to the coolability analysis of ex-vessel
debris beds formed in hypothetical severe accident scenarios of a boiling BWR
which has thermal power of 2500 MW and the cavity diameter of 9 m (cf. Figure
3.17). It is assumed that the maximum mass of an ex-vessel corium debris bed is
about 180 tons.

We focused on a simplified configuration as shown in Figure 3.17. In such a situa-
tion, the coolant in the bed will heat-up and boil due to the heat transfer from the
decay-heated debris. The porous bed is therefore filled with two-phase mixture,
whose density is significantly lower than the water density. Consequently, a grav-
ity head difference between the liquid outside the bed and the two-phase mixture
inside the bed will drive the coolant into the bed interior, forming a natural circu-
lation loop (see Figure 3.17). This cooling scheme is called Natural Circulation
Driven Coolability (NCDC).

The calculated cases [3.20] showed that the coolability is enhanced by a factor
from 60% to 160% in comparison with that in a top-flooding bed predicted by
Lipinski model [3.17].

Effect of Bed Inhomogeneity
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In this work, we focus on the potential impact of bed inhomogeneity on debris
coolability, namely the effect of bed’s micro and macro heterogeneity (in term of
particle size and pore distributions in space) is examined. The bed inhomogeneity
is represented by a channel or a high-porosity zone in the base bed, as illustrated
in Figure 3.18. The basic configuration is composed of particles of 1mm diameter,
and has porosity of 0.36.

Example debris beds [3.22] investigated are as shown in Table 4, where two types
of unit volume and respective macro and micro inhomogeneity are represented: i)
so-called macro bed with 350 mm diameter that incorporates either a channel
(Case 1) or a surrounding high porosity ring (Case 2); ii) so-called mini bed with
50 mm diameter that incorporates a high-porosity column in the bed’s middle
(Case 3 ~ Case 6). The prototypical debris bed may consist of many such macro
and mini beds. In all cases, we call the channel and high-porosity zones as ‘down-
comer’, since they provide a similar function of downcomer in a traditional natu-
ral circulation loop.

Liquid Velocty U [mis]
—== 0.02

Height [m]

S0 Temperature [*C]

0o 0.05 0.1 0.15
Radius [m]

Figure 3.18: Debris bed with in- Figure 3.19: Post-dryout of a top-flooding
homogeneity in porosity and parti- bed in Case 1 (heat load =345 kW/m?).
cle size.

The values and gain percentage of dryout heat flux for all 6 Cases are listed in
Table 4. Figure 3.19 shows the temperature profile and velocity field after dryout
of Case 1. The analysis result suggests existence of a threshold for the downcomer
size, porosity and particle size. If the downcomer diameter is less than 6 mm for a
bed in Case 4, for instance, the increase in dryout heat flux becomes insignificant.
The decrease in porosity and particle size in the downcomer also lead to reduced
Dryout Heat Flux (DHF). The lower the resistance in the downcomer is, the
higher the dryout heat flux is. After the resistance in the downcomer becomes
negligible in comparison with the bed’s resistance, the dryout heat flux no longer
increases.

The implications of the above findings on debris bed coolability are straightfor-
ward. Both macro-inhomogeneity and micro-inhomogeneity serve as potential
avenues for enhancing debris bed coolability in prototypic reactor situation. Nota-
bly, the prototypical debris bed in a severe accident can be viewed as an assembly
of unit volumes considered in preceding sections. A macro bed may be composed
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of a group of mini beds. Although the downcomer (channels or high-porosity
zones) only occupies a relatively small fraction (say, 4%) of the total volume of
the whole bed, their contribution to dryout heat flux is significant. Remarkably,
such coolability enhancement could not be predicted by the treatment of uniform
bed with mean porosity and particle size.

Table 3.4: Calculation matrix.

Bed Downcomer DHF DHF /
Case DHFtop*
d D, | Hy, | d D
P ¢ ° ° P ¢ & heating | kW/m2 %
(mm) ) (mm) [ (mm) | (mm) ) (mm)
1 |10]036]|350]|450| 100 | 0.8 | 30 No 328 44
2 | 1 036|250 |450| 3 | 0.4 | 2% | ves 325 43
350
3 | 1.0/036|50 |450| 3 | 06| 10 | Yes 338 48
4 |10/036|50 |450| 1 | 06| 6 Yes 242 6
5 | 1.0/036| 50 |450| 2 |0.72] 6 Yes 276 21
6 | 1.0 03650 |450| 1 | 06 | 10 | Yes 2176 21

- * DHFyop is 228 kW/m? for the top-flooding bed.

Effect of Debris Bed Porosity

From particle packing theory, we know that the porosity of a bed packed by regu-
lar particles ranges from 26% to 46%, and the average porosity with size distribu-
tion is around 40% [3.22]. This therefore became the reference porosity for debris
beds used for coolability studies in the past.

However, in the experiments of DEFOR [3.9, 3.11] and CCM [3.8], it was found
that the porosity of the debris beds varied from 50% to 70%, with most of them
having porosity of more than 60%. This implies that the porosity of a prototypical
debris bed may be much higher than that predicted by the particle packing theory.

The high porosity will significantly increase the debris coolability. For instance, if
the particle size is 3 mm and the porosity is 70% in a top-flooding bed, the DHF is
3.37 MW/m? predicted by Reed’s model, which is 3.7 times of that of the refer-
ence bed with 3 mm particles and 40% porosity. If the particle size was reduced to
half of that of the reference bed while keeping 70% porosity, the DHF is 2.28
MW/m? which is still 2.53 times of that of the reference bed. The results depict a
significant, and yet quite expected effect of the bed’s high porosity on its coolabil-

ity.
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Effect of Particle Morphology

In the past, the particulate debris beds were assumed to comprise of solid particles
with regular shapes and macroscopically smooth surfaces. There are only few
studies which pay attention on the morphology of prototypical debris, and the
effect of particle shape and size distributions. The DEFOR experiments indicated
that the particle surface is generally roughened (see the previous subsections).
More importantly, in some tests the debris fragments are found to have encapsu-
lated cavities or pores on the surfaces. Such cavities (or internal pores), irregular
shape and roughness were also observed in debris fragments collected in the tests
on prototypic corium melt-water interactions [3.23].

The internal pores were not separately counted for when the porosity of the debris
bed was determined in post-test measurements. Figure 3.20 is an estimation of the
effect of such internal pores on coolability [3.19], where we assume that the de-
bris bed is composed of spheres with some of them hollowed. Under this situa-
tion, the effective porosity €. equals to the nominal porosity € minus the internal
porosity €. Comparing Bed 2 with Bed 3 packed by 3mm particles, we can see
that the dryout heat flux was reduced by 33% (from 3.37 MW/m? to 2.26 MW/m?)
due to the internal porosity in the Bed 2. This implies the importance of determin-
ing the particle morphology and pore distribution in a prototypical bed.

Figure 3.20: Dryout heat flux for debris beds with hollow and solid debris.

Effect of Heat Generation

The decay heat in a prototypic corium debris bed provides volumetric heating,
which has been postulated to be uniform in all the previous coolability assess-
ment. But some debris coolability experiments applied Ohmic heating of electric
heaters (resistance wires embedded in the experimental debris beds). Naturally,
such simulation of decay heating introduces additional non-prototypicality which
has to be taken into account when one intends to apply the data obtained in such
experiments to reactor safety analysis.
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Our analysis [3.19] indicated that the dryout heat flux of debris beds using local
heaters is lower than that of a volumetrically heated bed. This reveals the conser-
vatism of experimentally measured DHF. Furthermore, the wire heated surface
and debris non-heated surfaces can have different wettability, rendering possibly
different two-phase flow patterns in microchannels, and therefore different flow
friction.

3.3.4. Concluding Remarks

In general, the EXCO research performed is confirming the initial hypothesis for
debris coolability stated in the MSWI-APRIG6 proposal. The main findings and
achievements of the DEFOR research are as follows.

« Averaged porosity of the debris bed obtained in DEFOR experiments is
high (up to 60-70%) and insensitive to melt composition and water sub-
cooling. An increasing fraction of encapsulated porosity was detected with
the decrease of water subcooling.

« Qualitative maps of particle morphology were developed on the base of
DEFOR-S experimental results. It was shown that particles are mostly
non-spherical with rough surface which induce higher inter-particle fric-
tion.

o Results of the DEFORSIM code calculations indicate a significant influ-
ence of micro-scale parameters (e.g., particle morphology, particle surface
roughness, inter-particle friction) on large scale dynamics (e.g., debris bed
porosity and thus coolability). Coolant flow also promotes increase of the
averaged porosity and formation of channels, whose presence is favorable
for the bed coolability.

« To capture the effect of micro-scale physics in reactor accident predic-
tions, a simulation framework is developed. Central to this framework is
the multiscale “gap-tooth” computational approach which enables using
the micro-solver to predict safety-significant macro-scale parameters.

o Results of the DECOSIM code simulation show that natural circulation in
the pool induced by the decay heated debris bed presents a potentially im-
portant self-organization mechanism that prevents formation of a tall, non-
coolable debris bed.

o The VAPEX-P code is used for identification and conservative estimation
of conditions for onset of massive particle agglomeration and cake forma-
tion, which are negative for coolability of the bed.

For assessment of debris bed coolability, a semi-analytical model was developed,
validated and used to investigate Natural-Circulation-Driven-Coolability (NCDC)
of debris beds with coolant bottom-feeding. In general, the coolability was pre-
dicted to increase by 80% to 160% due to NCDC, depending on bed configuration
and characteristics.

The bed’s inhomogeneity, represented by a downcomer-like macro channel in a
macro bed (macro-heterogeneity) or a small-scale high-porosity zone in a micro
bed (micro-heterogeneity, was predicted to enhance coolability by more than 40%
in the cases chosen, compared with a top-flooding uniform bed.
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Analysis is also performed to investigate the potential effect of bed characteristics
found in DEFOR experiments on coolability, in terms of porosity range and parti-
cle morphology. For high average porosity (up to 70%) obtained in DEFOR tests
with high subcooled water, the analysis results indicate availability of substantial
coolability margins, compared to the previous assessments based on models and
experiments using a bed assumed porosity of approximately 40%. On the other
hand, the particle morphology obtained in FCI reveals that there very probably
exist internal (encapsulated) pores which are inaccessible by coolant. Such inter-
nal porosity has to be excluded from the average porosity, and therefore does not
contribute to coolability.

The local heating of electric heaters embedded in a debris bed was predicted to
reduce the dryout heat flux, in comparison with a uniformly and volumetrically
heated bed, but the simulation suggests that the non-prototypical effect can be
reduced by using fine wire-heaters distributed more uniformly in the bed’s radial
direction.

3.4 Steam Explosion Energetics (SEE)

3.4.1. Motivation and Approach

The ultimate goal of the steam explosion energetics (SEE) study at KTH is to
quantify the ex-vessel steam explosion risk in Swedish BWRs which employ cav-
ity flooding as a severe accident management strategy. However we recognize the
substantial uncertainty that remains in this field after 30 years of intensive re-
search worldwide. Our research approach therefore includes both systematic and
opportunistic efforts.

The systematic effort is directed towards a basic understanding of micro-
interactions of molten droplet(s) and coolant, with a hope to identify mechanisms
which may limit the explosivity of molten corium in a prototypic severe accident
scenario with fuel-coolant interactions (FCI), and examine the hypothesis that
binary, non-eutectic melts are largely non-energetic. The efforts include MISTEE
(micro interactions of steam explosion energetics) experiments, analytical work,
and information distillation from international activities. Main achievements in
this respect are presented in the following subsections.

The opportunistic approach is directed to the limiting conditions of melt release
from the vessel failure. If we can demonstrate that the melt discharge is gradual in
a dripping mode, a limited steam explosion energetics is expectable with high
confidence. Although the original objective of the INCO study is to prove the hy-
pothesis, more efforts are needed for evidences of such a favorable conclusion.

3.4.2. Micro Interactions of Steam Explosion Experiment (MISTEE)

SHARP Approach

In contrast to the large scale experiments that provide an integrated picture of all
phases of a steam explosion, the MISTEE study concerns small-scale, single-
droplet FCI experiments which aim to characterize the steam explosion at its mi-
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croscale interaction level, namely the fragmentation of individual melt droplets in
coolant. In addition to the basic understanding of steam explosion mechanisms,
the obtained data is also useful for verification or development of models for
steam explosion.

The SHARP (Simultaneous High-speed Acquisition of x-ray Radiography and
Photography) system was developed to synchronously characterize the dynamic
evolution of both vapor bubble and melt during the explosion period in the
MISTEE experiments. The SHARP-based experiment has dual objectives. Firstly,
we aim to obtain high-quality experimental data in well-controlled test conditions.
Such data are necessary for the development and validation of steam explosion
mechanistic models. Secondly, the data are processed to gain new insights into the
physics of the microscale interactions. The image processing methodology and an
image synchronization procedure is detailed in [3.17].

By using SHARP system, we were capable of delivering new and valuable infor-
mation on the micro-interaction dynamics and revealing the underpinning mecha-
nisms of steam explosion phenomena; see below and more details in [3.24].

Preconditioning for an Energetic Interaction

The qualitative analysis based on the coordinated radiographic and photographic
images, depicts an interrelated progression of the bubble and the molten material,
granting information on the phenomenological micro-interaction of the triggering
of the steam explosion process, as represented in Figure 3.21.

Figure 3.21: Phenomenology of droplet explosion. Top: schematic. Bottom:
SHARP images.

The analysis of the data obtained by the SHARP system and the image processing
procedure developed shows a deficiency in using the bubble dynamics alone to
provide a consistent explanation of the energetic behavior. There is to say that the
data on vapor bubble dynamics show a favorable initial condition for an energetic
interaction (large impact velocity of the collapsing bubble, i.e. water hammer) is
established during the bubble’s 1st cycle in low subcooling tests — a notion that
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contradicts the results obtained in the bubble‘s 2nd cycle and the conventional
wisdom where lower conversion ratios are expected in low-subcooling cases.

Since the bubble dynamics alone fails to provide a consistent explanation of the
effect of coolant subcooling on steam explosion energetics, characterization of the
melt droplet dynamics proves even more crucial. The evolution of the melt mass
distribution obtained by the X-ray radiography intensity images point to coolant
entrainment into the droplet surface as the mechanism for direct contact/mixing
ultimately responsible for energetic interactions. Most importantly, the MISTEE
data reveals an inverse correlation between the coolant temperature, which charac-
terizes the dynamics of the first cycle in bubble dynamics, and the molten droplet
deformation/prefragmentation.

As shown in Figure 3.22, after the external pressure disturbance, the molten drop-
let successively undergoes deformation/pre-fragmentation during the first cycle.
Recalling the relation between the image gray level, AG, i.e. intensity, and the
density/thickness of the molten material, one can qualitatively represent such a
deformation by taking a horizontal line segment, i.e. transverse profile, through
the droplet’s center. The red and black lines show the profile “thickness’ distribu-
tion of the molten droplet prior to the interaction and by the end of the first cycle
expansion, respectively. It is apparent that the droplet is deformed in the radial
direction, i.e. enlargement of the projected area, and becomes less compact,
analogous to a porous element.

Figure 3.22: Melt deformation/prefragmentation in the first cycle. 4G is the im-
age gray level, i.e. intensity.

The finding provides a basis to suggest that the so-called melt droplet pre-
conditioning, i.e. deformation/ pre-fragmentation of a hot melt droplet immedi-
ately following the pressure trigger, is instrumental to the subsequent coolant en-
trainment, evaporation and energetics of the resulting steam explosion. Hence,
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melt preconditioning is found to be directly proportional to the steam explosion
conversion ratio.

The new insight about the role of melt droplet dynamics suggests that a mechanis-
tic treatment of the droplet preconditioning is instrumental to a basic understand-
ing and quantification of how melt physical properties influence steam explo-
sion’s triggerability and energetics.

Effect of Non-Condensable Gases on Steam Explosion

The non-condensable gases (NCG) entrapped in the vapor film that envelops the
melt droplet add another dimension to the already complicated steam explosion
phenomenology. Past works suggested that the NCGs influence motion of vapor-
liquid interfaces suppressing the vapor film collapse and direct liquid-liquid con-
tact. The NCG are therefore thought to reduce steam explosion triggerability and
energetics. The effect thus offers a way to test the contribution of various mecha-
nisms involved.

A number of MISTEE tests were conducted using a molten tin drop in different
water temperatures. The MISTEE-NCG test series was selected among the
MISTEE runs in which a considerable amount of air was entrapped with the melt
drop during its plunging through the water’s free surface. The entrapped air forms
a rear bubble, which varies in size and interacts with the main bubble (vapor film
around the drop). The amount of air confined in the vapor film can be translated
into the bubble morphology, e.g. aspect ratio (width/ height).

MISTEE-NCG observations indicate, however, that the NCGs tend to accumulate
in the rear region of the rising film. Such asymmetry leads to complex pressure
dynamics governing the bubbles internal flows and jet formation on the interface.
The resulting forces and interactions are sufficient to disturb the droplet surface,
facilitating its amenability (preconditionability) for the coolant ingression and fine
fragmentation, e.g. triggerability. Conversely, the presence of NCGs in the inter-
action zone hinders the direct melt-coolant contact lowering the resulting energet-
ics, where the upper limit for an energetic steam explosion is found to be for an
aspect ratio less than 0.6.

The MISTEE data on bubble behavior, including the well-characterized dynamics
of NCG rear bubble, can be useful to the analysis of preconditioning and its effect
on the subsequent energetics. In particular, advanced methods in computational
multi-fluid dynamics (with interface tracking) can be used together with the
measured data to determine the evolution of pressure and flow fields in the bub-
bles, which helps to relate the flow effect on droplet stability, deformation and
pre-fragmentation, which are characterized by the X-ray imaging.

Scoping Experiments Using Binary Oxide Mixture

To reduce the material gap between simulant and corium, the MISTEE facility
was modified to perform droplet steam explosion using oxides. The chosen binary
oxide candidate was WO3-Bi,O3 as it is the same material used in DEFOR ex-
periments. Table 3.5 presents the test matrix and results of the interaction, where
SSE and TSE stand for spontaneous and triggered steam explosions respectively.
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Table 3.5: Scoping tests using a WO3-Bi,O3 mixture. SSE and TSE stand for spon-
taneous and triggered steam explosions, respectively. NCG stands for non-
condensable gas.

Mass Tcoolant Tmelt

Composition Steam Ex-
(©) cc) cc) plosion
eutectic 5 20 1300 SSE
eutectic 8 20 1300 SSE
eutectic 5 40 1300 TSE
eutectic 5 80 1300 TSE
eutectic 2,81 80 1300 TSE
Non-eutectic 1,18 72 ? TSE
Non- eutectic 2 20 1300 TSE
Non- eutectic 2 20 1300 -NCG
Non- eutectic 2 40 1150 -NCG
Non- eutectic 4 35 1300 TSE
Non- eutectic 4 32 1300 TSE
Non- eutectic 2.5 55 1300 TSE

Since this particular oxidic mixture leaves a trail of fine fragments, similar to a
thin powder, when falling into the water tank, bubble dynamics were unable to be
resolved. Thus, the energetics were evaluated from the pressure history recorded
from the pressure transducer flush-mounted into the test section.

All the runs involving an eutectic mixture of WOs3-Bi,O3 resulted in a steam ex-
plosion. Furthermore, for high water subcooling the interaction took place before
the trigger arrival, Figure 3.23 (a), i.e. spontaneous, while triggered energetic ex-
plosions, Figure 3.23 (b), were observed in the low subcooling runs. Conse-
quently, fine fragmentation of the molten material was observed in both cases.
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Fig. 3.23: Pressure history of WOs3-Bi,O3 eutectic mixture undergoing (a) sponta-
neous (high subcooling) and (b) triggered (low subcooling) steam explosion.

The tests performed with a non-eutectic mixture of WOs-Bi,O3 also resulted in a
steam explosion. However, the water subcooling effect was apparent. While in
high water subcooling, mild steam explosions were observed; in low subcooling
cases energetic steam explosions took place. Accordingly, the modes of molten
material fragmentation varied with the water subcooling: a coarse ‘shell-like’
fragmentation is observed in high subcooled cases while fine fragmentation was
observed in low subcooled cases.

That can be explained by the crust formation hindrance on the low subcooled
cases. In other words, low subcooling leads to a thicker vapor film that enfolds the
molten droplets. This thick vapor film will work as an isolation blanket which will
prevent the droplet from quenching. Moreover, it will lower the approach thick-
ness during film collapse, thus lowering the droplet interface cooling and delaying
the crust formation.

Conversely, on the high subcooled cases, a thin crust will be formed leaving less
material to participate on the interaction. In Figure 3.24 one can observe slices of
the crust being dispersed into the coolant after the steam explosion.

Figure 3.24: WOs-Bi,0O3 non-eutectic mixture undergoing an energetic steam ex-
plosion and coarse fragmentation of the molten material.

These observations, Figure 3.25, differ from the large scale experiments, e.g.
TROI, where generally non-eutectic corium would result in mild steam explo-
sions. Further investigations, using a different simulant, are necessary before any
conclusion can be drawn.
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Figure 3.25: Steam explosion energetics of WOs-Bi,Oj3 eutectic and non-eutectic
mixtures for different water temperatures.

3.4.3. Material Property Effect in Steam Explosion Energetics

This is a revisit study of the previous work [3.26]. Complete and detailed discus-
sion of the new insights can be found in [3.27].

Role of Corium Properties in Steam Explosion

Questions about corium low explosivity have been imminent and asked repeatedly
in the past, largely motivated by observations in the KROTOS experiments where
the alumina (Al,O3) melts exploded spontaneously and energetically whereas the
oxidic corium melts (UO,-ZrO,) were found resilient to explosion. However, a
lack of mechanistic understanding of the underpinning physics did not allow one
to explicitly take credits of the potential effect in reactor predictions and risk as-
sessment. In fact, as we look back on the evolution of the views on steam explo-
sion energetics, it remains unclear how the planned experiments and analyses help
unreveal the long-standing puzzle about the corium low explosivity.

Dinh et al. [3.26] submitted a view that the low explosivity of corium melt is
multi-faceted and yet decomposable and mechanistically explainable. Notably, the
study associated the effect of melt physical properties with the processes in the
pre-mixing phase in terms of

(1) corium’s higher temperatures (high void and stable film boiling, rapid
cooling),

(2) corium’s higher density (causing fragmentation to small drops),

(3) eutectic-versus-non-eutectic (mushy) composition (fast stiff shell forma-
tion, solidification)

(4) oxidic material low conductivity (surface cooling and crust formation)

being central to the different explosivity in binary oxidic corium vs. alumina
melts.
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Items #1, #2 and #4 are rather straightforward and consistent with analytical
evaluation (for items #1 and #4) and experimental evidences (in KROTOS tests
for item #2). The corium’s high temperature (item #1) and high emissivity lead to
high radiative heat flux which facilitates rapid cooling and solidification. This
radiative cooling effect on corium particle solidification, together with small sizes
of corium particles (item #2) and low conductivity (item #4) played a central role
in the Dinh et al treatment [3.26]. The effects can be “measured” by conversion
ratio (CR), as shown in Figure 3.26. In a recent study, Dombrovski and Dinh
[3.28] made further qualification of heat transfer in melt particles, reinforcing the
notion that the intense radiative cooling during the premixing process limits the
explosive potential by reducing the amount of molten materials (in FCI experi-
ments). Noteworthy, the formation of a crust of the same relative thickness occurs
much faster in corium than in alumina.

Figure 3.26: Conversion ratio (CR) decreases in three steps, indicating the sup-
pression effect of different properties and factors.

Ideally, the effect of individual properties can be characterized by conducting FCI
tests with a well-defined difference in the selected material property while main-
taining similarity of all other properties and conditions. However, such an ideal
“separation” of the effects is not easily achievable in a FCI testing. Therefore,
only a qualitative characterization of the effects is possible through the measured
conversion ratio as shown in Figure 3.26.

Thus, one may rightfully suggest that the CR reduction from 20% to the level of
0.5%...1% (cf. Figure 3.26) is associated with pre-mixing, and therefore comput-
able with an appropriate mechanistic treatment of governing processes, namely (i)
jet fragmentation, (ii) radiative heat transfer in multiphase (water/steam/melt) me-
dia, and (iii) cooling and solidification of the melt particle. In fact, CFD-based
computer codes such as PM-ALPHA [3.29] provide the platform for implementa-
tion of such models. It is instructive to note that items (ii) and (iii) were treated
mechanistically, and item (i) was treated parametrically (using particle size char-
acteristic of the size distribution obtained from FCI tests with a prototypic corium)
in the PM-ALPHA code. In other words, the predictions of reactor accident sce-
narios using the PM-ALPHA code had already accounted for a major effect of
melt properties on the FCI premixing.
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Item #3 was argued that the mushy zone effect is active in the premixing phase
and associated with early formation of a surface layer that becomes stiff enough to
resist external forces. This notion of the “mushy” effect on micro-interactions
presents a major deviation from the previous argument [3.26].

Material Property Effect on Micro-Interactions

The following conceptual picture of micro-interaction is considered here. Upon
the passage of a pressure wave, the vapor film around the melt droplet is collapsed
to allow liquid-liquid (melt/coolant) contact. Instantaneous contact with hot melt
causes the water to heat up, forming a layer of width &w beyond homogeneous
nucleation temperature Tyn. The dw-layer will evaporate explosively, forming a
growing bubble around the melt drop. Another concurrent, always active mecha-
nism for heat transfer is radiation from the melt surface. Such radiative heat trans-
fer evolves with the interfacial area evolution that depends on breakup regime and
has a characteristic time of drop breakup tgr (Tgr). A fraction of the radiative heat
flux is absorbed in a subcooled water pool, while the rest causes evaporation at
the bubble wall or any liquid coolant within the micro-interaction zone. The inter-
action scheme is illustrated on Figure 3.27. Within the described physical picture,
the following remarks can be made.

(i) If the premixing zone is highly voided, the pressure wave would cause col-
lapse of vapor film around melt drop as well as other bubbles in the vicinity.
Such a collective collapse would effectively reduce velocity of the coolant
impact onto melt drop.

(i) As the coolant interfaces approach and contact the melt drop interface, a
contact temperature, Ty, which is established in-between the melt tempera-
ture and the coolant temperature. Given an ideal, instantaneous contact, a
solution for two semi-infinite bodies applies.

In the prototypic reactor accident scenario, however, the ideal contact is not real-
ized. Furthermore, due to the high temperature of corium melt, the vapor sublayer
adjacent to the melt drop is highly superheated. Consequently, even in the wake of
a shock wave, the local vapor enthalpy remains higher than saturation enthalpy for
local pressure, leaving a thin, compressed layer of vapor between the melt drop
and the collapsing bubble wall; see insert [A] of Figure 3.27.

(iii) If the surface temperature, Ty , is sufficiently low, the contact leads to for-
mation of a layer of width &y with the temperature lower than the drop’s
melting point Typ, causing a rapid crystallization in the oy layer. Given no
interfacial instabilities and breakups, the evaporation is limited to homoge-
neous nucleation in dw-layer and radiation heat transfer from the drop’s
original (but now cooled to T\) surface. Such a limited evaporation would
not suffice to create an explosion and sustain a detonation wave.

(iv) Following the liquid-liquid contact, the melt surface becomes undercooled,
well below its freezing point. Thermodynamically, the undercooled melts
are metastable, creating conditions for nucleation and formation of various
metastable solids.
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Figure 3.27: Mechanisms active in micro-interactions that followed a shock wave
passage.

The above remarks lead us to suggest that steam explosion energetics being driven
by fine fragmentation is governed by three rate processes: surface undercooling,
recalescence (nucleation and growth of solid phase with release of latent heat),
and interfacial instability and breakup. Time-wise, it can be seen from the esti-
mates (10-100 us) given in this section that these processes are competitive.

The driving hypothesis for the effect of melt composition on micro-interactions is
that during solidification of the undercooled binary melt recalescence occurs ear-
lier and propagates faster in non-eutectic melts than in eutectic ones. The basis
and rationale for the above hypothesis can be seen from Figure 3.28 for non-
equilibrium solidification, in combination with equilibrium phase diagram.

Thermodynamically, one expects the eutectic composition be more stable under
unstable undercooled conditions than non-eutectic ones. If solidification prevails
over instability, the drop surface forms a solid crust or a stiff, highly-viscous
mushy layer, suppressing evolution of short-wavelength instabilities. Conse-
quently, hydrodynamic interactions lead only to coarse fragmentation, creating
large fragments with a relatively lower surface-to-volume ratio, and correspond-
ingly lower radiative heat flux. If the interfacial instability prevails, a large inter-
facial area is generated for radiative heat transfer.
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The above brief description summarizes avenues by which various physical prop-
erties of melt influence the competing processes that ultimately govern fine frag-
mentation. More detailed description is presented in [3.27].

Figure 3.28: Schematic illustration of undercooling driven by rapid cooling (e.g.
on the drop surface) for two melt compositions.

The preceding discussion is focused on hydrodynamic fragmentation expected to
dominate the explosion phase when a strong shock wave escalates and propagates
through the premixture. During the explosion’s triggering and early escalation,
melt drops are subject to a weak pressure wave (trigger), leading to a collapse of
vapor film around the melt drop, and subsequent bubble cycles; see [3.24] for new
visualization of drop explosion in this regime (dubbed thermal fragmentation). It
is possible that hydrodynamic interactions can cause vapor film collapse locally,
leading to a bubble dynamics as in the case of triggered interaction. Energetic
coolant/melt interaction is then observed to occur at the end of the first bubble
cycle.

The physics and the effect of melt properties discussed for hydrodynamic frag-
mentation generally apply to thermal fragmentation as well. Undercooling of the
melt drop surface and subsequent rapid formation of the mushy layer govern the
low explosivity of non-eutectic oxidic melts. The main difference between the
hydrodynamic and thermal fragmentation regimes lies in time scale: in the ther-
mal fragmentation case, the first bubble cycle (a couple of ms) is available for
dendrite growth if the melt is undercooled. Due to such long duration, binary oxi-
dic melts, including both high-temperature corium and medium-temperature simu-
lant materials, have been observed to be highly resilient against spontaneous or
(weak) triggered explosion.

In general, a premixture of low explosivity (combining coolant and melt condi-
tions, and melt properties) is closely correlated with its low triggerability. The
opposite may however not hold. A strong trigger can overcome the low trig-
gerability in thermal fragmentation mode. Strong trigger can occur in some proto-
typic reactor scenarios. For example, if a water pool depth is shorter than the melt
jet breakup length, molten materials may spread on the cavity floor, trapping a
sizable amount of water under the melt layer. Rapid evaporation of the entrapped
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water can lead to an energetic trigger for the upper premixture. Such a situation
pertains to in-vessel FCIs but not characteristic of ex-vessel FCls of interest,
which involves a deep, subcooled water pool present in the drywell cavity.

3.4.4. Concluding Remarks

The MISTEE study aims to develop a mechanistic understanding of the thermal-
hydraulic processes in steam explosion by performing well-controlled, externally
triggered, single-droplet experiments, using a high-speed visualization SHARP
system.

The analysis of the data obtained by the SHARP system and the image processing
procedure developed shows a deficiency in using the bubble dynamics alone to
provide a consistent explanation of the energetic behavior. The images point to
coolant entrainment into the droplet surface as the mechanism for direct con-
tact/mixing ultimately responsible for energetic interactions. Most importantly,
the MISTEE data reveals an inverse correlation between the coolant temperature
and the molten droplet deformation/prefragmentation. The finding provides a ba-
sis to suggest that the so-called melt droplet pre-conditioning, i.e. deformation/
pre-fragmentation of a hot melt droplet immediately following the pressure trig-
ger, is instrumental to the subsequent coolant entrainment, evaporation and ener-
getics of the resulting vapor explosion.

Regarding the effect of non-condensable-gases (NCGs) on steam explosion, the
observations of MISTEE indicated that the NCGs tend to accumulate in the rear
region of the rising film, which invalidate the previous assumption of vapor/air
film symmetry. Such asymmetry leads to complex pressure dynamics governing
the bubbles internal flows and jet formation on the interface. The resulting forces
and interactions are sufficient to disturb the droplet surface, facilitating its amena-
bility (preconditionability) for the coolant ingression and fine fragmentation, e.g.
triggerability. The presence of NCGs in the interaction zone hinders the direct
melt-coolant contact lowering the resulting energetics, where the upper limit for
an energetic vapor explosion is found to be for an aspect ratio less than 0.6.

For extension of the new insights to reactor applications, scoping experiments
were also performed in MISTEE using binary oxides, in order to reduce the mate-
rial property gap between corium and simulant. The eutectic and non-eutectic
mixtures of WO3-B,03 (same simulant used in the DEFOR tests) were used as to
investigate the eutectic versus non-eutectic mixture effect on the steam explosion
triggability and energetics. The preliminary observations are i) for eutectic mix-
ture, all tests lead to energetic steam explosion (spontaneous at high subcooling
and triggered at low subcooling); ii) for non-eutectic mixture, all tests lead to
steam explosion at trigger, but with different fragmentation modes and energetics
depending on water subcooling; high energetics and fine fragmentation at low
subcooling.

Regarding material property effect on steam explosion, the SEE study proposed
nucleation-driven solidification behavior upon rapid undercooling of melt drop
surface due to liquid-liquid contact being responsible for the efficacy of fine
fragmentation, and ultimately steam explosion triggerability and energetics [3.27].
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For a given set of FCI initial conditions (pool depth, water temperature, etc.) and
boundary conditions (melt superheat, jet diameter, etc.), there are complex proc-
esses of macro-interactions (during premixing) and micro-interactions (during
explosion) by which melt material properties govern steam explosion energetics.
Most importantly, solidification (on the melt side) and boiling (on the water side)
serve to limit the efficacy of subsequent direct liquid-liquid contact. Low conver-
sion ratios measured in small-scale corium experiments (few kg of corium, trigger
after melt release completed) are indicative of corium higher resilience to explo-
sion, which however should perhaps be interpreted first as evidence of low trig-
gerability rather than low energetics. Furthermore, due to multiple time scales
present in premixing (melt supply duration, particle solidification, trigger time),
extrapolation of the measured behavior to reactor situations (involving continuous
delivery of many tons of molten corium) is not straightforward.

Given the large phenomenological uncertainties in steam explosion, we believe
that reducing the uncertainties associated with parameters of the melt’s first-
release appears a “cost-effective” avenue in quantification of ex-vessel steam ex-
plosions. In fact, the melt first-release parameters (being boundary conditions to
FCI) are subjected to in-vessel coolability, and manifested on (i) vessel failure
modes and timing, (ii) amount, composition and superheat of molten materials
available for discharge to ex-vessel space, and (iii) vessel hole ablation and relo-
cation path of melt to water pool in a reactor cavity. Examination of these aspects
has to be strengthened in the follow-up study.

3.5 Severe Accident Information Distillation (SAID)

This activity is fulfilled by KTH participation in SARNET (Severe Accident Re-
search NETwork of Excellence). We provided information from MSWI-APRI6
into SARNET and took useful information from SARNET for Swedish nuclear
power plants. KTH is involved in most work packages except WP1, WP8 and
WP14~WP16. The main achievements of SARNET with KTH involvement can
be summarized as follows.

3.5.1. ASTEC code (WP2~WP4)

The ASTEC code, jointly developed by IRSN and GRS, is the main integrating
component and contributes efficiently to the dissemination of SA knowledge. Fur-
thermore, most of the “Joint Research Activities” are linked to ASTEC, as one of
their ultimate goals is to provide physical models to be integrated in ASTEC.

Total 28 organizations have collaborated with IRSN and GRS on the code devel-
opment and assessment. The code is intensively used by IRSN for Level 2 PSAs
for 900 and 1300 MWe PWRs and by GRS for their PSA2 consolidation study for
Konvoi 1300 MWe reactors. Besides, more and more partners use it for complete
accident scenario calculations. Three ASTEC Users’ Club meetings, the latest
being held in April 2008, allowed fruitful direct discussion between users and
developers.

Three main code versions were released to the partners: V1.1 mid-04, V1.2 mid-
05 and V1.3 end of 2006 (the latest V1.3 rev2 update being released in Dec.07).
By taking into account all users' requirements on ASTEC evolution, the first ver-
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sion of the new series of ASTEC V2 versions to be released in March 2009, will
be applicable to the EPR, in particular its core-catcher, and will include the
ICARE2 (IRSN code for core degradation) mechanistic models.

An extensive code validation was carried out by the partners on 65 experiments
(often OECD International Standard Problems). The results are generally good for
circuit thermal-hydraulics, core degradation and fission products and aerosol be-
haviour. Many applications were performed on various NPPs (French PWR, Kon-
voi 1300, Westinghouse AP 1000, VVER-440, VVER-1000 and RBMK) and
various SA scenarios, including benchmarks with other codes. The agreement was
good with the integral codes MELCOR and MAAP4 on the trends and orders of
magnitude of the main sequence results, and very good with detailed results of
mechanistic codes such as CATHARE for circuit thermal-hydraulics and as
ATHLET-CD and ICARE/CATHARE for core degradation

Model improvements were performed by CEA on corium behaviour in lower head
and on vessel external cooling, including validation on LIVE, SULTAN and
ULPU experiments. The model adaptations to BWR and CANDU were specified
and ranked, along with promising scoping calculations with the present code ver-
sions. KTH submitted a report on identification of BWR specifics in view of SA
modeling, and ASTEC-BWR adaptation will be one of the priority activities in
SARNET2 (2009-2012).

3.5.2. Level 2 PSA (WP5)

Harmonization of Level-2 PSA methodology and development of advanced tools
is also an integrating activity in SARNET. So far a feasibility study has been per-
formed for harmonisation of Level 2 PSA approaches and treatments, based on 4
issues - on specific issues as hydrogen combustion, iodine chemistry, melt corium
concrete interaction (MCCI), large early releases, reactor safe state definitions and
methods for level 1 and 2 PSA interface. It is proven that the total harmonisation
of Level-2 PSA practices is difficult and challenging, but a certain level of har-
monization for level 2 PSA was possible through a direct comparison and the
analysis of Partners already existing methodology. For many issues regarding
Level 2 PSA, questionnaires have been set up and the answers have been analyzed
in order to define next steps of harmonization. A State Of the Art Report (SOAR)
on dynamic reliability methods has been produced and the limitations of classical
methods which could be exceeded using these reliability methods were identified.
Examination of the benefit of one of the possible methods (Monte Carlo Dynamic
Event Tree) has been achieved for the station blackout situation. Large efforts
were dedicated to a benchmark exercise (quantification of the risk of containment
failure induced by the activation of safety systems during the vessel core degrada-
tion phase). This benchmark allowed the comparison of dynamic reliability meth-
ods with classical ones. The harmonization of Level-2 PSA guidelines will be
finished in project ASAMPSAZ2 project (2008-2010) which is a follow-up of the
activity initiated in SARNET, with a close interaction with the End-Users Com-
munity of L2 PSA (e.g., Safety Authority, TSO, Utility, Designers, Vendors).
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3.5.3. CORIUM (WP9~WP11).

The activities of Corium topic range from early phase of core degradation to late
phase core degradation and ex-vessel corium stabilization. An effort is also un-
derway to develop and improve the corium thermodynamic and material physical
property databases. The joint activities were deployed in 22 SARNET organiza-
tions, such as the contribution to the definition and the interpretation of tests, with
benchmark exercises and associated model improvements: OECD-CCI tests in
MCCI programme; QUENCH-10 test on air ingress in bundle geometry;
QUENCH-11 test on boil-down and quench; QUENCH-12 test with VVER bun-
dle;, COMET-L1 and L2 tests to study MCCI in 2D geometry; LIVE or
VULCANO-COMET tests. Similar activities were carried out for ongoing and
new projects from the International Science and Technology Centre (ISTC):
PARAMETER project on core top flooding models, METCOR on the impact of
thermo-mechanical interaction on the vessel behaviour, CORPHAD on the corium
thermodynamic (improvement of the NUCLEA database). Among the main
achievements on the corium activities, we can quote as examples:

o The understanding of the oxidation phenomena in steam and in air has
progressed and oxidation correlations have been validated. The importance
of material composition has been demonstrated. Further research is re-
quired on new cladding materials, especially in relation to the hydrogen
and fission product source term issues.

« To investigate corium behaviour in the lower plenum, experiments have
been performed in the LIVE large-scale test facility which consists of 1:5
scaled RPV lower head of a typical pressurised water reactor (PWR), and
the data are useful for a new series of modelling and analytical work on in-
vessel melt pool behaviour. KTH implemented ECM model into FLUENT
to provide an affordable tool calculating melt pool convection in a com-
plex geometry. The LIVE L1 experiment was calculated by the ECM ap-
proach with a good agreement.

« The different models of vessel failure by creep rupture have been com-
pared and a common understanding of the OECD OLHF-1 test has been
achieved. The data from FOREVER experiments were provided by KTH
for vessel creep rupture. Modelling of the crack evolution is in progress.

« The KTHe-initiated 2D debris bed coolability analyses for inhomogeneous
bed structures showed an increased coolability compared to earlier 1D par-
ticle beds. This launches a new interest in this issue both experimentally
and numerically including a pursuit of the debris bed formation and its
characteristics of coolability importance.

« Likewise, the 2D MCCI test gave unexpected results with a marked abla-
tion anisotropy for silica-rich materials. Interpretation and modelling of
this behaviour must be pursued.

« Core catcher concepts based on spreading (EPR) and bottom flooding
(COMET, down-comers) are being studied and progress has been achieved
in modelling.

« The validation of the chemical thermodynamics database NUCLEA has
been extended thanks to the analysis of EC-funded experiments and a
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round-robin exercise has qualified the uncertainties of energy dispersive
X-ray spectrometry (EDX) analyses.

« The KTH simplified model for melt spreading were under evaluation for
possible inclusion in ASTEC.

3.5.4. CONTAINMENT (WP12~WP13)

The research efforts concerns energetic phenomena (e.g., H2 combustion, FCI and
DCH) that could potentially threaten containment integrity concern hydrogen be-
haviour and fast interactions in the containment.

Experimental programs on hydrogen combustion with concentration gradients
(ENACCEF, IRSN) and recombiner kinetics (REKO-3, FZJ) have been per-
formed and/or are ongoing. ENACCEF experimental results have been used in a
benchmark using 3 different 3D Computational Fluid Dynamic (CFD) codes
(FLUENT, TONUS-3D and REACFLOW). The results revealed some weak-
nesses of the combustion models used when simulating combustion with negative
hydrogen gradient. For containment atmosphere mixing, the focus has shifted to
study influence of accident mitigation systems on containment atmosphere. The
major achievement is the simulation of containment spray experiments that were
performed in small scale (TOSQAN, IRSN) and large scale (MISTRA, CEA) fa-
cilities, using CFD and lumped parameter codes. The calculated results demon-
strated the feasibility of such simulations, which could also be applied to actual
containments, provided that sufficient computing capacities are available. Apart
from that, CFD simulations of the operation of Passive Autocatalytic Recom-
biners (PAR) in simplified 2D containment models represent a first significant
step towards comprehensive simulations of PAR-atmosphere interaction in real
plants. There is one dispute for PAR usage: the H2 recombiners might limit the
explosion loads, but could also cause ignition (self ignition in PAR).

The work on FCI (Fuel Coolant Interactions) in SARNET was closely linked to
the OECD/SERENA programme, which had the objective of evaluating the capa-
bilities of the current generation of FCI computer codes to predict steam explosion
loading of the reactor structures and reaching consensus on the understanding of
important FCI phenomena relevant to reactor situations. Mainly, MC3D and
IKEMIX/IDEMO have been used for this purpose. In addition, a number of ex-
periments were performed in MISTEE and DEFOR (KTH), and KROTOS at
CEA-Cadarache after moving from JRC-Ispra, with the aim to complement un-
derstanding of fragmentation and explosion behaviour of corium melts. The main
accomplishment was a consensus that in-vessel steam explosion would not induce
failure of the vessel, thus closing the in-vessel steam explosion issue from the risk
perspective, and that ex-vessel steam explosions could induce some damage to the
cavity. However, the level of loads in the latter could not be predicted due to a
large scatter of the results. Major reasons of this scattering were found to be the
uncertainties on void distribution in the pre-mixing region, inducing large dis-
crepancies on the initial conditions of the explosion, and on explosion behaviour
of corium melts, inducing more or less arbitrary tuning of the explosion parame-
ters. These uncertainties will be addressed experimentally and analytically in the
OECD SERENA-II programme and EU SARNET2 project.
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The consequences of Direct Containment Heating (DCH) are essentially related to
cavity geometry; therefore a database has been established for the plant types
EPR, French PWR-1300, VVER-1000 and the German Konvoi by an experimen-
tal programme performed in the DISCO-facilities (FZK). For EPR and
VVER1000 plants the DCH issue can be considered as closed, due to their cavity
design. The efforts to improve the predictive capabilities of the CFD code MC3D
on the one hand and the system codes COCOSYS and ASTEC on the other hand
were initiated and will be continued. Benchmark exercises have revealed severe
deficiencies in the current modelling: debris dispersion correlations need to be
better adapted to the respective cavity geometries and oxidation and hydrogen
combustion models are needed as they are the really challenging phenomena as
regards containment integrity (experimental results showed that direct thermal
effects alone should not endanger the containment integrity). Based on available
experimental data from separate effect tests in DISCO, the scaling of combustion
of hydrogen jets in an air-steam-hydrogen atmosphere must be established by ap-
plying dedicated combustion codes (COM3D, REACFLOW), then the modelling
parameters must be transferred to codes with DCH models (CFD codes or
COCOSYYS) and finally adapted to ASTEC.

3.5.5. SARP (WP7)

The Severe Accident Research Priority (SARP) work-package allowed to identify
research priorities with the aim of re-orientating progressively the existing na-
tional programmes and of contributing to launch new ones in a coordinated way,
eliminating duplications and developing complementarities. This activity was
performed in close collaboration with participants, representing TSOs, industry
and utilities. As in the Phenomena Identification and Ranking Table (PIRT) car-
ried out in EURSAFE , the whole spectrum of SA situations, extending from core
uncovery to long term corium stabilization, long term containment integrity, and
fission product release to the environment was considered. Special attention was
brought to a risk oriented approach in order to really focus on the most relevant
pending issues. As a result, a consensus was reached and 18 main issues were
ranked into four categories, among which 6 issues are regarded to be investigated
further with high priority:

« Core coolability during reflood and debris cooling, corium coolability in
lower head

o Ex-vessel melt pool configuration during MCCI and ex-vessel corium
coolability by top flooding.

o Melt relocation into water, ex-vessel Fuel Coolant Interactions (FCI).
« H2 mixing and combustion (flame acceleration) in containment.

« Oxidising impact (Ru oxidising conditions/air ingress for HBU and MOX
fuel elements) on source term.

« lodine chemistry in Reactor Cooling System (RCS) and in containment.
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3.5.6. Spreading of Excellence Activities (WP17~19)

An educational course on SA phenomenology addressing PhD students and young
researchers, was given in January 2006 over 5 days. A training course on “Acci-
dent progression (data, analysis and uncertainties)”, addressing instead more ex-
perienced nuclear safety specialists, was given in March 2007 over 5 days. Fi-
nally, a third course was organized in Budapest in April 2008 covering both phe-
nomenology and severe accident scenario codes. From 40 to 100 persons attended
to each of these courses. Professor Sehgal gave lectures in all three courses and 3
students from KTH attended the courses.

A textbook on SA phenomenology is being written. It is now practically com-
pleted and will be edited in 2009. This covers historical aspects of Light Water
Reactor safety and principles, phenomena concerning in-vessel accident progres-
sion, both early and late containment failure, fission product release and transport;
it contains a description of analysis tools or codes, of management and termina-
tion of SA, as well as environmental management. It also gives elements on Gen-
eration 3 Reactors. Professor Sehgal is the principal editor of the textbook.

A mobility programme, under which students and researchers can go into different
laboratories of SARNET for training, complements these spreading of excellence
activities. 33 mobilities, with an average duration of 3 months, have been funded
by SARNET. Notably, KTH hosted 4 motilities for young students from 4 EU
countries.

Three conferences (European Review Meetings on Severe Accident Research —
ERMSAR) have been organized in France, Germany and Bulgaria as a forum to
the Severe Accident community. They are becoming one of the major events in
the world on this topic. So far, around 300 papers in various Conferences and/or
Journals can be counted under the SARNET co-support.

3.6 Outlook

Besides what we learnt above, the MSWI-APRI6 research brought surprises and
new understanding of priorities in uncertainty reduction and risk quantification:

e The expertise and capability gained in INCO activity have proven to be far
more critical for issue resolution than it was initially envisioned. We see
that in-vessel stage of severe accident is the key for reduction of uncer-
tainty in ex-vessel stage to the level when safety issues can be tackled by
risk quantification approach.

e Methodologically, the INCO work strongly suggests the need to incorpo-
rate timing of the events as one of the most important limiting mechanisms
in treatment of severe accident risks.

e The DEFOR tests opened up a new uncertainty with coolability prediction
in realistic debris beds. This requires the new POMECO study to quantify
effect of the newly found uncertainty in prototypical characteristics of a
debris bed on two-phase flow and heat transfer in the bed.
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Analysis of findings and new understanding of priorities gained in the process of
MSWI-APRIG6 allowed us to delineate the following outlook for the next steps
which have to be accomplished in order to create firm basis for the risk informed
severe accident issues resolution.

MSWI-APRIG6 findings show that further reduction of epistemic uncertainties in
physical phenomena of steam explosion and coolability will be necessary, but not
sufficient to bring the issues down by risk quantification. The reason is that ex-
vessel coolability and steam explosion are very sensitive to in-vessel accident
progression and RPV failure modes and timing, and the containment integrity can
not be ensured in the case of a bounding scenario of massive melt release (~200
tons). Realization of the fact that containment failure is physically possible brings
safety analysis to the risk domain where one should demonstrate low probability
of the bounding scenario.

On the other hand, high sensitivity of the ex-vessel stage of accident to the melt
ejection characteristics creates a good potential for the issues resolution. Namely
to solve the issues we only need to demonstrate that the probability of massive
melt release with respect to the other modes of RPV failure is small enough. The
definition of “massive melt release” comes from hazard load vs. system capacity
analysis. Although the MSWI-APRI6 study created growing evidences that the
load is smaller than what we thought before, the establishment of quantitative
relations between load and capacity with taking into account remaining uncer-
tainty is still required for risk quantification in support of SAM decision making.

Internationally, the SA research focus at KTH goes very well with the research
priorities identified in Severe Accident Research Priority (SARP) activity of
SARNET and to be emphasized in SARNET2 (2009-2012). KTH with its MSWI
project will continue to be a lead player in the SARNET?2 program, with the na-
tional support of APRI7.
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4, CHALMERS FORSKNING INOM SVARA HAVEREIR

4.1 Oversiktlig beskrivning av jodkemi vid svara haverier

Jod ar en av de mest halsoskadliga fissionsprodukter som kan frigoras vid ett svart
haveri i en karnreaktor. Flyktiga radioaktiva jodféreningar, oorganiska och orga-
niska, som lacker ut ur reaktorinneslutningen koncentreras till skdldkorteln i mén-
niskokroppen och kan dar orsaka akuta eller langsiktiga stralskador vilket kan ge
upphov till cancer. En 6kad forstaelse for jods upptradande i inneslutningen ar
darfor av storsta vikt for att pa ett tillforlitligt satt kunna bestamma kalltermen av
jod, vilket behdvs for att avgora vilka forebyggande atgarder som ar lampliga for
att kunna skydda befolkningen i narliggande omraden till karnkraftverket.

| borjan av 1980-talet var kunskapen om frigorelsen av jod fran smélt bréansle be-
gransad, da inga forsok gjordes med bréanslet upphettat till Gver 1800°C. Under
senare delen av 1990-talet gjordes forsok med temperaturer pa branslet vid eller
nara dess smalttemperatur och dessa forsok har visat att nara 100 % av hardens
jodinnehall kommer att frigoras vid en eventuell hardsmalta [4.1].

Efter studier av olyckan i TMI-2 var den allmdnna uppfattningen att jod spreds
framforallt i form av aerosoler av cesiumjodid i primarsystemet. Resultat fran
PHEBUS-FP har visat att Csl inte ar den enda jodspecien som sprids, sarskilt i
reaktorer med AgInCd-styrstavar. Jod sprids &ven som Cdl,, Agl, Inlx samt Rbl.
PHEBUS-testerna visade ocksa att en mycket stor mangd av gasformig jod up-
penbarade sig i inneslutningen i borjan av experimenten. Tre forklaringar till fe-
nomenet finns beskrivet i OECDs “state of the art”-rapport om jodkemi [4.1]: a)
Flyktig jod kan bildas genom tidiga produktionsmekanismer i inneslutningen, b)
Gasformig jod frigors direkt fran primarsystemet vid temperaturer sa laga som
150°C, c¢) En kombination av de 2 forsta forklaringarna.

| SARNET har undersokningar av jodkemin i inneslutningen de senaste aren kon-
centrerats till tva specifika omraden, namligen paverkan av stralningen pa jodke-
min i bade vatten- och gasfas samt massoverforing av jod mellan vatten och gas-
fas. Jamforelse mellan berdkningar och resultat av EPICUR- och CAIMAN-
experimenten visar pa god forstaelse av vatskefaskemin, men vissa omraden ar
fortfarande oklara. Jodreaktioner i vétskefasen i inneslutningen &r tillsammans
med den initiala frigdrelsen av jod fran primarsystemet ocksa den storsta kallan
till gasformig jod i inneslutningen.

Resultat fran PHEBUS-FPT2 dar en gasfas innehallande fuktig luft och jod be-
stralades, har visat att stralningsinducerad omvandling av molekylar jod (1) till
jodpartiklar (1,0y) kan vara orsaken till att gasformig jod utarmas i ett langtidsper-
spektiv. Dessa forsok har utforts med en relativt hog koncentration av I, och visa-
de att omvandlingen av jod till jodoxider sker med nollte ordningens Kkinetik, dvs.
att reaktionshastigheten ej beror pa koncentrationen av de olika specierna [4.1].
Om samma kinetiska beteende skulle galla vid laga koncentrationer av jod skulle
detta leda till mycket kort kemisk halveringstid for 1, i gasfasen. I PARIS-
programmet [4.1] har nya experiment med laga jodkoncentrationer (10°-10°
mol/dm?®) utférts. Aven om resultaten pekade mot héga sonderfallshastigheter
aven vid laga jodkoncentrationer, sa var inte helheten av resultaten forenliga med

SSM 2009:25 85(118)



APRI 6 — Forskningsprogram inom omradet svara haverier

reaktioner av nollte ordningen som man tidigare har trott. Oxidationhastigheten
var mycket langsammare &n resultat baserade pa modellberékningar och orsaken
ar fortfarande inte klarlagd.

Ett relativt nytt omrade som har undersokts ar hur vétgasrekombinatorerna (PAR
— Passive Autocatalytic Recombiners) i inneslutningen paverkar jodkemin, vilket
har foranletts av kunskapen om den svaga termiska stabiliteten av metalljodider i
en blandning av luft och vattenanga. Bade berékningar och experiment har visat
att produktionen av gasformig jod, I,, & markant vid arbetstemperaturer hdgre an
500°C for rekombinatorerna. Omvandlingen till gasformig jod galler &ven for de
mest stabila metalloxiderna, som Csl.

Kunskapslaget om hur jod ansamlas i gasform i inneslutningen kan sammanfattas
pa féljande vis:

- En betydande mangd gasformig jod sprids fran primarsystemet i den inle-
dande fasen av haveriet.

- Adsorption och desorption av gasformig jod pa malade ytor som kan leda
till bildande av flyktiga organiska jodider.

- Interaktioner mellan gasformig jod och radiolysprodukter av jod, vilket
kan leda till olika oxidationsspecier.

- Radiolysinducerat bildande i inneslutningsvattnet av flyktiga jodspecier,
vilka sedan kan frigdras till inneslutningens atmosfar via massoverforing.

4.2 Radiolytisk oxidation av jod

Specierna som bildas av bestralning av luft och anga kan reagera med gasformig
jod under ett svart haveri. Den viktigaste specien som bildas vid radiolys av luft
och anga &r ozon. Ozon kan oxidera jod och darmed bildas jodoxider (1kOy).

Hastigheten av l,-oxidation i gasfasen har tidigare studerats experimentellt [4.2].
Vid relativt héga l,-halter ar reaktionen mycket snabb och foljer nollte ordningens
kinetik. Vid laga halter, vilka & mer representativa for de forvantade halterna i
inneslutningen, foljer reaktionen inte fullt ut nollte ordningens kinetik. Orsaken &r
annu inte klarlagd och de modeller som finns ger icke tillforlitliga resultat vid laga
jodkoncentrationer. Darmed forstarks osakerheten om vilka jodoxider som bildas
och hur de beter sig i en reaktorinneslutning.

NROI (Nordic Research on Radiolytic Oxidation of lodine) ar ett samarbete mel-
lan Chalmers och VTT, Helsingfors, Finland. Malet med projektet &r att fa en
okad forstaelse av specieringen av de slutgiltiga produkterna vid den radiolytiska
oxidationen av jod, och dessutom undersoka paverkan av olika gasfaskomponen-
ter (torrt eller fuktigt, kvdvgas eller luft, olika jod- och ozonkoncentrationer) pa
slutprodukterna.

4.2.1. Experiment

FOr undersokningarna i projektet anvéndes experimentuppstélining EXSI (Facility
for experimental study on iodine chemistry), som visas i figur 4.1. Gasformig jod
produceras i ett glaskarl, som &r anslutet via glasror till en UV-ugn. Fore ugnen
moter flédet av jod, som &r blandat med kvéve eller luft, ett stérre flode av kvéve
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eller luft innehallande mellan 0.5 och 500 ppm ozon. | UV-ugnen sker reaktionen
mellan jod och ozon vid en temperatur pa 120°C. | vissa experiment utsatts gas-
blandningen for UV-ljus av typ UV-C, som skall verka som ett komplement till
gammastralning. Gasblandningen transporteras genom UV-ugnen i ett glasror,
som omges av ett termoelement. Dérefter transporteras gasblandningen till hu-
vudugnen, dér den delas upp i olika ledningar for vidare transport till flertalet ana-
lysinstrument for online-mé&tningar av gasblandningen och eventuellt bildade par-
tiklar. Gasblandningen transporteras i stalrér belagda med Sulfinert®, som &r ett
ytmaterial som skall minska sorptionen av olika gaser pa ytorna. Temperaturen i
huvudugnen &r samma som i UV-ugnen, dvs. 120°C.

De analysinstrument som anvénds ar FTIR (Fourier Transform Infrared Spectros-
copy), CPC (Condensation Particle Counter), SMPS (Scanning Mobility Particle
Sizer), TEM (Transmission Electron Microscopy), SEM (Scanning Electron Spec-
troscopy) och ICP-MS (Inductively Coupled Plasma — Mass Spectroscopy). FTIR
anvands framforallt for att analysera hur halten ozon varierar genom experimen-
tet, men aven for att undersdka gasformiga jodspecier och vilka gasformiga stral-
ningsprodukter som bildas pa grund av UV-stralningen. CPC anvénds for att méata
halten av aerosoler, dvs. halten av jodpartiklar (-oxider). SMPS anvénds for att
bestamma storleken pa partiklarna.

Prov fran gasfasen samlas upp pa speciella provplattor av koppar och grafit for att
kunna analysera specieringen av jodoxiderna med TEM och SEM. Halten av gas-
formig jod i systemet bestams genom att 1, samlas upp i gasfallor: tva stycken 2
liters gasbubblingsflaskor i serie fyllda med 100 ml 0.05 M NaOH. Nar systemet
ar i jamvikt startas infangningen av jod i gasfallorna och infangningen varar under
20 min. NaOH-I6sningarnas jodinnehall analyseras sedan med ICP-MS. Partikel-
formig jod som bildas i systemet fangas upp med speciella pappersfilter, placerade
i huvudugnen, som sedan laggs i 50 ml 0.05 M NaOH.

Totalt utfordes atta olika forsok med varierande syrgas-, kvavgas-, ozon- och jod-
halt, samt med eller utan UV-stralning. Experimentmatrisen éver forsoken kan ses
i tabell 4.1. Inom varje experiment kunde tre olika forhallanden analyseras, tack
vare de tre separata ledningarna med gasféllor.
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Figur 4.1: En skiss av EXSI-uppstallningen.

Tabell 4.1: En experimentmatris over de atta experiment som utférdes. NA star
for okand jodhalt och beror pa opalitliga ICP-MS-méatningar av NaOH-
I6sningarna fran gasfallorna. Uppehallstiden i systemet betecknas med t.

Exp. 02 O3 12 t uvcC

[%0] [ppm] [ppm] [s]

1A 50 0 93 6.8

1C 50 16 35 6.8

2A 50 200 NA 6.8

2B 50 350 0.02 6.8

2C 50 43 0.11 6.8

2D 50 414 0.06 6.8 ON

3A 21 0.36 NA 6.8 ON

3B 21 0.34 0.09 6.8 ON

3C 21 0.31 0.09 6.8 ON

3D 21 0 0.45 6.8

4A 21 140 0.87 6.8

4B 21 130 0.36 3.4

4c 21 130 0.75 1.7

5A 21 242 5.6 6.8

5B 21 130 4.4 6.8

5C 21 132 NA 3.4

5D 21 0 12.5 6.8

6A 2 110 1.2 6.8

6B 2 103 1.2 6.8

6C 2 20 0.86 6.8

7A 2 87 NA 6.8

7B 2 8.9 0.59 3.4

7C 2 103 0.31 3.4

8A 2 0.03 0.02 6.8 ON

8B 2 0.04 2.4 6.8 ON

8C 2 0.04 4.9 3.4 ON
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4.2.2. Resultat och slutsatser

Partiklar bildades mycket snabbt trots den laga koncentrationen av jod, som varie-
rade mellan 0.5 och 100 ppm genom experimentserien. Jodpartiklar (jodoxider)
bildades omgaende da bade ozon och jod var narvarande i systemet, vilket fram-
gar av figur 4.2, men en betydande och kontinuerlig méngd partiklar bildas endast
da bade ozon och jod ar néarvarande. Partikelkoncentrationen minskade snabbare
an ozonkoncentrationen, vilket kan tyda pa att reaktionen jod och ozon inte &r den
dominerade reaktionen. Dock &r frigérelsen av jod fran produktionskarlet inte
stabil till en borjan, vilket gor att partikelkoncentration till en bérjan beror framst
pa mangden jod som kommer in i systemet. Mangden ozon som kommer in till
systemet &r relativt stabilt. Att just ozon reagerar med I, kan ses i figur 4.2 pa den
svaga men tydliga minskningen av ozon da jod introduceras i systemet. Att kon-
centrationsminskningen av ozon var svag beror pa att Os/l, -forhallandet i syste-
met var atminstone en faktor 25 i det aktuella forsoket.

For att jodpartiklar skulle bildas var en ozonkoncentration pa ett par ppm tillrack-
lig, dvs. ett Os/l,-forhallande omkring 1. Da enbart jod eller enbart ozon var néar-
varande i systemet bildades inte partiklar i ndgon namnvard omfattning. Enbart
UV-stralning och ingen ozon narvarande i systemet var alltsa inte tillrackligt for
att bilda jodpartiklar. Ozon producerad fran UV-stralningen orsakade dock att
partikelagglomering kunde intréffa.

Storleken pa de bildade jodpartiklarna var ~10 nm (diameter) vid kéarnbildningen,
men 6kade genom agglomering av partiklar och genom ytreaktioner till en slutlig
diameter pa ~100 nm. Storleken pa jodpartiklarna dkade da uppehallstiden i sy-
stemet for partiklarna dkade, vilket visar att agglomering av partiklar i gasfas &gt
rum i systemet.

En viktig upptéckt for reaktorsakerheten var att retention av jod i systemet fram-
jades av att ozon var narvarande. Det beror pa att kondensationen av jodpartiklar
pa stalytorna ar snabbare &n depositionen av gasformig I».

De bildade jodpartiklarna pa grafit- och kopparrutnaten visade sig vara svara att
speciera pa grund av att ovantad forangning av partiklarna upptradde da elektron-
kanonen riktades mot proven under SEM- och TEM-analyserna. Resultaten fran
analyserna ar darfor mycket osékra. Analyserna visar trots allt att nagon form av
jodoxider har bildats pa ytorna, och da ar 1,04 eller 1,05 troligast. SEM- och
TEM-analyserna av jodpartiklarna har visat att dessa analysmetoder inte &r de
optimala for att bestdmma specieringen av jodoxiderna. | framtida undersdkningar
bor andra metoder som t.ex. RAMAN-spektroskopi anvandas.
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Figur 4.2: Partikelkoncentrationens variation under experimentet. Nar flodet av
jod startas okar partikelkoncentrationen i systemet dramatiskt.

4.3 Konkurrerande klorreaktioner som kan paverka jods bete-
ende i vattenfasen

Vid pyrolys av kablage efter ett haveri i en kokvattenreaktor frigors HCI. HCI
kommer efter frigorelsen fran kabelmaterialet att s& smaningom hamna i vattnet
dar sonderdelning till H och CI sker (en reaktion som sanker pH-vardet i vatt-
net). I en haverisituation kommer det i inneslutningens vatten ocksa att finnas
jodidjoner (I") som harstammar fran det jod som frigors vid degradering av kaps-
ling och brénsle. I [4.4] och [4.5] visas att CI tillsammans med hydroxylradikaler
(OH-) som produceras av den joniserande stralningen i vattnet, kommer att produ-
cera Cl, som sedan kan na skrubbern. Kombinationen I" och CI tillsammans med
(OH-) kan ocksa resultera i att I" oxideras till I, vilket ger ett 6kat bidrag av flyktig
jod till inneslutningsatmosfaren. | tryckavlastningsfiltret (skrubbern) konkurrerar
sedan Cl, och I, om att reagera med natriumtiosulfat vilken &r tillsatt just for att
kvarhalla jod i skrubberns vattenfas. Mangden natriumtiosulfat &r dimensionerad
for att kunna kvarhalla den forvantade mangden utslappt jod, men inte for ett sam-
tidigt tillskott av Cl,.

Malet for projektet var att studera kloridjoners paverkan pa fordelningen av jod
mellan gas- och vattenfas, for att sedan anvénda data for att undersoka interaktio-
ner med metaller i klor-jod-systemet.
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4.3.1. Experiment

Chalmers har undersokt klor-jod-systemet genom online-matningar i experiment-
utrustningen i figur 4.3, som har anvants i tidigare jodprojekt inom APRI pa
Chalmers [4.6]. Utrustningen har dock modifierats och moderniserats da bland
annat en ny detekteringsutrustning anvénts. Experimentuppstéllningen bestar av
ett reaktionskarl i glas pd 700 cm® med avtagbart lock. Fran karlet gar tva glasloo-
par ut, en for vatskefas och en for gasfas. Forhallandet mellan gas- och véatskefa-
sen dar samma som forhallandet mellan gas- och vétskefasen i en reaktorinneslut-
ning. De tva looparna gar runt tva stycken Nal-detektorer, som anvands for att
kunna méta radioaktiviteten av **1 i systemet online. Detektorerna &r kopplade till
en dator, via en scintiSPEC™-analysator och en USB-port. Runt de tva detekto-
rerna ar blyskydd placerade for att minska bidraget fran bakgrundsstralningen.
Tva speciella pumpar av impellertyp, med glastackta magneter, styr cirkulationen
och transporten i bade vattenfasen och gasfasen. Temperaturen i systemet regleras
med en varmeplatta placerad under reaktionskérlet och med varmeband som ar
virade runt kérlet och glasroren i de tva looparna.

Experiment har utforts vid tre olika temperaturer (20°C, 50°C och 70°C) och med
tre olika klor/jod-forhallanden (1:1, 10:1 och 1000:1). Med klor/jod-forhallande
menas halten Kloridjoner dividerat med total méngd jod. Som Kloridbarare har
HCI och NaCl anvants, vilket gor att pH-beroendet pa fordelningen av I, i klor-
jod-systemet ocksa har beaktats.

Figur 4.3: Experimentuppstallningen for fordelningsforsoken med RuOa.

Ett experiment startas genom att 290 cm® vatten tillsétts i systemet och sedan flu-
shas systemet med kvédvgas under en timme, for att hoja kvdvgashalten och mins-
ka syrgashalten i systemet. Flodet pa vétske- och gassidan stélldes in pa 6.3 cm®/s
respektive 4.8 cm®/s. Radioaktivt spikat **'1, tillsatts systemet i form av kristaller
som sedan lates sublimera och vaporiseras, och jamvikt for fordelningen av jod
invantas. Nar jamvikt i systemet har natts tillsatts kloridjoner i form av HCI eller
NaCl, och fordelningen av jod studeras pa nytt. pH kontrolleras i vattenfasen efter
bade introduktionen av jod och kloridjonerna.
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4.3.2. Resultat

Vid laga klor/jod-forhallanden (1:1) andrades inte fordelningen av jod mellan vat-
ten- och gasfasen alls, oavsett systemets temperatur och oavsett om kloridjoner
introducerats i systemet som HClI eller NaCl.

Vid ett klor/jod-forhallande pa 10:1 andrades fordelningen av jod tydligt, vilket
kan ses i figur 4.4, da kloridjoner i form av HCI introducerades i systemet. Total-
koncentration av jod i gasfasen 6kade medan totalkoncentrationen av jod i vétske-
fasen minskade. | experimenten med tillsats av NaCl och ett klor/jod-férhallande
pa 10:1, andrades inte fordelningen av jod alls nar kloridjonerna tillsattes i syste-
met. Fenomenen upptradde i alla experimenten med klor/jod-forhallandet 10:1,
oavsett temperatur i systemet. Skillnaden mellan experimenten berodde pa skill-
naden i pH. Vid ett surt pH som i fallet med tillsats av HCI forskjutes jamvikten
av hydrolysen av jod (1) at vanster, dvs. mot .

31, + 3H,0 < 51" + 6H" + 105 (1)

Vid tillsats av HCI och ett klor/jod-forhallande pa 1000:1 okar koncentrationsko-
efficienten, dvs. totalkoncentrationen av jod Okar i vétskefasen (figur 4.4 och figur
4.5). Oavsett temperatur i systemet erhoélls likartade resultat. Resultaten var ovan-
tade da tillsatsen av HCI till ett klor/jod-forhallande pa 1000:1, medforde ett pH<1
i vattenfasen. Vid ett sa lagt pH borde jamviktsreaktionen (1) av hydrolysen av I,
vara starkt forskjuten at vanster, dvs. mot l,. En forhojd halt av I, i vatskefasen
borde leda till en forhojd halt av gasformig 1,. Darfor verkar hoga halter av klorid-
joner i vattenfasen forhindra bildandet av gasformig I,. | experimenten med till-
sats av NaCl och ett klor/jod-forhallande pa 1000:1 &ndrades inte fordelningen av
jod mellan faserna efter tillsatsen av kloridjoner. Déremot néar relativt hoga halter
av salpetersyra tillsattes till vatskefasen, efter tillsatsen av NaCl, 6kade koncentra-
tionskoefficienten for jod. En slutsats som darmed kan dras &r att hoga halter av
kloridjoner relativt halten av jod i vatskefasen 6kar koncentrationskoefficienten
for jod vid laga pH. En forklaring kan vara att sa kallade polyhalider (1xCl,) bildas
i vattenfasen. Dessa relativt okanda foreningar kan bildas da I, reagerar med CI,
vilket gor att jamvikten I, g < 1229 kommer att forskjutas at hoger (mer Iy q
kommer att I6sas i vattenfasen). Inga polyhalider har dock identifierats i vattenfa-
sen.

Resultaten ar osakra, sarskilt da kunskapen om vad som bildats i vattenfasen efter
tillsatsen av kloridjoner &r otillracklig. Fler undersdkningar av klor-jod-systemet
bor utforas.
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Figur 4.4: Koncentrationskoefficienten for jod i forsoket vid 50°C och klor/jod-
forhallandet 10:1. HCI tillsattes efter 120 min. Koncentrationskoefficienten defi-
nieras som L. = (totalkoncentrationen av jod i vatskefas) / (totalkoncentrationen
av jod i gasfas).
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Figur 4.5: Koncentrationskoefficienten for jod i forsoket vid 50°C och klor/jod-
forhallandet 1000:1. HCI tillsattes till vatskefasen efter 110 min.

4.4 Egenskaper hos metyljodid

Metyljodid, CHsl, ar den jodspecie som vallar storst bekymmer vad géller omgiv-
ningskonsekvenser vid en radiologisk olycka, da dess retention i Isningar och pa
ytor i inneslutningen till skillnad fran oorganiska jodspecier ar mycket liten. | sa-
kerhetsanalyser behandlas metyljodid pa samma satt som en adelgas och nagon
avskiljning i1 de konsekvenslindrande skrubbersystemen krediteras darfor inte. |
verkligheten lyder dock metyljodid allmangiltiga kemiska jamviktslagar och
kommer att fordela sig mellan vatten och gas i skrubbern.

Haverikoder som t.ex. MAAP anvénder ett empiriskt framtaget samband for hur
fordelningen av metyljodid mellan vatten- och gasfas varierar med temperaturen
vid olyckstillfallet. Allmant beskrivs fordelningskoefficienten, D, , , enligt:
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CH,I
Deyy = =0 1
CHjl CH3|g ( )
dar CH,l,, ar metyljodidkoncentrationen i vattnet och CH,l, ar metyljodidkon-

centrationen i gasfasen. Fordelningskoefficientens variation med temperaturen ar i
MAAP beskriven med sambandet:

—6.97+—2641J

DCH3I = exp( (2)

dar T ar vattnets och gasens temperatur i Kelvin. Detta samband togs fram av Ro-
nald Borkowski och presenterades i hans doktorsavhandling vid Universitat Karls-
ruhe, Tyskland, fran 1985 [4.7]. Sambandet har sedan implementerats i flertalet
haverikoder, bl.a. ovan ndmnda MAAP. En ndrmare granskning av MAAP-koden
med avseende pa dess beskrivning av jodkemin skedde i SKI Rapport 2005:14
[4.8] och vid denna granskning framkom att Borkowskis uttryck var framtaget ur
felaktiga data.

Chalmers har gjort en utredning kring fordelningen av metyljodid mellan vatten
och gas for att kunna definiera ett korrekt samband. Utredningen antog till att bor-
ja med att Borkowskis misstag enbart berodde pa ett numeriskt fel i en berdkning.
Under arbetets gang visade det sig dock att den teori som Borkowski lade fram
angaende hydrolys av metyljodid i vatten var bristfallig och utredningen lade dar-
for stort fokus pa att reda ut dessa oklarheter och presentera en fullstandig bild av
hur systemet metyljodid-vatten-gas beter sig vid olika temperaturer.

4.4.1. Teori
Hydrolys av metyljodid, hddanefter benamnt MI , antas ske enligt foljande reak-

tioner:

Ky K,
Ml(g)<k—>MI(aq)—>MOH+I‘+H+ (3)

Har avser k, framatreaktionen och k, bakatreaktionen. MI(aq) skrivs fortsatt-
ningsvis som MI . Reaktionshastigheterna for alla jodspecier ar da:

_wzkl-Ml(g)—kz-Ml (4)
t

—%:(k2+kh)-M|—kl'M|(g) 5)
di

=k (6)

dar k, ar hydrolyskonstant. k, +k, skrivs fortsattningsvis som k, . Genom Lap-

lace-transformering och 16sning av det resulterande linjara ekvationssystemet kan
analytiskt och efter vissa forenklingar visas att:
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|\/||(§]):M.(kb_b).e*b‘t @)
a-b
MI :M.e-b‘ (8)
a-b
_ fq_ & oot
| = MI(g), @ ¢ ] ©)
dir az((kﬁkb)w(kl*kb)z—kl-(kb—kz) (10)
2 4
— (k1+kb)_ (k1+kb)2_ . -
b—( > \/ 4 k; - (k, —k;) (11)

Ekvationerna (7)-(9) géller efter en viss tid, da fordelningsjamvikt installt sig.

Fordelningskonstanten D (mol/mol) blir da (jfr ekvation (1)):

D_ Ml _ k,
MI(g) k,—b

(12)

Tva forenklingar har gjorts i harledningen av ekvationerna (7)-(9) ovan:

1. Detantas att Ml _, =0 och I, =0, vilket ar fallet i experiment dar
man introducerar MI(g) till ett system innehallande en vattenfas

2. | den fullstandiga berakningen, som &r giltig ocksa for korta tider, ingar
aven uttryck med e*'i (7)-(9). Eftersom a >b gar e *' snabbare mot
noll &n e™*, och efter en viss tid kan uttrycken med e™?* saledes for-

summas.

Observera da att (7) och (8) ar linjara for In(MI(g) respektive In(MI) och att de

har samma lutning men olika intercept. | detta tidsomrade har fordelnings-
jamvikten for MI mellan gas och vatten stéllt in sig.

4.4.2. Borkowskis modell
| Borkowskis modell anges forst att:

N=N, +N, (13)
dar
N=Ml,, N, =MI, N, =MI(g)

Dérefter presenteras foljande samband:

dN
P —k; - N (14)
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For att kunna integrera (14) med avseende pa N anvands

N, =N-A-V, (15)
dar V, &r volym vattenfas och

D

-2 16
DV, +V, (o)

dar V, ar volym gasfas och D (M/M) ar fordelningskonstanten uttryckt som en
kvot av koncentrationer (i ekvation (12) ar D (mol/mol) = D (M/M)-V, /V,).

Uppenbarligen kan ekvation (14) endast galla nar fordelningsjamvikt rader. Integ-
ration av ekvation (14) ger da

N _ NO _e_ki‘A‘Vf‘t (17)
| héarledningen anges att N, ar
No =N, +N, +N; (18)

Déar N, ar mol jodid vilket nu plotsligt ingdr i massbalansen (jfr med ekvation
(13) ovan). Detta N, &r alltsa total mangd metyljodid som tillsatts i férsoket. Det
ar inte rimligt att N skulle vara N(t) vid en senare tid och N, vara N(0). Med
en sadan definition skulle N(t) inte dndras alls. Det &r alltsd omajligt att det N,
som genereras av ekvationerna (13) - (17) ar lika med det N, som anges i ekva-
tion (18).

Man kan konstatera att ekvation (14) inte kan integreras utan att ta hansyn till att
N &r en sammansatt variabel som bestér av bade N, och N . Denna hansyn har
dock tagits i Chalmers modell som visats ovan.

4.4.3. R&kneexempel

Experimentella data pa invaxt och avklingning av M1 fran MI(g) tas fran Bor-
kowskis forsok med avlésning i figur 21 i referens [4.7] och redovisas i tabell 4.2
nedan. Med hjalp av Chalmers analytiska modell har véarden pa k,, k,, k, och k,

anpassats for att ge sa god dverensstammelse med data i tabell 4.2 som mojligt, se
figur 4.6. Vid denna anpassning har den fullstdndiga analytiska modellen anvénts,
inte de forenklade ekvationer (7), (8) och (9) som redovisas ovan.
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Figur 4.6. Koncentrationer av MI(g), Ml(aq) och I(ag) mot tiden framtagna

med Chalmers modell samt experimentdata fran Borkowski [4.7]. Borkowskis
datapunkter ar inlagda som svarta fyrkanter.

Kurvorna i figur 4.6 representerar anpassning till Borkowskis experiment vid
378 K och ger k, =2.86x10°s?, k, =8.94x10"s?, k, =6.71 x10™s™ och

k, = 1.57x10° s, Fordelningskonstanten D (M/M) beréknas ur detta till 1.67.
Borkowski ger i sin avhandling k, = 7.76x10* s och D (M/M) = 1.01.

Tabell 4.2. Experimentdata avlasta fran figur 21 i referens [4.7].

t (s) CHsl (M)
0.0 0.0E+00
66.1 1.0E-04
296.2 3.3E-04
478.5 3.7E-04
663.0 3.6E-04
1013.9 3.2E-04
1253.2 2.9E-04
1549.4 2.6E-04
1857.0 2.2E-04
2214.7 1.9E-04
2574.7 1.6E-04
2934.7 1.3E-04
3349.4 1.1E-04
4012.4 7.9E-05
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Eftersom Borkowskis modell enbart géller nar fordelningsjamvikt har natts for
systemet var han tvungen att anta vid vilken tidpunkt detta intraffar. En linje an-
passades sedan till de experimentvarden som uppmaétts efter denna antagna tid-
punkt och ur linjens lutning erhdlls via berédkningar konstanten k,, se figur 4.7.

Med hjélp av k, kunde sedan D bestdmmas. Den analytiska modell som tagits

fram av Chalmers kan ta hansyn till alla experimentella datapunkter vare sig de &r
uppmaétta fore eller efter det att fordelningsjamvikt stéllt in sig. Det hér ger moj-
lighet till battre feluppskattning av framtagna hastighetskonstanter och fordel-
ningskonstanter jamfort med Borkowskis metod.

Figur 4.7. Metyljodidkoncentrationen i vatten som funktion av tid hamtad fran
Borkowskis avhandling (figur 21 i referens [4.7]). For att berédkna ett varde pa
konstanten k, anpassas den heldragna linjen i figuren till de experimentdata som

uppmatts nar fordelningsjamvikt antas ha uppnatts. Data fore denna tidpunkt ig-
noreras. (punkter med streckad linje).

4.4.4. Kvarvarande experiment

Det unika med Borkowskis experiment var att de genomfordes vid temperaturer
upp till 150°C och att de darmed tackte in det temperaturintervall som blir intres-
sant for kemin i inneslutningen efter ett haveri. | ett examensarbete planerade
Chalmers att upprepa Borkowskis experimentella studier av férdelningen av me-
tyljodid i neutrala vattenlosningar vid temperaturer mellan 25 och 140°C. Malet
med examensarbetet var att for ett antal olika temperaturer experimentellt folja
metyljodidkoncentrationen i en vattenlosning som funktion av tiden. Metyljodid
tanktes da introduceras till systemet i gasform varefter gasen skulle borja l6sa sig i
vattnet och en jamvikt stalla in sig. Hydrolysen som beskrivs i ekvation (3) ovan
sonderdelar efter hand metyljodid i vattenfasen och experimentkurvan far ett utse-
ende liknande det i figur 4.7. Tyvarr nadde examensarbetet inte sitt mal och vi har
idag inte nagra experimentella data att anpassa den ovan redovisade modellen
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emot. Nedan redovisas dnda det tillvagagangssatt som ska foljas nar experimenten
genomforts och experimentella data &r registrerade.

Hastighetskonstanterna k och k, &r temperaturberoende liksom hydrolyskonstan-
ten k. For den senare finns &ven ett empiriskt samband framtaget [4.9]:

(93' 485_9661T, 274

—27.42937 logT ]

k, =10 (19)

For k, och k, géller k,(T) och k,(T). For D géller D(k;,k,k,)=D(T) enligt
ekvation (12) ovan samt med villkoret att k, +k, =k, .

For att kunna bestdamma fordelningskonstantens temperaturberoende behdver man
darfor for ett antal olika temperaturer anpassa k;, och k; till experimentella data pa

det satt som visats i rdkneexemplet ovan. Det finns har tva tillvagagangssatt att
anpassa fram dessa parametrar:

1. Experimentella data + anpassning av modell = kj,k,,k, = D
2. Experimentella data + k, (T) fran litteraturen (referens [4.9]) + anpassning
av modell = D

Det kan vara vart att fundera dver hur stor skillnaden mellan 1 och 2 blir. Bada
tillvagagangssatten forutsatter att det finns experimentella data tillgangliga for
hydrolysen av metyljodid i vatten. Detta &r inte fallet idag men Chalmers malsatt-
ning 4r att ta fram sadana i en nara framtid.

4.4.5. Slutsats

En analytisk modell for hydrolys av metyljodid i vatten har tagits fram pa Chal-
mers. Modellen ar mycket grundligt genomarbetad och har atgardat de oklarheter
som identifierats i Borkowskis motsvarande modell. Med modellens hjalp &r det
mojligt att ta fram temperaturberoende hastighetskonstanter som tillsammans ger
oss ett uttryck for fordelningen av metyljodid mellan vatten och gas vid olika
temperaturer. | dagsldget saknas experimentella data att utvardera modellen emot,
men sadana experiment ar under planering.

4.5 Oversiktlig beskrivning av ruteniumkemi vid svara haverier

En speciell klass av svara haverier som har uppmarksammats under de senaste
artiondena ar sa kallade “air-ingress accidents”, dvs. da luft tranger in i reaktor-
tanken och kommer i kontakt med branslet. Vid en sadan haverisituation skulle
oxidation av branslet vara mojlig. Denna branslepaverkan skulle kunna leda till
frigorelse av fissionsprodukter som vid ett "normalt” haveri med ren ang-vétgas-
atmosfar inte skulle frigoras. Av de fissionsprodukter som under sadana forutsatt-
ningar kan frigéras fran bréanslet, ar rutenium den som utgér det storsta radiolo-
giska hotet. Rutenium kan forstora de roda blodkropparna och utlésa blodcancer.
Halveringstiden &r ett ar.
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Relativt stora mangder av rutenium bildas vid fission av uran, under normal drift
av en karnreaktor. Berékningar gjorda av Wright [4.16] visar att 330 kg rutenium
har bildats i en kokvattenreaktor och 150 kg i en tryckvattenreaktor i slutet av
bréanslecykeln. Dessa vdrden kan jamforas med méangderna av jod och cesium:
ungeféar 30 kg respektive 430 kg i en kokvattenreaktor och ungefar 20 kg respek-
tive 210 kg i en tryckvattenreaktor. Mangden rutenium i branslet 6kar med ut-
branningsgraden och #*U-anrikningen. Radiotoxiciteten harstammar framst fran
tvd isotoper med olika halveringstider, ‘®*Ru (t,, = 40 d) och °°Ru (t,, = 1 &r), vil-
ket gor att rutenium utgor ett radiologiskt hot i bade ett kort och ett langt perspek-
tiv.

Vid reducerande eller ndgot oxiderande forhallanden i reaktortanken kommer
mindre dn 5 % av hardens ruteniuminnehall att frigoras, vilket har visats i bland
annat VERCORS-experimenten [4.10]. Forsok har utforts av ett flertal medlem-
mar inom SARNET som déaremot visar pa snabb och fullstandig frigorelse av ru-
tenium fran branslet under "air-ingress”-forhallanden [4.11, 4.12, 4.13]. Uppfol-
jande forsok har visat att rutenium, i oxiderad form, kommer att kunna transporte-
ras i primarsystemet och salunda na reaktorinneslutningen i gasform (huvudsakli-
gen som RuQ,) och sedan eventuellt spridas darifran. De flyktiga ruteniumoxider-
na ar relativt stabila d&ven nar de passerar lagtempererade omraden i primarsyste-
met.

Experiment pa transport av rutenium i primarsystemet har bland annat utforts pa
VTT [4.14]. Ett antal slutsatser kan dras fran dessa experiment. Vid torr atmosfar
deponerar och sonderdelas gasformigt rutenium pa stalytor, medan i fuktig atmo-
sfar (vilket ar fallet under ett svart haveri) gynnas transporten av gasformigt rute-
nium. Den storsta andelen rutenium transporteras som gas. Man bor dock notera
att vid temperaturer 6ver 1500 K sker transporten av rutenium framst i form av
aerosolpartiklar. Gasformigt rutenium bestar till storsta delen av RuO4 och RuOs,
med en 6kande halt av RuO3 vid 6kande temperatur. Aerosolpartiklarna bestar till
storsta delen av RuO,. Forsoken pa VTT visar att ackumulationen av RuQy i sy-
stemet var mer effektiv pa oxiderande an pa metalliska ytor, vid hogre temperatu-
rer an 1000 K. Da RuO4(g) deponeras pa metallytorna bildas fasta partiklar av
RuO,. Redan bildade RuO,-partiklar forhdjde depositionen av RuOy(g) pa de oxi-
derande ytorna, medan partiklarna férhindrade depositionen pa de metalliska
ytorna. Vid lagre temperaturer, 100-150°C, &r depositionen av gasformigt ruteni-
um effektivast pa de metalliska ytorna.

Eftersom RuO, ar den enda gasformiga ruteniumspecien som ar stabil vid lagre
temperatur, omkring 100°C, utfors i princip all forskning pa interaktionerna mel-
lan RuO,4 och olika befintliga ytor i en reaktorinneslutning. Pa senare tid utforda
experiment av Mun et al. [4.15] har visat att sonderdelningen av RuOy4(g) i dnga
och vid 90°C, vilket kan representera de forhallanden som rader i inneslutningen
under ett svart haveri, ar betydligt langsammare dn man tidigare trott. Forfattarna
har visat att man maste anta en kemisk halveringstid for RuO, pa atminstone 5
timmar.

Mun et al. [4.15] har ocksa visat att deponering pa olika ytor vid realistiska inne-
slutningstemperaturer accelereras av anga och redan deponerade ruteniumoxider
pa ytan. Kinetiken for RuO4(g)-interaktioner med olika ytor paverkas inte av vil-
ken typ av substratyta det ar, dvs. deponeringshastigheten av rutenium paverkas
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inte av om deponeringsytan &r t.ex. stal eller epoxy-malad stalyta. Forfattarna har
ocksa visat att specieringen av deponerat rutenium inte heller paverkas av vilken
typ av yta deponeringen sker pa. Dessutom har inga bindningar mellan rutenium
och substratytan kunnat pavisas, dvs. inga kemiska reaktioner mellan substratet
och RuQ, har &gt rum pa ytan. Ytanalyser av deponerat rutenium med hjalp av
ESCA (Electron Spectroscopy for Chemical Analysis) visade att hydroxyliserad
Ru(1V) fanns pa ytorna, dvs. RUO(OH)s.

Kunskapen om ruteniums beteende under svara haverier har utvecklats vasentligt
de senaste aren. Detta galler bade frigorelsen fran bréanslet och hur rutenium
transporteras vidare i primarsystemet samt hur rutenium samverkar med olika ytor
i inneslutningen. Men manga olika fragor finns kvar att besvara inom omradet.
Bland annat hur hog utbranning, MOX-bransle och aterférangning av deponerat
rutenium paverkar kalltermen av rutenium.

4.6 Ruteniums beteende i inneslutningen vid svara haverier

Flyktiga ruteniumoxider kan som redan namnts bildas under ett svart haveri med
“air-ingress” [4.17]. Héandelser som leder till "air-ingress” sker under den sena
fasen av ett svart haveri och kan orsakas genom:

e Hardgenomsmaltning, luft fran inneslutningen tranger in i reaktortanken
e Olycka under en avstéllningssekvens med 6ppet tanklock.
e Kombination av 1 och 2.

| en kokvattenreaktor kan ett "air-ingress”-haveri troligast intréffa nar tanklocket
ar avtaget, t.ex. vid en revision. Normalt &r inneslutningen i en kokvattenreaktor
fylld med kvévgas och darmed kan ingen tillrackligt stor mangd syrgas trénga in
till brénslet under drift.

Temperaturen i en inneslutning kommer att vara relativt 1ag, under 150°C, vid ett
svart haveri. Under dessa forhallande ar endast RuO4(g) av de gasformiga ruteni-
umoxiderna (RuO(g), RuO2(g), RuOs3(g) och RuO4(g)) termodynamiskt stabil.
Darfor kommer rutenium i gasform att na inneslutningen endast i form av RuOs,.
Vid Chalmers har darfor arbetet koncentrerats pa att undersoka beteendet av gas-
formig RuQ, i inneslutningsmiljon och speciellt inriktat pa kokvattenreaktorer.
Ruteniumforskningen pa Chalmers har startats upp under APRI-6 och det som
studerats ar fordelningen av RuO, mellan en vattenfas och en gasfas i temperturin-
tervallet 20-70°C samt interaktioner mellan RuOs4(g) och aluminium, koppar och
zink.

4.6.1. Experiment — Férdelning av RuO4 mellan vatten- och gasfas

Experimentuppstéliningen i figur 4.3 har anvants for att studera fordelningen av
RuO,4 mellan vatten och gasfas.

Ett experiment startas genom att vatten och kvévgas tillsatts till systemet, samt att
ratt floden stélls in. Darefter tillsatts via locket i reaktorkarlet RuOg-kristaller, pa
en provrorsyta, som sedan far forangas. Jamvikt pa fordelningen av RuO4 mellan
vatten- och gasfasen invantas sedan och studeras.
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4.6.2. Experiment — Interaktioner mellan RuO, och metaller

Syftet har var att undersoka deponeringen av RuO,4 pa aluminium, koppar och
zink, bade kvalitativt och kvantitativt. Metallytorna skulle efter RuO,-
interaktionen analyseras med ESCA (Electron Spectroscopy, Chemical Analysis),
XRD (X-Ray Diffraction) och SEM (Scanning Electron Microscopy). Méngden
deponerat rutenium pa ytorna skulle bestammas, efter upplésning av ruteniumut-
fallningen, med hjélp av ICP-MS (Inductively Coupled Plasma — Mass Spectros-

copy).

| dessa experiment anvandes en enkel forsoksuppstéllning i glas, se figur 4.8. 1
glaskarlet fanns en eller tre stycken, beroende pa vilket experiment, enkla prov-
hallare for metallerna placerade. Ett experiment startades genom att en eller tre
metallbitar placerades pa provhallarna i reaktionskérlet. Sedan fylldes atmosfaren
i glaskérlet med kvavgas, luft eller fuktig kvdvgas. RuO, introducerades i syste-
met pa samma satt som i fordelningsexperimenten, dvs. i form av kristaller som
fick sublimera och foranga. Gasformig RuQ, reagerade sedan med metallytorna.
Temperaturen i systemet var rumstemperatur (25°C).

Figur 4.8: En skiss dver experimentuppstaliningen for specieringsbestamning av
deponerat rutenium.

| forsoken 1-9 undersoktes atmosfarens (kvave, luft och fuktig kvave) paverkan pa
specieringen av deponerat rutenium pa aluminium-, koppar- och zinkytorna, se
tabell 4.6. | dessa experiment var endast en metall narvarande i systemet. | expe-
rimenten T1-T3 undersoktes de olika metallernas férmaga att deponera rutenium.
| dessa experiment var tre de metallerna samtidigt narvarande i systemet, for att se
vilken metall som kunde ackumulera stérst mangd rutenium. | forsok T4 under-
soktes depositionen av RuO4 pa massing (65 % koppar och 35 % zink) kontra
depositionen pa koppar- och zinkytor, eftersom de inledande forsoken visade syn-
liga tecken pa mer sorption av RuO, pa koppar- och zinkproven &n pa aluminium-
proven.

4.6.3. Resultat

Fordelning av RuO, mellan vatten- och gasfas

Intentionen var att bestdmma fordelningsfaktorn for RuO, mellan en vatten- och
en gasfas i temperaturintervallet 20-70°C. Fordelningsfaktorn definieras enligt:

Kq = [RUO4Ja/[RUOa], (1)
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Problem uppstod dock redan vid experimenten vid 20°C d& aktiviteten av **Ru i
gasfasen minskade till nara bakgrundsnivan 5 min efter introduktionen av RuQy i
systemet. All RuOy léste sig alltsa i vattenfasen i princip omgaende. Aven aktivi-
teten av '°Ru pa vatskesidan minskade med 25 % p& 2 timmar efter “jamvikt” av
RuO4 mellan de bada faserna. Detta tyder pa att rutenium, i nagon form, ackumu-
lerades pa vatskesidan och da formodligen pa glasytorna. Depositionen av ruteni-
um pa glasytorna bekraftades ocksa efter radioaktivitetsmatningar av de olika
glasdelarna med hjalp av en separat HPGe-detektorer (High Purity Germanium
Detector) d& analyserna visade pd betydande mangd ®Ru pa glasytorna i bada
faserna. Sorptionen av rutenium pa ytorna var synlig genom de svartflackiga glas-
ytorna. | figur 4.9 visas reaktionskérlet, som anvandes i experimentuppstéllning-
en, dér svarta flackar av rutenium tydligt syns.

Figur 4.9: En bild av reaktionskarlet med betydande mangd svarta flackar av
deponerat rutenium.

Liknande observationer gjordes vid de hogre temperaturerna 50°C och 70°C.
Dock var aktiviteten av 'Ru i gasfasen denna géng over bakgrundsnivan i 15
min. Depositionen av rutenium pa glasytorna pa vatskesidan var inte lika kraftig
som i experimenten vid 20°C.

Flera forsok att minska depositionen av rutenium pa glasytorna testades for att om
maéjligt kunna na verklig jamvikt. Kvavgasatmosfaren byttes ut mot luft i vissa
experiment, alla glasytor tvattades med dikromatsvavelsyra for att minska eventu-
ell organisk kontamination pa ytorna, ett robustare flode astadkoms med elektris-
ka pumpar med pumphus tillverkat av eloxiderat aluminium och vétskesidan ute-
slots helt i nagra experiment. Men andringarna av experimentuppstallningen
minskade inte namnvart depositionen av rutenium pa ytorna.

Pa grund av den betydande depositionen av rutenium pa glasytorna undersoktes
hastigheten pa deposition av ruteniumtetraoxid pa glasytor. | tabell 4.3 visas nagra
uppskattade varden pa depositionshastigheten av rutenium pa glasytorna i de bada
faserna i nagra av experimenten. Resultaten ar dock mycket osékra.
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Tabell 4.3: Uppskattade varden pa depositionshastigheten kp av rutenium pa
glasytorna.

Temperatur Nérvarande Pumptyp  Uppskattad ko (ms*)  Uppskattad ko (m-s™)

(°C) faser gasfas vatskefas
20 vatten, gas glas - 0.0013 £ 0.0018
20 vatten, gas aluminium 0.11 +0.085 0.0013 £ 0.0014
50 vatten, gas glas 0.12 +0.085 5.0%10™ + 4.9*10
50 gas glas 0.0062 + 0.0053

Interaktioner mellan RuO4 och metaller
ESCA-matningar

Ett godtyckligt ESCA-spektrum fran méatningarna av metallproven kan ses i fi-
gur 4.10, som &r en forstoring av de tva huvudtopparna for rutenium Ru 3d5/2 och
Ru 3d3/2 vid bindningsenergierna 281.8 eV respektive 286.0 eV. Topparna vid
bindningsenergierna pa 284.5 eV och 289 eV beror pa den i princip oundvikliga
kolkontaminationen pa proverna som sker efter interaktionen mellan metallproven
och RuOy(g). Topparna pa 283 eV och 287 eV ar svarare att forklara och flera
tolkningar har presenterats i litteraturen [4.18, 4.19, 4.20], men de beror formodli-
gen pa elektron-orbital-skarmningseffekter.

292 290 288 286 284 282 280 278
Bindningsenergin (eV)

Figur 4.10: Ett forstorat ESCA-spektrum, som visar de tva huvudtopparna for
rutenium (Ru 3d5/2 och Ru 3d3/2).

Bindningsenergin pa huvudtoppen for rutenium, Ru 3d5/2, fran de olika metall-
proven kan ses i tabell 4.4. Resultaten visar att varken vilken metall eller vilken
atmosfar som var narvarande i systemet paverkar specieringen av deponerat rute-
nium eftersom bindningsenergin for Ru 3d5/2 ar 281.8 £ 0.3 eV i de olika forso-
ken. Positionen pa Ru 3d5/2-toppen, 281.8 eV, kan jamféras med ett antal littera-
turvarden pa olika ruteniumforeningar, se tabell 4.5. Fran dessa litteraturvarden
kan slutsatsen dras att efter interaktion mellan RuO4(g) och metallerna bildas
RuO,-H0, dvs. hydratiserad ruteniumdioxid.

Pa grund av den kraftiga ackumulationen av rutenium pa glasytorna i de bada ex-
perimentuppstéliningarna (figur 4.9), bestdmdes dven specieringen av deponerat
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rutenium pa ytorna med hjalp av ESCA. Dessa ESCA-analyser visade att RuO,
bildades aven pa glasytorna nar dessa utsattes for angor av RuO.,.

Tabell 4.4: Bindningsenergierna (eV) for huvudtoppen Ru 3d5/2 fér deponerat
rutenium pa de olika metallytorna.

Metall Kvéve Luft Fuktig Kvéve Medel +
Al 281.7 281.5 281.6 281.6 0.1
Cu 281.8 281.9 282.0 281.9 0.1
Zn 282.0 282.1 281.8 282.0 0.2

Tabell 4.5: Litteraturvarden pa bindningsenergin for Ru 3d5/2-toppen for olika
ruteniumspecier.

Referens [4.21] [4.19] [4.22] [4.23] [4.18]
Ru 3d5/2
Ru 280.0 280.0 279.9 280.3
RUO, 280.7 280.8 282.1 281.0 281.3
RUO, - H,0 281.4 282.3
RUO; 282.5 282.6
RUO, 2833 283.3

SEM-analyser

Nagra godtyckligt utvalda metallprov analyserades med SEM. Figur 4.11 visar
SEM-bilder av prov fran respektive metall fran forsoken med tre metaller narva-
rande i systemet (aluminium, koppar och zink). Bilderna visar pa mindre mangd
deponerat rutenium pa aluminiumytorna an pa koppar- och zinkytorna, vilket ock-
sa observerades med vanliga fotografier (figur 4.12). Koppar- och zinkytorna vi-
sar tydliga tecken pa deponerat rutenium da dessa ytor &r i princip helt tackta av
en svart ruteniumfilm. Aluminiumytorna var endast flackvis tdckta med rutenium.
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Figur 4.11: SEM-bilder av ett (a) aluminiumprov, (b) kopparprov och (c) ett zink-
prov utsatta for angor av RuQy,

a b C

Figur 4.12: Fotografier av (a) aluminium, (b) koppar och (c) zink fére och efter
deposition av rutenium.

XRD-analyser

Nagra godtyckligt utvalda prov av varje metall analyserades med XRD, men ing-
en ruteniumforening kunde hittas pa aluminium-, massing- eller zinkytorna. Da
andra forfattare [4.24, 4.25] visat att problem uppstatt nar RuO; har analyserats
med XRD, pa grund av for stort vatteninnehall eller for tunn film av RuO,, varm-
des proverna i ugn i 300°C under 12 h for att reducera méngden vatten i
RuO,-H,0 pa provytorna. Pa de uppvarmda proven fanns sedan tydliga spar av
RuO,. Den enda forklaringen till de forandrade resultaten ar att vatteninnehallet i
ruteniumfilmen tidigare stérde XRD-analyserna.

Pa de utvalda kopparproverna hittades en ovanlig koppar-rutenium-forening, nam-
ligen  kopparruteniumoxidhydroxid  (CuRuO2(OH),. Denna  koppar(ll)-
rutenium(V1)-férening &r en ortorombisk forening karakteriserad av Hansen
[4.26]. Upptackten av foreningen pa kopparytan visar att en reaktion mellan kop-
parytan och RuO, verkligen har dgt rum. Né&r kopparproven varmdes i ugn i
300°C under 12 h, kunde istéllet spar av RuO, hittas. Slutsatsen som kan dras ar
att CURUO,(OH), inte ar stabil vid hogre temperaturer utan omvandlas pa koppar-
ytan till koppar och RuO..

ICP-MS-métningar

Metallproven i experimentserien T1-T4 lats ligga i en natriumhydroxidlésning i
en manad for att ruteniumdeponering skulle kunna l6sas upp. Bestamning av rute-
niumhalten i dessa lésningar gjordes med hjélp av ICP-MS. Dessa analyser be-
kraftade att rutenium deponerade huvudsakligen pa koppar- och zinkytorna i for-
s6k T1-T3 och pa massingsytan i forsok T4. I tabell 4.6 kan mangden rutenium pa
ytorna pa varje metallprov i forsoken T1 till T4 ses. Méangden rutenium pa kop-
par- och zinkproven var atminstone en faktor fem stérre an pa aluminiumproven i
forsoken T1 till T3. | forsok T4 var mangden rutenium en faktor 5 storre pa mas-
singsprovet an pa koppar- och zinkprovet.

SSM 2009:25 106(118)



APRI 6 — Forskningsprogram inom omradet svara haverier

Tabell 4.6: Jamforelse av ruteniummangderna pa de olika metallproverna i prov-
serierna T1-T4.

Ruteniumkoncentration pa Del av totala méngden
Prov metallproven deponerat rutenium i varje experiment
(pmol/cm?) (%)
T1 Al 0.6 3
T1Cu 3.6 20
T1Zn 14 77
T2 Al 0.1 3
T2Cu 0.7 39
T2 Zn 1.0 58
T3 Al 0.1 1
T3 Cu 3.8 59
T3 Zn 2.6 40
T4 Massing 10.9 15
T4 Cu 49.7 70
T4 Zn 11.0 15

4.6.4. Sammanfattning och slutsatser

Pa grund av problem med framforallt den snabba depositionen av rutenium pa
glasytorna i experimentuppstaliningen i figur 4.3 kunde fordelningsfaktorn for
RuO, mellan vatten- och gasfas inte bestdmmas. Ackumulationen av rutenium i
vattenfasen var dock snabb efter inférandet av RuQ, i systemet.

Resultaten av specieringsforsoken visar att rutenium kommer att deponeras i hog-
re grad pa koppar- och zinkytor an pa ytor av aluminium vid interaktion med
RuO,4. Specieringen av deponerat rutenium kommer till storsta delen att vara
RuO,, sarskilt vid hogre temperaturer. Specieringen av rutenium kommer inte att
variera vare sig med atmosfaren i inneslutningen eller med vilken typ av metallyta
deponeringen sker pa. Denna slutsats styrktes ocksa av analyserna av glasskivor
som exponerats med gasformig RuOy, dar specieringen av deponerat rutenium var
RuO.,.

Resultaten fran experimenten visar att sorption eller deponering av RuO,4 ar
mycket trolig i en inneslutningsmiljo och att rutenium kommer att bade deponeras
pa metallytor och absorberas i vattenfasen i inneslutningen. Darfor kommer rute-
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nium inte att hora till de dominerande radionukliderna vid utslépp efter ett hard-
haveri.

4.7 Deltagande i SARNET

Inom SARNET har Chalmers deltagit i "Source Term”-gruppen och medverkat
aktivt i arbetsgrupperna WP14 och WP 16, se figur 2.2.2. Ruteniums beteende
(frigorelse, transport och inneslutningsinteraktion) under ett svart haveri har be-
handlats i WP14. | WP16 har kemin, framst jod och rutenium, i inneslutningen
under svart haveri behandlats.

Chalmers medverkande i SARNET har frdmst verkat som ett utbyte av kunskap
och idéer, genom deltagande pa méten och konferenser organiserade av SARNET.
De storre moten Chalmers deltagit i &: ERMSAR 2005, ERMSAR 2007,
ERMSAR 2008, 3rd Annual Source Term Review 2007 och 4th Annual Source
Term Review 2008.

Ett mer aktivt och konkret samarbete inom SARNET har tagits mellan Chalmers
och VTT. Samarbetet har verkat inom tva omraden, transport och frigérelse av
rutenium och gasformig jods beteende under svart haveri. Inom ruteniumprojektet
har framst ett utbyte av kunskap verkat, bland annat utbyte av nya reaktionsvégar
att producera gasformig RuO,4. Ett mer aktivt samarbete har tagits mellan Chal-
mers och VTT inom projektet NROI, som &r beskrivet i avsnitt 4.2. Reaktionen
mellan gasformig jod, I, och ozon har undersokts vid 125°C samt vid olika halter
av syre och kvdve i systemets atmosfar. SARNET har bidragit med pengar for
uppehall av forskare pa VTT, i Helsingfors.
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5. SLUTSATSER OCH REKOMMENDATIONER

5.1 Sammanfattning av projektet

APRI 6 har foljt den internationella forskningen och utvarderat resultaten. Det
fortsatta stodet till KTH har gett 6kad kunskap om mojligheten att kyla den smalta
harden in reaktortanken och om processer i samband med kylbarheten i inneslut-
ningen samt vid angexplosioner. Stodet till Chalmers har gett 6kad kunskap om
haverikemi, framst jods och ruteniums uppforande i inneslutningen efter ett have-
ri.

5.1.1. Internationella forskningsprojekt

Deltagande i CSARP ger tillgang till en méangd information om olika fenomen av
betydelse for handelseforlopp vid svara haverier som kommer fram fran interna-
tionell forskning. Informationsutbytet sker huvudsakligen vid en arlig konferens.
Deltagandet ger ocksa tillgang till berakningskoder utfardade av NRC, varav
MELCOR anvénds i flera projekt.

SARNET utgor en viktig plattform for forskningen inom svara haverier och fram-
jar utbyte av kunskap och erfarenheter. De forskningsprojekt som stéds av APRI
ingar i SARNET. | gengald far APRI och forskningsinstitutionerna tillgang till de
forskningsresultat som genereras i de 6vriga deltagarlanderna. I APRI 6-projektet
har forskningsinstitutionerna KTH och Chalmers varit aktiva.

Vad galler PHEBUS-projektet, kravs det ytterligare experiment och analysarbete
for att slutligen kunna dra definitiva och konkreta slutsatser. Bransleknippets upp-
tradande, inklusive vatgasbildningen, ar det som kan modelleras bést idag. | fallet
jod och cesium kan man dra den forsiktiga slutsatsen att deras kemiska form pa-
verkas av branslets medelutbranning och av typen av styrstavar. Samtliga koder
har haft patagliga svarigheter nar det géller att forutsaga jodspecieringen och jod-
halten i inneslutningens atmosfar som funktion av tiden. De &r dessutom mycket
daliga pa att modellera effekten av styrstavar och deras degradering. De olika be-
rakningsverktyg som anvands for svenska verk behover darfor i mojligaste man
valideras mot resultaten fran experimenten i PHEBUS och mot nya data fran det
uppfdljande forskningsprogrammet ISTP (International Source Term Project). Det
ar darfor viktigt att man aven i fortsattningen medverkar i analysarbetet fran
svenskt hall.

Inom MASCA-projektet har smaltans beteende studerats sasom separation av me-
taller i smaltan som kan orsaka stratifiering och hur kemiska forhallande paverkar
dessa separationsprocesser. Tidigare forsok har visat att det sker en separation av
metaller i sméltan och att metallerna samlas i ett ovre skikt. | MASCA 2 &r resul-
taten att for helt oxiderad corium verkar det som separation av metaller inte sker,
medan for ej helt oxiderad corium verkar det som om Zr och stal och en del uran
reagerar och bildar en tung legering som sjunker och bildar ett skikt i botten av
sméltpolen. Resultaten visar dven att de kemiska reaktionerna och stratifieringen i
sméltpdlen &r tidsberoende.
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I MCCI 2 - programmet har hardsmaltans kylbarhet studerats om vatten pafors
ovanifran, reaktion mellan smélta och betong och héllfasthet av den krusta som
bildas vid kylning ovanifran. Dessutom har forsék gjorts att studera hur gasut-
veckling i smaltan paverkar kylbarheten. Betraffande reaktioner mellan smélta
och betong tycks det svart att fa konsistenta och reproducerbara resultat. Detta
beror i hog grad pa olika betongsammansattning och geometrier. Krustans hall-
fasthet forefaller vara lag och berakningar i reaktorgeometrier visar att krustan
kommer att brytas upp vilket medger vattenintrangning och 6kad kylbarhet.

5.1.2. Smaltans kylbarhet i reaktortanken

Ett berakningsverktyg, ECM/PECM, med syfte att analysera en hardsmélta i reak-
tortankens nedre plenum med CFD-teknik har utvecklats. Verktyget tar hansyn till
den komplexa geometrin i reaktortankbotten for BWR-reaktorer och olika haveri-
scenarier. Modellen har validerats.

Det har visats att verktyget ECM/PECM &r ett effektivt redskap for att berdkna
smaltans paverkan pa reaktortanken i nedre plenum. Berdkningarna tyder pa att ett
kylflode genom drivdonen kan ge mojlighet att fordrdja tankgenomsmaéltning och
darmed 6ka mojligheten att halla hardsméltan kyld i reaktortanken. Detta bekraf-
tar resultat fran tidigare APRI-projekt.

Berakningsverktyget behdver utvecklas och kopplas ihop med en hallfasthetsmo-
dul som ska utnyttjas for att berdkna hur och var tankgenomsmaéltning sker. For-
loppet vid tankgenomsmaltning har stor paverkan pa det pafoljande forloppet och
pa smaltans kylbarhet utanfor reaktortanken varfér denna komplettering bedoms
som viktig. Malet ar att fa fram mer realistiska handesleforlopp i samband med
hardsmalta.

5.1.3. Smaltans kylbarhet i reaktorinneslutningen

Tidigare experiment och analyser har visat att sméltans kylbarhet i inneslutning-
ens kondensationsbassang ar beroende av vilken form grusbadden (”debris bed”)
har da den slutligen hamnar pa bassénggolvet.

KTH:s DEFOR-experiment visar att porositeten hos den fragmenterade smaltan ar
hdg, upp till 60 — 70 % vilket ar betydligt htgre &n 40 % som man tidigare antagit.
Porositeten forefaller ocksa vara oberoende av smaltans sammansattning och un-
derkylning pa bassangvattnet. En 6kad porositet ar gynnsam ur Kkylbarhetssyn-
punkt. Experimenten visar ocksa att partiklarna till stérsta delen ar icke-sfariska
med en grov yta.

Det har vidare berédkningsmassigt visats att geometrin av den grusbadd som bildas
paverkas i hog grad av den vattencirkulation som uppkommer i bassangen pga.
smaltans resteffekt. Detta betyder bl.a. att konfigurationer med ett isolerande lager
av fina partiklar ovanpa grusbadden ar mindre sannolika. Dessutom bildas kanaler
i grushadden pga. vattencirkulationen vilket bidrar till 6kad kylbarhet.

5.1.4. Angexplosioner i reaktorinneslutningen

| MISTEE-experimenten studeras angexplosionsforloppet genom studier av en-
skilda sméltdroppar. Syftet ar att fa okad forstaelse av fysiken bakom angexplo-

SSM 2009:25 112(118)



APRI 6 — Forskningsprogram inom omradet svara haverier

sioner for att kunna forklara varfor olika material har olika ben&genhet att explo-
dera samt att kunna bestdmma explosionens verkningsgrad.

Ett resultat av experimenten &r att explosionsbenégenheten hos eutektiska® mate-
rial &r hogre an for icke-eutektiska material.

Effekten av att icke-kondenserbara gaser bildas runt smaltdroppen har ocksa stu-
derats. Gasen paverkar explosionsforloppet da den paverkar smaltdroppens yta
och okar bendgenheten att explodera. A andra sidan forhindrar gasen direkt kon-
takt mellan vattnet och droppen, vilket minskar bendgenheten att detonera.

5.1.5. Jodkemi vid svara haverier

Chalmers och VTT har i ett samarbete studerat radiolytisk oxidation av jod for att
fa okad forstaelse av specieringen av de slutliga produkterna. Man har bl.a. fatt
fram att ozon som bildas vid radiolys av luft och anga, kan oxidera jod och dér-
med kan retention av jod framjas. Eftersom de bildade jodpartiklarna var svara att
speciera ar resultaten osdkra och andra metoder bér anvandas.

Chalmers har aven studerat hur konkurrerande klorreaktioner kan paverka jods
beteende i vattenfasen. En ovéntad observation som gjordes var att hdga halter av
kloridjoner relativt halten av jod i vétskefasen verkade ©ka koncentrations-
koefficienten for jod vid ldga pH. Aven har &r resultaten oséikra och fler under-
sokningar av klor-jod-systemet behdver genomforas.

5.1.6. Egenskaper hos metyljodid

Metyljodid som vallar storst bekymmer vad galler omgivningskonsekvenser vid
en radiologisk olycka, har studerats genom att utveckla teorin som Borkowski
lade fram angaende hydrolys av metyljodid i vatten.

En analytisk modell for hydrolys av metyljodid i vatten har tagits fram pa Chal-
mers. Modellen & mycket grundligt genomarbetad och har atgéardat sadana brister
som identifierats i Borkowskis motsvarande modell. Med modellens hjélp &ar det
mojligt att ta fram temperaturberoende hastighetskonstanter som tillsammans ger
oss ett uttryck for fordelningen av metyljodid mellan vatten och gas vid olika
temperaturer. | dagsldget saknas experimentella data att utvardera modellen emot,
men sadana experiment ar under planering.

5.1.7. Ruteniumkemi vid svara haverier

FOr rutenium &r kemin mer k&nd jamfort med jod. Det har klarstéllts att den enda
flyktiga ruteniumspecie att behdva ta hansyn till vid haveri & RuO,. Resultaten
fran experimenten visar att sorption eller deponering av RuO,4 & mycket trolig i
en inneslutningsmiljo och att rutenium kommer att bade deponeras pa metallytor
och absorberas i vattenfasen i inneslutningen. Darfor kommer rutenium inte
att hora till de dominerande radionukliderna vid utslapp efter ett hardhaveri.

8 Eutektiskt material ar ett material dar blandningsforhallandet for de ingdende dmnena &r sadant att
blandningen stelnar/smélter vid samma temperatur.
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Forskningen kring ruteniums upptréddande i haverimiljo fortsatter framfor allt i
Frankrike och &r vérd att foljas via SARNET.

5.2 Slutsatser
Fran projektet APRI 6 kan foljande slutsatser dras:

Deltagande i CSARP har 6kat kunskapen om svara haverier genom utbyte av
forskningsresultat och givit tillgang till haverianalyskoden MELCOR.

Deltagande i SARNET ar viktigt for att samordna forskning med andra lander
och utnyttja andra forskningsresultat.

| PHEBUS-projektet aterstar analyser och utvarderingar, som kommer att ge
intressant kunskap om bl.a. jods uppférande vid en hardsmaélta.

Genom Okad tillforsel av medel till KTH och Chalmers fran SSM och indu-
strin har kontinuiteten avseende forskning om svara haverier kunnat sakras.

Ett berdkningsverktyg har utvecklats for att analysera en hardsmélta i reaktor-
tankens botten. Berdkningarna tyder pa att ett kylflode genom drivdonen kan
ge mojlighet att fordrdja tankgenomsmaltning.

Experiment och analyser visar att porositeten hos grusbéddden &r hog och att
geometrier med ett isolerande lager av fina partiklar ovanpa en grusbadd ar
mindre sannolika. Bada resultaten visar pa okad kylbarhet jamfort med tidiga-
re bedémningar.

Genomford forskning om angexplosioner har gett oss 6kad detaljkunskap men
denna &r annu inte tillracklig for att ge full forstaelse av férloppet vid en ang-
explosion i samband med en hardsmalta.

Forstaelsen av det grundlaggande sambandet for fordelning av metyljodid
mellan vatten och gasfas har tkat.

Experiment pa dels radiolytisk oxidation av jod, dels hur konkurrerande klor-
reaktioner kan paverka jods beteende i vattenfasen har gett 6kad kunskap men
resultaten ar osakra och ytterligare undersokningar behovs.

Experiment och analyser om rutenium visar att denna inte kommer att hora till
de dominerande radionukliderna vid utslapp efter ett svart haveri.

5.3 Rekommendationer

Foljande rekommendationer I&mnas infor fortsattningen av APRI-projektet:

Fortsatt deltagande i internationella projekt: CSARP, SARNET, PHEBUS,
MCCI, SERENA och BIP.

Fortsatta studier av sméltans kylbarhet i reaktortankens botten.
Fortsatta studier av smaltans kylbarhet i reaktorinneslutningen.
Fortsatta studier av de mekanismer som styr angexplosioner.
Fortsatta studier av haverikemi i inneslutningen avseende jod.

Slutfora handboken i haverikemi.
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6. FORKORTNINGSLISTA

ACT Advanced Communication Tool

AECL Atomic Energy of Canada Limited

ANL Argonne National Laboratory

APRI accident phenomena of risk importance
ARTIST Aerosol Trapping in Steam Generators
ASTEC Accident Source Term Evaluation Code
BIP Behaviour of lodine

BWR boiling water reactor

CClI Core-Concrete Interaction

CFD computational fluid dynamics

CHF critical heat flux

CORTRAN CORiumTRANSient

CPC Condensation Particle Counter

CRGT control rod guide tube

CSARP Cooperative Severe Accident Research Program
DCH Direct Containment Heating

DECOSIM code for debris bed coolability simulation
DEFOR debris bed formation

DEFORSIM code for debris bed formation simulator
DEM discrete element method

DHF dryout heat flux

LIVE Late In-Vessel Phase Experiments

LWR light water reactor

EC European Commission

ECCM effective convectivity conductivity model
ECM effective convectivity model

EDF Electricité de France
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ERMSAR European Review Meetings on Severe Accident Research
ESCA Electron Spectroscopy for Chemical Analysis

EVC ex-vessel coolability

EVE ex-vessel steam explosion

EXCO ex-vessel coolability

FCI fuel coolant interaction

FP framework programme

FPT Fission Product Test

FTIR Fourier Transform Infrared Spectroscopy

HPGe High Purity Germanium Detector

ICP-MS Inductively Coupled Plasma — Mass Spectroscopy

IGT instrumentation guide tube

INCO in-vessel coolability

IRSN Institut de Radioprotection et de SQrité Nucléaire

ISTC International Science & Technology Center

ISTP International Source Term Project

IVR in-vessel retention

KROTOS a small-scale test facility for FCI (steam explosion) study at CEA
KTH Royal Institute of Technology

LCS Lime-stone common sand

LOCA loss of coolant accident

LWR Light Water Reactor

MASCA-2 MAterial SCAling phase 2

MCCI Melt Corium Concrete Interaction

MET Melt Eruption Test

MELCOR (L:Jogl\elngr integral simulation of severe accident developed by
MISTEE micro interactions of steam explosion energetics
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MSWI melt structure water interactions

NCDC natural circulation driven coolability

NCG non-condensable gas

NPP nuclear power plant

NRC Nuclear Regulatory Commission

NROI Nordic Research on Radiolytic Oxidation of lodine

OECD Organisation for Economic Co-operation and Development

PAR Passive Autocatalytic Recombiner

PECM phase-change ECM

PM-ALPHA code for FCI simulation developed at UCSB

POMECO porous media coolability

PSA probabilistic safety analysis

PWR pressurized water reactor

ROAAM risk oriented accident analysis methodology

RPV reactor pressure vessel

RTF Radioiodine Test Facility

SAID severe accident information distillation

SA severe accident

SAM severe accident management

SAMS severe accident management strategy

SARNET severe accident research network of excellence

SARP severe accident research priorities

SAS severe accident scenario

SBO station blackout

SEE steam explosion energetics

SEP Scanning Electron Spectroscopy

SHARP simultaneous high-speed acquisition of x-ray radiography and
photography
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SIMECO simulation of melt coolability

SMPS Scanning Mobility Particle Sizer

SOAR CA State-of-the Art Reactor Consequence Analyses

SSWICS Small-Scale Water Ingression and Crust Strength

TEM Transmission Electron Microscopy

TROI a medium-scale test facility for FCI (steam explosion) study at
XRD X-Ray Diffraction

VAPEX code for FCI simulation developed in Russia

WABE code for 2D simulation of debris bed coolability
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