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SSM perspektiv

Bakgrund

Stralsdkerhetsmyndigheten (SSM) och kraftbolagen FKA, OKG och RAB har gemen-
samt under lang tid finansierat och hanterat ett forskningsprogram inom svéra
haverier kallat Accident Phenomena of Risk Importance (APRI). Senaste program-
met har 16pt som tre-arsprojekt och avslutades i slutet av ar 2017.

Ramarna for APRI-programmet har varit att studera riskdominerande haverife-
nomen under ett svart haveri. Den svenska hanteringen med ett vattenfyllt nedre
primdrutrymme i kokvattenreaktorerna i samband med ett svart haveri, dr i det
nidrmaste unik och finns inte representerad i den internationella forskningen. Aven
haverihanteringen av de svenska tryckvattenreaktorerna, med en avsiktlig vatten-
fyllning av reaktorgropen i samband med ett svart haveri, dr ovanlig i den interna-
tionella forskningen och innebir liknande fragestéllningar.

Syftet med APRI-programmet har varit att skapa en gemensam plattform och kun-
skapsbas gillande fenomen och hindelseférlopp av betydelse vid svara haverier i
en kirnkraftsreaktor. Den av APRI finansierade forskningen bedrivs i huvudsak av
KTH och Chalmers.

Resultat
En kort historisk aterblick avseende utfallet fran foregaende APRI-program ér att
resultaten hittills

e har verifierat den nuvarande strategin for hantering av svara haverier och att
anldggningsmodifieringar inte har varit nodvindiga,

e har bidragit till nationell kompetensférsérjning inom omradet, och

* har utgjort ett forum for teknisk/vetenskaplig samverkan mellan myndighet
och tillstandshavare.

KTH:s forskning har under APRI-programmen fokuserat pa att kvantifiera de osa-
kerheter som &r forknippade med den svenska strategin att hantera en hardsmiilta.
Tillimpningen av verktyget ROAAM (Risk Oriented Accident Analysis Method) och
utvecklingen av ROAAM+ vid KTH har bidragit till en ckad forstaelse och 6kade
mojligheter att analysera fenomenen och férloppen under ett svart haveri. Meto-
den anses vara ett adekvat verktyg for att hantera fragor diar bade osdkerheter
avseende scenarion och osidkerheter i den deterministiska modelleringen ér stora.
ROAAM+ har dven gett kunskap om vilka experiment som behéver prioriteras i syfte
att minska osidkerheterna i den svenska haverihanteringsstrategin.

APRI-stodet till Chalmers har fokuserat pa att 6ka forstaelsen for hur kemiska
reaktioner paverkar det radioaktiva utsldppet till omgivningen vid en hirdsmiilta.
Forskningen under APRI-9 har resulterat i 6kade kunskaper om tellurs och ruteni-
ums kemi i haverisammanhang.

Uppfoljningen av internationell forskning har ckat kunskapen om svara haverier
i olika avseenden. Genom tillférsel av medel till KTH och Chalmers fran SSM och
industrin har kontinuiteten avseende forskning om svara haverier kunnat sikras.
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Relevans

Det finns kvarvarande osikerheter forknippade med den svenska haverihanterings-
strategin som behover belysas ytterligare genom forskning. Genom den svenska
strategin undviks troligen en stor inledande interaktion mellan betong och smilta.
A andra sidan kan angexplosioner intriffa nir smiltan faller i djupt vatten. Den
forskning som bedrivs inom APRI-programmet &r relevant f6r den svenska haveri-
hanteringsstrategi eftersom det finns obetydlig mycket lite internationell forskning
som direkt belyser denna. Dock bedrivs internationell forskning om fenomen och
haverihanteringsstrategin som &r av relevans dven for svenska forhéallanden och
som kan inkorporeras i den specifikt svenska strategin.

Behov av vidare forskning

Det finns fortfarande behov av fortsatt forskning inom omradet svara haverier. Det
giller bland annat fortsatt deltagande i internationella projekt och fortsatt stod
till forskargrupper pa KTH och Chalmers f6r vidare studier av haverifenomen och
haverikemi.

Projekt information
Kontaktperson SSM: Ninos Garis och Patrick Isaksson.
Referens: SSM 2015-2033 / 2037012 - 94

SSM 2018:16



Stral
sakerhets
myndigheten

Swedish Radiation Safety Authority

Redaktérer: Ninos Garis, Stréalsakerhetsmyndigheten (SSM)
Lennart Agrenius, Agrenius Ingenjorsbyra AB

APRI 9 — Accident Phenomena of

Risk Importance
En lagesrapport om forskningen inom omrédet
svara haverier under a&ren 2015-2017

Datum: Juni 2018
Rapportnummer:2018:16 ISSN: 2000-0456
Tillgénglig p& www.stralsakerhetsmyndigheten.se



Denna rapport har tagits fram pa uppdrag av Stralsikerhetsmyndigheten,
SSM. De slutsatser och synpunkter som presenteras i rapporten ér for-
fattarens/forfattarnas och 6verensstimmer inte nodvindigtvis med SSM:s.

SSM 2018:16



Forskningsprojektet APRI-9 har genomférts i samarbete mellan fdljande
organisationer:

Stralsakerhetsmyndigheten (SSM)
Ringhals AB (RAB)

OKG Aktiebolag (OKG)
Forsmarks Kraftgrupp AB (FKA)

Projektet har varit understalld en styrgrupp med representanter fran SSM och
kraftbolagen enligt foljande:

Mauritz Gardinge, OKG (ordférande)

Ninos Garis, SSM

Patrick Isaksson, SSM

Anders Henoch, RAB

Staffan Dittmer, RAB

Margareta Tanse Larsson, FKA

Lennart Agrenius, Agrenius Ingenjorsbyra AB (projektledare)

Arbetet har genomférts i projektform med deltagande fran parterna och andra
svenska och utlandska uppdragstagare och samarbetspartners.

Redaktorer:

Ninos Garis, SSM
Lennart Agrenius, Agrenius Ingenjérsbyra AB

Personer som har bidragit till olika avsnitt i rapporten:

Patrick Isaksson, SSM
Oddbjérn Sandervag, Oddsan Consult
Christian Linde, SSM
Johan Ljung, RAB

Pavel Kudinov, KTH
Weimin Ma, KTH

Sevostian Bechta, KTH
Dmitry Grishchenko, KTH
Sergey Galushin, KTH
Sergey Yakush, IPM RAS
Mikhail Davydov, EREC
Alexander Konovalenko, KTH
Simone Basso, KTH

Sachin Thakre, KTH
Mohsen Hoseyni, KTH
Walter Villanueva, KTH
Peng Yu, KTH

Louis Manickam, KTH
Christian Ekberg, Chalmers
Fredrik Espegren, Chalmers
Ivan Kajan, Chalmers

Mark Foreman, Chalmers






SAMMANFATTNING

Kunskap om de fenomen som kan upptridda vid svara haverier i en kédrnkraftsanligg-
ning dr en viktig forutsittning for att kunna forutse anldggningens beteende, for att
kunna utforma rutiner och instruktioner for haverihantering, for beredskapsplane-
ringen samt for att fa god kvalitet pa haverianalyser och riskstudier.

Sedan borjan pa 80-talet har kdrnkraftforetagen och myndigheten i Sverige samarbe-
tat inom forskningsomradet svara reaktorhaverier. Samarbetet i borjan var framfor
allt knutet till att forstirka skyddet mot omgivningskonsekvenser efter ett svart reak-
torhaveri genom att bl.a. ta fram system for filtrerad tryckavlastning av reaktorinne-
slutningen. Sedan borjan pa 90-talet har samarbetet delvis dndrat karaktdr och inrik-
tats mer pa fenomenologiska fragor av riskdominerande betydelse.

Under aren 2015-2017 har samarbetet fortsatt inom forskningsprogrammet APRI-9.
Syftet har varit att visa om de 10sningar som har valts i den svenska strategin for
haverihantering ger ett tillrickligt skydd for omgivningen. Detta sker genom att fa
fordjupad kunskap om dels viktiga fenomen vid hirdsméilteférlopp, dels midngden
radioaktivitet som kan sléppas ut till omgivningen vid ett svart haveri.

For att na syftet har forskningsprogrammet omfattat dels uppfoljning av den internat-
ionella forskningen inom svara haverier och utvirdering av resultaten, dels fortsatt
stod till forskningen pa KTH och Chalmers om svara haverier.

Uppfdljningen av den internationella forskningen har frimjat utbyte av kunskap och
erfarenheter samt har gett tillgang till en méngd information om olika fenomen av
betydelse for hindelseforlopp vid svéara haverier. Detta &dr viktigt for att erhdlla en
god bedomningsgrund av de utslippsbegrinsande atgirderna i svenska kérnkraftsre-
aktorer.

Det fortsatta stodet till KTH har gett 6kade kunskaper om mdjligheterna och forut-
sattningarna for att kyla hérdrester i reaktortanken och om de identifierade proces-
serna i samband med tankgenomsmaltning samt kylbarheten av hirdrester i inneslut-
ningen. Utvecklingen av ROAAM-+ har resulterat i ett ramverk med en uppsittning
berdkningsverktyg och grianssnitt i MATLAB. ROAAM+ innehaller olika berdk-
ningsmodeller som kan identifiera stora bidrag till osdkerheter i riskbedomningar 1
samband med svara hardhaverier. Resultaten har visats kunna anvindas for att forfina
och forbittra PSA-analyser pa flera sétt. Studier med en storskalig PSA-modell visar
att integration av ROAAM+ -resultatet med PSA-modellen inte bara dr mojlig utan
kan ocksa leda till en dndring av den beriiknade frekvensen for inneslutningsbrott.

Stodet till Chalmers har resulterat i 6kade kunskaper om hur rutenium och tellur in-
teragerar med olika farger och andra material i inneslutningen. Forskningen av tellur
har givit kunskaper om dess aerosolkemi. Mer specifikt hur tellur i aerosolform beter
sig vid kontakt med olika ytor som finns i reaktorinneslutningen. Vidare har den po-
tentiella anvdndningen av havsvatten som en nddlosning vid total forlust av kylmedel
utvirderats, med ett fokus pa fissionsprodukter. Ruteniumstudierna inkluderade ef-
fekter av temperatur, radiolysprodukter i luft och cesiumjodidaerosoler pa de kemiska
formerna av rutenium som kan transporteras i reaktorinneslutningen vid ett svart re-
aktorhaveri.
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1. INLEDNING

Kunskap om de fenomen som kan upptridda vid svara haverier i en kédrnkraftsanligg-
ning dr en viktig forutsittning for att kunna forutse anldggningens beteende, for att
kunna utforma rutiner och instruktioner for haverihantering, for beredskapsplane-
ringen samt for att f4 god kvalitet pa haverianalyser och riskstudier.

De svenska deltagarna, SSM och kérnkraftforetagen i Sverige har under en foljd av
ar samarbetat inom forskningsomradet svara reaktorhaverier. Detta har skett inom
projekten FILTRA, RAMA, RAMA II, RAMA III, HAFOS, APRI, APRI-2, APRI-
3, APRI-4, APRI-5, APRI-6, APRI-7 och APRI-S.

FILTRA- och RAMA-projekten var knutna till processen att utforma, genomféra och
verifiera de haveriforebyggande och konsekvenslindrande atgirder som 1989 inforts
vid samtliga kdrnkraftverk.

I projekten HAFOS, APRI, APRI-2, APRI-3, APRI-4, APRI-5, APRI-6, APRI-7 och
APRI-8 var en viktig uppgift att f6lja internationell forskning rérande svara hérd-
haverier. En annan uppgift var att stodja eget arbete inom Sverige dér forskningen pa
hardsmaélteforlopp genomforts vid KTH och kemiska forhallanden i inneslutningen
har undersokts vid Chalmers.

APRI 9-projektet har i stora drag haft samma inriktning som tidigare APRI-projekt.

1.1 Kort historik

Sedan borjan pa 1980-talet har kédrnkraftforetagen i Sverige och myndigheten samar-
betat inom forskningsomradet svara reaktorhaverier. Samarbetet var i borjan framfor
allt knutet till att forstiarka skyddet mot omgivningskonsekvenser efter ett svart reak-
torhaveri genom att bl.a. ta fram system for filtrerad tryckavlastning av reaktorinne-
slutningen. Sedan borjan pa 1990-talet har samarbetet delvis dndrat karaktir och in-
riktats mer pa fenomenologiska fragor av riskdominerande betydelse.

I borjan av 1986 beslutade regeringen att som villkor for fortsatt drift skulle utsldpps-
begransande atgéirder vidtas vid reaktorerna i Forsmark, Oskarshamn och Ringhals.
Atgirderna skulle vara genomforda senast vid utgadngen av 1988. I anslutning till
dessa regeringsbeslut! uppdrog regeringen &t ddvarande Statens kérnkraftinspektion
(SKI) att utover redovisning av beslut som myndigheten fattat med anledning av re-
geringens nya driftsvillkor d@ven redovisa en bedomning av behovet av fortsatta insat-
ser inom omradet svara haveriforlopp.

Efter myndighetens granskning av de atgirder som vidtagits vid berérda anldggningar
konstaterades i ett beslut? av den 19 december 1988 att de mél som regeringen angivit
som villkor for fortsatt drift hade uppfyllts. I myndighetens beslut pekades emellertid
ocksa pd att tillstdndshavarna dven fortsittningsvis behovde folja de forsknings- och
utvecklingsinsatser som bedrevs och dra slutsatser om vilka ytterligare sikerhetsho-
jande atgérder som bor komma ifraga vid de egna anldggningarna.

! Regeringsbeslut 14 ”Uppdrag att redovisa det fortsatta arbetet att begrinsa utslipp vid svéra reaktorha-
verier”. Industridepartementet 1986-02-27.

2 SKI-beslut ”Utslippsbegrinsande dtgirder vid kirnkraftverken i Forsmark, Oskarshamn och Ringhals”.
SKI 1988-12-19.



I slutet av 1990-talet fortydligades myndighetens allménna krav pa utslappsbegréin-
sande atgdrder genom foreskrifterna SSMFS 2008:1 om sidkerhet i kidrntekniska an-
laggningar. I foreskrifterna stélldes krav pa att radiologiska olyckor skall forebyggas
genom en for varje anldggning anpassad grundkonstruktion med flera barridrer och
ett anpassat djupforsvar. Bestimmelserna om djupforsvar innehaller bl.a. krav pa att
utsldpp av radioaktiva @mnen till omgivningen skall férhindras och begrinsas genom
anordningar och forberedda atgérder. I foreskrifterna infordes dven krav pa att siker-
heten vid en anldggning fortlopande skall analyseras och bedomas pé ett systematiskt
sdtt, och i allmidnna rad pekades pa att bl.a. forskningsresultat sirskilt bor beaktas vid
sddan fortlopande analys och bedomning.

Genom foreskrifterna SSMFS 2008:17 om konstruktion och utférande av kidrnkrafts-
reaktorer har myndigheten sedan ytterligare fortydligat och skirpt kraven i vissa av-
seenden. Aven svara haverier med storre hirdskador skall beaktas nir det giller kon-
struktionen av inneslutningsfunktionen, instrumentering for 6vervakning av anligg-
ningens tillstand, samt for att kunna uppna ett stabilt sluttillstind med reaktorn sa att
den inte utgor ett hot mot omgivningen pé lang sikt. I konsekvensutredningen® av
foreskrifterna konstaterades att dessa krav, som inte fanns da reaktorerna konstruera-
des, tillkom i viss omfattning genom regeringsbeslutet om utsldppsbegrinsande at-
géirder 1986.

Den svenska strategin for haverihantering innebér att inneslutningarna forsetts med
forstarkt inneslutningskylning, tryckavlastning och filtrering av utsldpp. Den svenska
strategin fOr att hantera en hiardsmailta-att 1ata en hardsmalta falla i djupt vatten i inn-
neslutningen — har visat sig vara ovanlig. Endast i ett fatal andra reaktorer i vérlden
tillimpas denna strategi aktivt. Eftersom den svenska strategin &dr ovanlig, finns det
mycket lite internationell forskning som direkt belyser denna. Dock bedrivs internat-
ionell forskning om fenomen som dven kan intriffa under ett svart haveri i ett svenskt
verk.

Det finns kvarvarande osidkerheter forknippade med den svenska strategin som beho-
ver belysas ytterligare genom forskning. Genom den svenska strategin undviks troli-
gen en stor inledande interaktion mellan betong och smilta. A andra sidan kan &ng-
explosioner intriffa nir sméltan faller i djupt vatten. Forskningen pa svara haverier
inriktas nu pa att visa om de 1osningar som har valts ger ett tillrickligt skydd for
omgivningen, vilket vi idag haller for troligt med vissa osékerheter som nimnts ovan.

Utgaende fran regeringens och myndighetens beslut i slutet av 1980-talet har myn-
digheten och tillstandshavarna tillsammans fortsatt att bedriva forskning om svéra
haverier samt folja upp internationell forskning.

1.2 Projektets syfte

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

3 Konsekvensutredning av Statens kirnkraftinspektions forslag till foreskrifter (SKIFS 2004:2) om
konstruktion och utforande av kirnkraftsreaktorer, Statens kirnkraftinspektion 2004-10-07.



For att na syftet och i enlighet med rekommendationerna fran APRI-8 (SSM rapport
2015:27) har projektet arbetat med foljande uppgifter:

e att folja den internationella forskningen inom svara haverier och utvérdera resul-
taten for att erhalla en god bedomningsgrund av de utsldppsbegriansande atgér-
derna i svenska kérnkraftsreaktorer.

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

e att speciellt studera vissa fenomen som t ex smiltans kylbarhet i reaktortanken
och i reaktorinneslutningen samt haverikemi.

e att utveckla metodik (ROAAM-+) for att beskriva och kvantifiera beroenden
mellan haverifenomen.

1.3 Organisation och arbetsformer

Projektet har bedrivits under dren 2015 - 2017 med en total kostnadsram pa
21,6 MSEK. SSM och kirnkraftforetagen har bidragit med ungefir hélften var till
denna budget. Under projektperioden har styrgruppen héllit 19 méten utover de tva
uppfoljningsméten per ar som har hallits pa KTH (MSWI). De érliga Chalmersmo-
tena ingér i de 19.

Arbetet inom projektet har varit uppdelat i 7 delprojekt med var sin delprojektledare.
Deltagande i CSARP - NRC:s forskningsprogram

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

Deltagande i STEM 2 — Source Term Evaluation and Mitigation

Delprojektledare har varit Christian Linde SSM. En redogorelse for denna verksam-
het ges i avsnitt 2.3.

Deltagande i THAI 3 - Thermal-hydraulics, Hydrogen, Aerosols and lodine pro-
ject

Delprojektledare har varit Johan Ljung Ringhals AB . En redogdorelse for denna verk-
samhet ges i avsnitt 2.4.

Deltagande i BIP 3 — Behaviour of lodine Project

Delprojektledare har varit Christian Linde SSM. En redogorelse for denna verksam-
het ges i avsnitt 2.5.

KTH:s forskning inom svara haverier

Forskningen vid KTH beskrivs i kap. 3 och har f6ljts upp av styrgruppen genom tva
moten per ar.

Under tidigare APRI-projekt har betydande framsteg av forstaelse av de fysikaliska
fenomen som intriffar i samband med svért hiardhaveri gjorts. Dessa insikter har re-
sulterat i bedomningen att endast deterministisk analys av fenomen sasom kylbarhet
och angexplosioner ej ir tillrackligt for att fa adekvat kunskap om hur fenomenen
paverkar haveriforloppet. Darfor borjade inom APRI 8 en sa kallad Risk Oriented
Accident Analysis Methodology (ROAAM) utvecklas som kombinerar probabilist-
iska metoder med deterministiska. I APRI 9 har denna utveckling resulterat i ett ram-
verk med en uppsittning berdkningsverktyg och grianssnitt i MATLAB. ROAAM+



innehéller olika berdkningsmodeller som kan identifiera stora bidrag till osékerheter
i riskbedomningar i samband med svara hdrdhaverier. Detta ramverk kan anvidndas i
niva 2-delen i PSA-analyser.

Chalmers forskning inom svara haverier

Forskningen vid Chalmers beskrivs i kap. 4 och har foljts upp av styrgruppen genom
ett mote per ar. Forskningen under perioden har behandlat tellur- och ruteniumkemi.

Forskningen av fissionsprodukten tellur vid svara kdrnkraftshaverier har givit kun-
skaper om tellurs aerosolkemi. Denna forskning redovisas i avsnitt 4.2 — 4 4.

Ruteniumstudierna inkluderade effekter av temperatur, radiolysprodukter i luft och
cesiumjodidaerosoler pa de kemiska formerna av rutenium som kan transporteras i
reaktorinneslutningen vid ett svart reaktorhaveri. Denna forskning redovisas i avsnitt
45.

I forskningen rorande oxyhalider har jods interagerande med niobium, rutenium och
tellur vid hoga temperaturer undersokts. Denna forskning redovisas i avsnitt 4.6.

Uppfoljning av karnkraftsolyckan i Fukushima Daiichi

Delprojektledare har varit Oddbjorn Sandervag. En redogorelse for denna verksamhet
ges i kapitel 5.

1.4 Erfarenhetsutbyte och seminarier

Ett slutseminarium med ca 60 deltagare arrangerades i APRI:s regi den 7 - 8 mars
2018 pa Johannesbergs Slott, Rimbo. Seminariets syfte var att presentera det arbete
som utforts och de resultat som erhallits inom projektet APRI-9. Ett annat syfte med
seminariet var ocksé att ge mojlighet till diskussioner mellan representanter for kraft-
verken och de som deltagit 1 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 vil-
ket framgar av referenslistan i varje kapitel.
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2. INTERNATIONELL FORSKNING INOM SVARA
HAVERIER

2.1 CSARP - NRC:s Forskningsforum

CSARP star for "Cooperative Severe Accident Research Programme” och var fran
borjan den amerikanska kirnsidkerhetsmyndigheten NRC:s (Nuclear Regulatory
Commission) forskningsprogram om svara haverier. CSARP startade i borjan pa
1990-talet. Numera deltar de flesta kdrnkraftslinderna, inklusive Sverige och Fin-
land, i CSARP-programmet dir man utbyter forskningsresultat och erfarenheter samt
gemensamt diskuterar inriktning och prioriteringar av fortsatt forskning inom omra-
det svara haverier. Lédnder som har valt att delta pa senare ar dr exempelvis Kina och
Polen (dir det senare landet har planer pa att utveckla kdrnkraft i landet). CSARP-
motena halls arligen i USA och arrangeras av NRC. Motesplatsen dr framst i
Washington, men ibland arrangeras CSARP &dven i Albuquerque, New Mexico, dir
Sandia National Labs (SNL) har sin placering. Forskning bedrivs inte inom CSARP-
ramen i sig, utan CSARP ir ett forum for erfarenhetsutbyte och formedling av resultat
inom omradet.

Ett viktigt inslag i CSARP dr utvecklingen och tillimpningen av Melcor-koden.
NRC’s huvudsakliga satsningar inom svéra haverier bestar av dels deltagande i inter-
nationella OECD/NEA-projekt samt att finansiellt stotta utvecklingen av Melcor som
bedrivs av SNL. SNL har boérjat skissa pa en stor uppgradering av haverikoden
Melcor till nagot de kallar Melcor version 3. Ambitionen 4r att strukturera om koden
sa att de mekanistiska modellerna som beskriver haverifenomenen skiljs fran de nu-
meriska beridkningarna. En modell som exempelvis behdver en “solver” for differen-
tialek vationer anropar denna i det kommande berdkningspaketet i Melcor. Idag ar
modellerna och de numeriska beridkningsmetoderna sammanlénkade vilket kan gora
koden timligen rorig. Ansatsen dr ambitios och forskningschefen pd NRC bekymrade
sig Over finansieringen. Mer modesta uppdateringar av Melcor har gjorts inom nuva-
rande version 2.2, dir bland annat ett paket som heter "Lower Head Containment”
(LHC) har introducerats i Melcor. Med det nya paketet kan tex. en core catcher si-
muleras. Utvecklingen av LHC har drivits av behoven fran foretaget NuScale som &r
en reaktorkonstruktor av ”Small Modular Reactors” (SMR).

Japan och Frankrike rapporterade under CSARP 2017 om kommande experiment
kring sprinkling av bréinslebassinger, ddr Japan (via JAEA) studerar sprinkling av
BWR-brinsle och Frankrike (via IRSN) studerar sprinkling av PWR-brinsle. NRC
har etablerat bilaterala avtal med Japan och Frankrike for att stodja och folja denna
forskning. Syftet dr att studera hur effektiv sprinkling av brinslebassingerna dr som
konsekvenslindrande system vid en Overhettning av bréinsleelement i brédnslebas-
singen. Ett viktigt fenomen i detta ssmmanhang dr motstromsflodet (counter current
flow) som begrinsar sprinklingens effektivitet.

I USA bedrivs ett arbete med att g igenom gamla experimentella data och att an-
vinda dessa data for att vidareutveckla koder som Melcor mot dessa data. Koder
som Melcor och MAAP borjar nu bli sa pass vilutvecklade att de borjar anvindas
for exempelvis haverihantering, medan koderna tidigare har haft en mer begridnsad
anvindning for att riskinformera. En annan observation dr att mycket arbete ldggs pa
beaktande och hantering av osidkerheter som stdd till ett riskinformerat beslutsfattande.
Har ar KTH:s utveckling av ROAAM+ ett exempel pa detta arbete som har sin motsva-
righet inom andra forskningsgrupper i USA och Europa.
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2.2 STEM - Source Term Evaluation and Mitigation

STEM-projektet startade ar 2011 i syfte att skaffa bittre kunskap om komplexa feno-
men som paverkar den s k. kélltermen vid en radiologisk olycka, dvs. de radioaktiva
dmnen som forvintas sldppas ut till omgivningen i samband ett haveri. Projektet mo-
tiverades av ett behov att 6ka allménhetens fortroende av det faktum att manga dldre
reaktorer planerade for forldngd drifttid. Det handlade bl.a. om att forse beredskaps-
organisationen med bittre metoder for att forutsdga och hantera fenomenen i samband
med haveriet, for att pa sa sitt minska konsekvenserna for omgivningen. Projektets
huvudsakliga fokus ligger pa forstaelse for fenomen kopplade till radioaktiv jod och
dess interaktion med andra dmnen, samt ocksa transportfenomen kopplade till ru-
tenium som dr en annan viktig fissionsprodukt.

2.2.1. STEM-1

STEM-1 genomfordes under aren 2011-2015 och hade en budget pa 3,5 M EUR.
Projektet leddes av IRSN i Frankrike med deltagande organisationer fran Kanada,
Tjeckien, Finland, Tyskland, Korea och U.S.A. Sverige deltog inte i STEM-1, men
har genom deltagande i det pagdende fortsittningsprojektet STEM-2 dven tillgang till
resultaten fran det forsta projektet.

I STEM-1 behandlades f6ljande fragor:

— Frigorande av jod i det medellanga perspektivet, speciellt med fokus pa sta-
biliteten hos jodaerosoler och partiklar under bestralning (sonderfall inducerat
genom bestralning som leder till bildande av gasformig jod).

— Interaktion mellan jod och mélade ytor under bestralning i ett kort och ett
medellangt perspektiv.

— Kemin for transport av rutenium i primédrsystemet med fokus pa karakterise-
ring av olika former av rutenium, i synnerhet fordelningen mellan gas och
kondenserade former.

Forsok har utforts for att studera jods frigorelse da en malad yta med deponerad ele-
mentir jod bestrdlas. Resultaten visar att omvandling till organisk jod och dess frigo-
relse motverkas om den relativa fuktigheten stiger 1 atmosfiren, exempelvis leder en
okning av den relativa fuktigheten fran 20 till 60 % att frigorelsehastigheten reduceras
med en faktor tre. Detta kan forklaras med att 6kad fuktighet gor att joden diffunderar
djupare in i firglagret. Frigorelsen av elementir jod minskar ocksa nagot vid 6kad
fuktighet, men temperatur och dosrat spelar storre roll. Hojning av dessa parametrar
kan antas leda till att interaktionen med fargen okar vilket leder till starkare bindning
av jod.

Motsvarande forsok med deponerad cesiumjodid visar att malade ytor har en formaga
att binda denna, men att denna forméga saknas hos kvarts- eller stalytor. Detta kan
forklaras med att cesiumjodids interaktionen med firgytan forbéttras genom bestral-
ning eller att omvandling av cesiumjodiden till elementir jod leder till att joden ater-
adsorberas pa fargytan pa samma sitt som i forsoken dar man utgér fran deponerad
elementir jod. Jodoxider sonderfaller till viss del vid bestrdlning, vilket visas av fri-
gorelseforsoken diar man utgar fran deponerade jodoxider.

Resultaten fran det forsta STEM-projektet har gett 6kad forstaelse av nyckelfenomen
inom jodkemin och har lett till forbéttrade modeller, t.ex. for ASTEC dir forbéttringar
har skett avseende i) interaktion mellan elementir jod och metyljodid under bestral-
ning, ii) bildande och radiolytiskt sonderfall av jodoxider i gas- och i aerosolform,
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ii1) radiolytisk omvandling av gasformig elementir jod till metyljodid, iv) interaktion
mellan elementir jod och stal eller aerosoler.

Interaktionen mellan jod och mélade ytor har kartlagts i en litteraturstudie som sam-
manfattar status i fraigan om hur fargens formaga att interagera paverkas av tempera-
tur, stralning, fuktighet och aldrande. Slutsatserna utgor utgangspunkt for de forsok
som senare foreslogs for fortsittningsprojektet STEM-2 (se nésta avsnitt).

Nar det giéller rutenium sa ar det visat att oxidativa betingelser under ett haveri kan
leda till frigorelse och transport bl.a. genom bildandet av den flyktiga formen ruteni-
umtetroxid. Forstaelsen for ruteniums upptradande dr emellertid begransad. Frigo-
relse- och transport forsok har utforts i den rorugn (START) dér rutenium kan for-
angas och transporteras med hjilp av ett gasflode. Uppstillningen har stora likheter
med den rorugn som har anvints i1 samarbetet emellan Chalmers och VTT for ruteni-
umforsok som genomfordes tidigare dn forsoken vid IRSN.

Ruteniumresultaten har lett till implementering i ASTEC av en prelimindr modell for
ruteniumtransport i primdrsystemet. Detta har gett en forsta mojlighet att implemen-
tera en kéllterm for rutenium i verktyget for PSA niva 2, vilket ledde till slutsatsen
att de radiologiska konsekvenserna av rutenium kan vara signifikanta.

Resultaten fran det forsta STEM-projektet bidrog tillsammans med slutsatserna fran
den workshop som holls inom OECD-NEA/NUGENIA-SARNET 1 mars 2015 till
identifiering av fortsatta fragestillningar bl.a. om jods uppforande. Detta ledde till
fortsdttningsprojektet STEM-2 diar SSM deltar for APRI:s rikning.

2.2.2. STEM-2

STEM-2 har en budget pd 2,48 M EUR for de fyra aren 2016-2020, varav Sverige
totalt bidrar med 24 800 EUR, vilket motsvarar 1 % av projektets budget. Deltagande
lander: Frankrike, Finland, Japan, Kanada, Korea, Storbritannien, Sverige, Tyskland
och USA. Spanien har for avsikt att ansluta men har dnnu inte tecknat avtal.

I den analytiska arbetsgruppen ingar foljande organisationer med olika koder: GRS
(COCOSYS V3), IRSN (ASTEC V2.1.1.1), KINS (RAIM V1.5), NNL (INSPAIR)
och VIT (ASTEC V2.1.1.0).

Centrala fragor ror aldringseffekter pd malade ytor vid hoga straldoser (>100-
1000 kGy), jodoxiders sonderfall till flyktiga jodformer och ruteniumtransport i pri-
mirsystemet. Det experimentella arbetet utférs av IRSN (L'Institut de Radiopro-
tection et de Sureté Nucleaire) i Cadarache, Frankrike.

STEM-2 har f6ljande fokusomraden inom jod- och ruteniumkemi:

e Aldringseffekter pd mdlade ytor - Aldringens paverkan pa malade ytors interakt-
ion med jod studeras dven inom BIP-3 (Behaviour of Iodine Project 3). Denna
testserie i STEM-2 innehéller kompletterande experiment for att undersoka ald-
ringseffekter vid hoga straldoser (>100-1000 kGy), vilket motsvarar den forvin-
tade dosen vid en LOCA-transient. Vid forsoken ska kinetiken for frigérande
fran epoxifirg av bade elementir jod och metyljodid métas och jamforelser goras
med frigorelser fran normalbestralade ytor.

e Radiolytiskt inducerat sonderfall av jodoxider - Sonderfall av jodoxider (IxOy)
har tidigare uppmérksammats av STEM-1 som en killa till bildning av elementéir
jod (I2). I testserien ska kinetiken for frigdrelse av elementér jod och metyljodid
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mitas “on-line” vid bestralning av jodoxid pa ett fargprov. Ytterligare nagra tes-
ter ska genomforas under icke-radiolytiska betingelser, exempelvis hydrolys av
deponerat material pa ytor.

o  Kemiskt inducerat sonderfall av jodoxider - 1 denna serie ska de potentiella re-
aktionerna mellan jodoxider och kolmonoxid (CO), vitgas (H»), samt metangas
(CH4) undersokas. Samtliga dessa reaktioner forvintas paverka jods flyktighet
genom omvandling av jodoxiderna till elementir jod eller till metyljodid.

e Radiolytisk oxidation av jodaerosoler i multikomponentblandning - Liksom 6v-
riga testserier under soks hir hur killtermen for flyktiga jodformer paverkas av
radiolytisk oxidation av jod i aerosolform som forvintas transporteras fran pri-
mairsystemet till inneslutningen vid ett haveri. Forsoken innefattar bade torra och
véta ytor.

e Rutenium - I syfte att komplettera observationer fran det férsta STEM -projektet
gillande ruteniumtransport fran primérsystemet genomfors en ny testserie under
ytterligare variation av betingelser. Det har tidigare konstaterats att fordelningen
mellan olika former av rutenium &r avgorande for flyktigheten dér rutenium-
tetroxid (RuQy) #r en identifierad form med hog flyktighet. Aven graden av ter-
forgasning av deponerat material dr en viktig parameter. I de nya testerna ska en
mer representativ yta av rostfritt stal anvindas for deponeringen. Inverkan av
anga ska ocksa studeras. Forhojda oxidativa betingelser ska anvéndas for att mer
efterlikna de betingelser som uppstar genom radiolys av luft vid ett haveri. Av-
slutningsvis ska dven representativa gaser och/eller aerosoler anvindas som kan
inverka pa ruteniumtetraoxidens uppforande.

Aldringseffekter pd mdlade ytor

Forsoken AP1 och AP2 syftade till att studera ytor som har dldrats genom langvarig
bestralning med hoga doser. I AP1 utsattes ytan for 1| MGy/timme i 30 timmar. I AP2
aldrades ytan forst med 0.1 MGy/timme och sedan med 1 MGy/timme vid 80 °C i
sammanlagt 30 timmar. P4 ytorna applicerades sedan jod som fick interagera med
fargytan under bestralning (ca 2 kGy/timme i 30 timmar), under vilken frigorelse av
organisk jod (RI) och elementir jod (I2) studerades. Resultaten fran AP1 visar att
bada jodformernas flyktighet reducerades signifikant som en foljd av aldrandet. Detta
kan forstas som att den hoga straldosen degraderar fargstrukturen pa ett sadant sitt
att den ger okade bindningsmdjligheter for elementér jod. Samtidigt reduceras moj-
ligheterna till bildande av organiska radikaler vilket leder till minskad frigorelse av
organisk jod. Genom aldringsbehandlingen i AP2 paverkades flyktigheten av orga-
nisk jod i mindre utstrickning och flyktigheten for elementir jod inte alls.

Stralnings- och temperaturforhallandena for olika fargytor kan se olika ut i olika delar
av inneslutningen under ett svart haveri och ytornas egenskaper kan diarigenom ocksa
skilja sig i ett verkligt fall. Liksom i BIP-3 &r den generella slutsatsen i STEM-2 att
flyktigheten for deponerad jod &r ldgre frén aldrade ytor. Flera tester med varierad
bestralning for aldringssteget kommer utforas for att studera effekten av dos.

Radiolytiskt inducerat sonderfall av jodoxider till flyktiga jodformer

Forsok har genomforts for utvédrdering av jodoxiders kemiska sonderfall till andra
jodformer, dels genom varmebehandling och dels genom gammabestralning. Jodox-
iderna framstilldes i forsoken genom oxidation av elementér jod med ozon som sedan
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tilldts deponera pa provkuponger av kvarts. Det deponerade materialet har karakteri-
serats med Ramanspektroskopi som visar pa olika oxiderade jodformer (1,04, 14009,
HIO3).

Termiska forsok utfordes sedan vid temperaturer mellan 80 och 120 °C vid varierande
relativ fuktighet mellan 50 och 80 %. Forsoken visar att elementér jod bildades bade
genom termiskt sonderfall av jodoxiderna samt vid fortsatt hydrolys i ndrvaro av
anga. Forsoken visar ocksa att gammabestralning dr en viktigare orsak till jodoxiders
sonderfall dn virmebehandling, men att instabiliteten &dr pataglig vid temperaturer
kring 120 °C.

Kemiskt inducerat sonderfall av jodoxider till flyktiga jodformer

Forsok har utforts som syftar till att studera jodoxiders (IxOy) kemiska sonderfall ge-
nom gammabestralning under reduktiva betingelser i nirvaro av kolmonoxid (CO).
Kolmonoxid skulle kunna bildas under ett haveri da borkarbid frigors fran degrade-
rade styrstavar eller genom interaktioner mellan smilta och betong. Fragan giller hir
om de betingelserna kan gora att jodoxiderna forflyktigas genom reduktion till ele-
mentér jod (I).

En jimforelse med referensforsoket som utfordes utan tillsats av kolmonoxid visar
att de jodformer (104, 1409, HIO3) som bildades i ndrvaro av kolmonoxid, produce-
rades i liknande méngder, men att kinetiken for bildandet varierade. Resultaten visar
pé en fordrojning av frigorelsen av elementir jod i nidrvaro av kolmonoxid.

Flera tester kommer utftras i serien, dels med forhojd relativ fuktighet (80 %) och
dels med ldgre syrgashalt (3 %). Ytterligare forsok under reduktiva betingelser med
vitgas i atmosfdren kommer att genomforas.

Ruteniumtransport i primdrsystemet

Forsok har paborjats i en testmatris och utgéar fran ruteniumdioxid (RuQ») eller ru-
tenium-tetraoxid (RuO4). Temperaturen varieras mellan 900 och 1200 °C och den
relativa luft-fuktigheten fran O till 100 %. Forsoken utfors antingen i kvartsror eller i
ror av rostfritt stal for ruteniumtransporten samt med eller utan tillsats av kviavedioxid
(NO»). Forsoksmatrisen avseende ruteniumtransport i priméirsystemet ska ses som
kompletterande till den studie som genomférdes under tidigare samarbete mellan
VTT och Chalmers, som finansierades av APRI och NKS.

Kinetiken for ruteniumtransporten har uppmiitts och visar att forangningshastigheten
ar oberoende av den méngd rutenium som finns att férangas utan beror snarare av hur
stor yta som materialet dr utbredd dver. Den totala midngden transporterad rutenium
uppgick som hogst till ca 6 %. Kinetiken for forangning dr densamma for upprepade
forsok med samma material, vilket tyder pa att materialet dr timligen kemiskt stabilt.

Bland forsoken kan ndmnas att IRSN inte har observerat samma effekt som Chal-
mers/VTT nir det giller kvivedioxids (NO2) paverkan pa flyktigheten hos ruteni-
umdioxid (RuO;). Sokning pagar for att finna en forklaring till detta.

Multi-komponent aerosoltester

Studier planeras nista ar avseende termiskt sonderfall av aerosoler av multikompo-
nent-blandningar bestdende av bl.a. silverjodid (Agl), cesiumjodid (Csl), cesiummo-
lybdat (Cs2MoQ4) och tenndioxid (SnO»).
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2.3 THAI 3 - Thermal-hydraulics, Hydrogen, Aerosols and lodine
project

2.3.1. Bakgrund och syfte

Det 6vergripande mélet med THAI-projektet r att ta itu med 6ppna fragor om feno-
men kopplade till vitgas, jod och aerosoler i inneslutningen vid svara haverier i ldtt-
vattenreaktorer. Forstaelsen for de processer som dger rum under sadana hindelser &r
avgorande for mojligheten att kunna utvérdera vilka utmaningar som kan uppsta mot
inneslutningens integritet (vitgas), samt for att bestimma storleken pa méngden luft-
buren radioaktivitet (jod och aerosoler) i inneslutningen vid svéra haverier.

THAI-projektets olika faser har genom aren bidragit med virdefulla data for utveckl-
ing av forstaelsen for hur och under vilka betingelser som vitgas deflagrerar. Ytterli-
gare data har genererats som har anvénts for att béttre beskriva hur passiva autokata-
lytiska rekombinatorers (PARs) prestanda paverkas under olika forsvarande beting-
elser och hur de bist kan anvidndas for att effektivt minska vétgashalten under ett
haveri. Betrdffande fissionsprodukter har projektet kartlagt samspelet mellan gasfor-
mig jod och olika typer av aerosoler, samt undersokt huruvida PAR kan integrera jod
och didrigenom paverka killtermen.

Parallellt med det experimentella programmet har ett omfattande analytiskt arbete
utforts, som har innefattat kodberdkningar for att bedoma forberedande forsok och
stodja utformning av nya tester, samt for att utvdrdera resultaten och extrapolera dessa
till reaktorbetingelser. Projektet har bidragit till validering och vidareutveckling av
avancerade LP- och CFD-koder som anvinds for reaktortillimpningar, t.ex. genom
att tillhandahélla experimentella data for "benchmark”-berikningar med olika koder.
Liksom manga andra OECD/NEA-projekt bidrar THAI ocksa till att uppritthélla
kompetens inom reaktorsidkerhet och till att frimja internationellt samarbete.

2.3.2. OECD-THAI

En forsta etapp av projektet, OECD-THAI, pagick under aren 2007-2009. Totalt ge-
nomfordes dver 70 forsok. Nedan redovisas projektets olika testomraden med huvud-
sakliga slutsatser for respektive omrade (1):

— Helium/hydrogen Material scaling (HM1I-5):
Testerna bekriftade att helium kan anvindas istéllet for vitgas vid undersok-
ningar av flodesdynamiska fenomen i inneslutningsatmosfiren. Berdkningar
med olika berikningskoder (bade av LP- och CFD-typ) visade att stora framsteg
skett i modelleringen av stratifiering och omblandning.

— Hydrogen Deflagration (HD1-29):
Genom att variera olika parametrar sasom initialtryck och -temperatur, dnghalt,
forbranningsriktning och gasernas spatiala fordelning kunde deras inflytande pa
tryck- och temperaturforlopp, flamfrontspropagering och forbrinningens full-
stindighet bestimmas.

— Hydrogen Recombiner (HRI-30):
Kunskapsbasen kring olika PAR-typers prestanda under typiska svara haverifor-
hallanden 6kade markant som ett resultat av HR-testerna. Detta giller bade PAR-
enheternas formaga att komma igdng, deras rekombineringshastighet och poten-
tialen for PAR-inducerad antdndning. En sérskilt viktig slutsats var att PAR-
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inducerad antindning bara dr mojlig i ett relativt begrinsat omrade i Shapirodia-
grammet.

Interaction of metal iodides with passive autocatalytic recombiner (HR-31):
Testet visade att cesiumjodid kan brytas ner och omvandlas till gasformig jod 1
en omfattning som kan paverka killtermen till inneslutningen.

Passive autocatalytic recombiner poisoning (HR-32):
Testet visade att forgiftning av PAR-enheterna i form av aerosoler och jod inte
forefaller paverka prestandan i nagon storre utstrickning.

Aerosol wash-down (scoping test):

Testet visade att svagt lutande ytor utsitts for nedtvittning av Csl-partiklar med
en tidskala som varierar fran minuter till timmar. Tidsskalan och dven omfatt-
ningen/effektiviteten beror pa vattenflodet och ytans egenskaper.

Det experimentella arbetet kompletterades med analysverksamhet genom att en ana-
lytisk arbetsgrupp etablerades med malsdttningen att utvirdera testresultaten for att
validera och vidareutveckla modeller och analysverktyg.

2.3.3. OECD-THAI2

En andra etapp av projektet, OECD-THAI2, pagick under aren 2011-2014 da totalt
16 forsok genomfordes. Nedan redovisas projektets olika testomrdden med huvud-
sakliga slutsatser for respektive omrade (2):

Release of gaseous iodine from a flashing jet (lod29):

Forsoket syftade till att undersoka hur gasformig jod kan frigéras vid flashning 1
samband med ett dnggeneratortubbrott. Testet misslyckades dd man trots an-
strangningar med forberedande analyser inte fick rétt kemiska forhallanden for
att kunna dra relevanta slutsatser. Ingen gasformig jod detekterades i THAI-
behallaren (halterna hamnade under detektionsgriansen for instrumenteringen) da
injicerad molekylér jod snabbt reagerade med stalet i forvaringsbehéllarens vigg
under uppvarmning innan forsoket paborjades.

Deposition of molecular iodine on aerosol particles (Iod25-26):

Experimenten visade tydligt skillnaden mellan reaktiva (Ag) och icke-reaktiva
(Sn0O2) aerosolers formaga att paverka inventariet av gasformig jod. Minsk-
ningen av gasformig jod var betydligt effektivare (ca 25 ganger snabbare) med
Ag-aerosoler, som mojliggor s.k. kemisorption, jimfort med SnO», som endast
tillater svagare s k. fysisorption.

Hydrogen combustion during spray operation (HD33-35):

Forsoken har gett kunskap om sprinklingens inverkan pa deflagrationsforloppet.
Med nédgot enstaka undantag visar forsoken att sprinklingen har en dimpande
effekt pa det resulterande, maximala trycket. Sprinklingens nedkylning av reakt-
ionszonen dr den dominerande effekten, men maximala tryck och temperaturer
reduceras dven pga. att den anga som produceras via forangning av vattendrop-
parna fungerar som en virmesidnka.

PAR operation in case of low oxygen content (HR33-42):

Forsoken har utokat databasen for rekombinatorernas prestanda med nya forhal-
landen. Testerna visar att rekombineringen startar vid mycket laga O,-koncent-
rationer (@ << 1) diar @ =2 ¢(02)/c(H»)) &r ett matt pa tillgangen pa syrgas och
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ar = 1 for en stokiometrisk blandning, <1 vid syrgasunderskott och >1 vid syr-
gasoverskott. For ®@ < 1 styrs rekombineringshastigheten frimst av syrgasdiffus-
ion genom katalysatorns yta, dvs. av tillgdngen pa syrgas. For 1 < ® <2 styrs
rekombineringshastigheten av tillgaingen pa bade syrgas och vitgas. For ® > 2
blir tillgangen pa vitgas styrande och 6kningen i effektivitet (7, forbrukningsgrad
av vitgas) blir vildigt liten for 6kande syrgashalt. Forbrukningsgraden vy stannar
pa runt 50-70 %.

Aven i THAI? etablerades en analytisk arbetsgrupp for att samla den analytiska verk-
samhet som bedrivits av deltagarna for bl.a. utveckling och validering av bade berék-
ningskoder och modeller.

Projektet redovisades dels i en 6ppen slutrapport (2), dels 1 en mer omfattande slut-
rapport (3) som dr endast Oppen for projektets deltagare.

2.3.4. OECD-THAI3

Projektets tredje etapp, OECD-THAI3, 16per under perioden februari 2016 — juli 2019
med en sammanlagd budget pa 4.75 miljoner euro. Projektet kan nu dra fordel av den
utokade anldggningsutformningen THAI+ med en ny behallare (PAD) kopplad till
den ursprungliga, se Figur 2.3.1.

Deltagande lander i THAI3:

Tyskland (Becker Technologies (OA — “operating agent”), GRS, Areva, RWTH-
Aachen), Belgien (BelV, VKI), Canada (CNL), Finland (STUK, VTT), Frankrike
(IRSN, EDF), Indien (BARC, AERB,NPCIL),Japan (NRA,JAEA), Kina (SNPSDC,
SNPTC, SPIC), Luxemburg (MESR), Schweiz (PSI), Slovakien (UJD), Storbritannien
(ONR), Sverige (SSM/APRI), Sydkorea (KAERI, KINS, KHNP), Tjeckien (UJV,
NRI) och Ungern (MVM Paks, NUBIKI)

Det pagaende projektet undersoker foljande fyra huvudsakliga fragestéillningar (4):

— PAR operation under counter-current flow conditions:

Syftet dr att kartligga hur PAR-enheternas uppstartsbeteende och prestanda pa-
verkas av motstromsflode, samt hur prestandan paverkas av PAR-enhetens ut-
formning sdsom skorstenshojd. Samtliga forsok (totalt 5 st) har redan genom-
forts. Bland slutsatserna hittills kan ndmnas att kapaciteten hos Areva:s PAR inte
paverkas namnvirt av motstromsflode. Effekterna av motstromsflode dr samma
vid hogre som vid lagre omgivningstryck, medan PAR-inducerad antdndning
sker nagot tidigare vid ett hogre omgivningstryck. Utformningen av skorstenen i
Areva:s PAR-enheter (den dr inte dppen rakt uppat) forhindrar effektivt intrang-
ning av motstromflddet in i PAR-enheten. Motstromflode uppstar endast vid vil-
digt 1aga vitgaskoncentrationer.

— Hydrogen combustion in connected two compartment system:
Forsoken ska undersoka hur forbrianningsforloppet (sasom flamfrontspropage-
ring) paverkas av dels stromningsférhallanden under konvektiva férhallanden,
dels stratifierade forhallanden med en vitgaskoncentrationsgradient genom att
utnyttja THAI+-anldggningen med separata utrymmen som stdr i forbindelse
med varandra. Totalt 6 forsok planeras.

— Fission product re-entrainment from water pool at elevated temperature:
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Forsoksserien syftar till kartliggning av hur fissionsprodukter (bdde aerosoler
och flyktig jod) kan aterforas (via s.k. ’re-entrainment”) till inneslutningsatmo-
sfiaren vid forhdjda temperaturer i kondensationsbassing/sump antingen genom
kontinuerlig uppviarmning till kokning eller genom trycksidnkningsinducerad
kokning (sdsom vid filtrerad tryckavlastning). Inverkan av olika hydrodyna-
miska forhédllanden, olika kemiska forhallanden (sasom pH och tillsatser) samt
egenskaper hos gasflodet till vattenbassidngen (t.ex. massflode, andel icke-kon-
denserbara gaser m.m.) kommer att undersokas. Hittills har tva av tre planerade
forsok genomforts. Bland slutsatserna hittills kan lyftas fram att dverforingen av
aerosoler till gasfasen okar (inte oviintat) med 6kande temperatur. Overforingen
ar mindre da flodet i nedblasningsroret bestar av ren luft &n for en blandning av
luft och dnga. Man uppnadde en stabil stratifiering av 12 i gasfasen med hogre
koncentrationer av gasformig 12 hogre upp i behallaren. 12 deponerade troligtvis
pa stalviaggarna i gasfasen, vilket ger en killa till re-suspension i en senare fas.
Den okade 6verforingen av 12 fran sump till gasfas vid kokning gav ett gasfor-
migt jodinventarium som var ca 100 ganger hogre dn utan kokning.

Aerosol and iodine re-suspension from deposits by hydrogen deflagration:
Syftet dr att undersoka frigorelse av fordeponerade aerosoler och olika former av
jod fran ytor i samband med vitgasdeflagration samt hur méalade ytor kan paver-
kas av forbranningen. Ett integralt test med tva separata testfaser planeras.

Figur 2.3.1. Den ursprungliga anldggningen THAI (vinster) och den nyligen utokade THAI+
(hoger)

2.3.5. Referenser

(1). OECD/NEA THAI Project — Hydrogen and Fission Product Issues Relevant for
Containment Safety Assessment under Severe Accident Conditions, Final Report,
NEA/CSNI/R(2010)3, https://www.oecd-nea.org/nsd/docs/2010/csni-r2010-3 .pdf.

(2). Aerosol and lodine Issues, and Hydrogen Mitigation under Accidental Condi-
tions in Watercooled Reactors, Thermal-hydraulics, Hydrogen, Aerosols and lodine
(THAI-2) Project, Final Report, http://www.oecd-nea.org/nsd/docs/2016/csni-r2016-

8.pd
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(3). OECD-NEA THAI-2 Project, Final Report, Aerosol and Iodine Issues and Hy-
drogen Mitigation under Accidental Conditions in Water Cooled Reactors (Restricted
Version), Becker Technologies GmbH, Report No. 1501420-FR-1, May 2015

(4). AGREEMENT ON THE OECD NUCLEAR ENERGY AGENCY (NEA) THAI-
3 PROJECT

2.4 BIP - Behaviour of lodine Project

BIP-3 ir en fortsittning pa OECD/NEA -projekten BIP och BIP-2, och syftar till att
undersoka fragestillningar kring jods uppforande under svara haveriférhallanden.
Detta tredje program har foljande huvudmal:

e att forbdttra méjligheten att simulera jods adsorption och desorption pd ytor
i reaktorinneslutningen,
o att forutsdga metyljodids uppforande (bildande och sonderfall) under haveri-
forhallanden,
e att undersoka hur dldring av mdlade ytor inverkar pd dessa processer,
e att undersoka inverkan fran fororeningar som klor (Clz) och nitrésa gaser
(NOy).
Det experimentella arbetet utfors av Canadian Nuclear Laboratories (CNL) i Chalk
River, ca 18 mil nordvist om Ottawa i Kanada. Detta ir samma anldggning som i de
tidigare BIP-programmen, men som vid denna period organiserade under Atomic
Energy of Canada Limited (AECL).

BIP-3 genomfors under ar 2016-2018 och har en budget pé totalt 1 M EUR, varav
Sverige totalt bidrar med 10 000 EUR, vilket motsvarar 1 % av projektets budget.

Deltagande ldnder:Kanada (CNL - operating agent), Belgien (GdF Suez — Tractebel
S.A.), Finland (STUK, VTT), Frankrike (IRSN, EDF), Japan (NRA, NSR, JAEA),
Korea (KAERI, KINS), Schweiz (PSI), Spanien (CIEMAT), Storbritannien (NNL &
EDF), Sverige (SSM/APRI), Tyskland (GRS, Areva) och USA (NRC)

I den analytiska arbetsgruppen ingar foljande organisationer med olika koder: CNL
(LIRIC V3.3), GRS (COCOSYS V3), IRSN (ASTEC V2.1.1.1), NNL (INSPAIR),
Tractebel (ASTEC V2.1.1.1) och VIT (ASTEC V2.1.1.0).

Aldringseffekter pa mdlade ytor - bildandet av metyljodid

Termisk, kemisk och stralningsinducerade fordndringar av malade ytor forvéntas pa-
verka jods interaktioner med dessa ytor. For forsoken anvinds fargprover, s.k. “ku-
ponger” som har férbehandlats med olika grad av stralning eller som har aldrats na-
turligt eller med andra simulerade metoder.

Forsoksserien dr uppdelad i studier av adsorption och desorption (upptag och frigo-
rande) av jod, frigbrande av 16sningsmedel eller andra organiska kolforeningar fran
de olika ytorna, samt studier av hur bildandet av metyljodid paverkas av dessa ald-
ringsmetoder.

Forsok har dven genomforts for att undersoka bildandet av metyljodid vid gamma-
bestralning av deponerad jod pa malade ytor. Aldrade firgprover preparerade med
jod bestralades med ca 0,75 Gy/h i 2,5 timmar. Resultaten visar att fairgprover som
har aldrats naturligt ger en produktion av metyljodid som é&r jaimforbar med produkt-
ionen fran en nymalad yta. Fargprover som har aldrats genom virmebehandling eller
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gammabestralning uppvisar diremot en minskad produktion av metyljodid med sti-
gande grad av aldring. Detta kan tolkas som att aldring leder till en minskning av
mingden flyktigt organiskt material som kan omvandlas till metyljodid vid gamma-
bestralning i nirvaro av jod.

Fargtjockleken ér ytterligare en parameter som har inverkan pa resultaten. En jaimfo-
relse av forsok med prover fran samma batch men med varierande firgtjocklek visar
att ett tjockare firglager ger en hogre produktion av metyljodid.

Sammanfattningsvis ger firska fargytor den storsta produktionen av metyljodid vid
gammabestralning. Denna formaga minskar med provets alder. Forindringen dr dock
mattlig med en observerad variation pa som mest en faktor fyra.

Aldringseffekter pa mdlade ytor - Lakning av organiska foreningar (TOC)

Lakningsforsok av dldrade prover har genomforts for att studera frigorelse av orga-
niska foreningar vid forhdjd temperatur. Proverna virmdes i vattenbad vid 65 °C un-
der 300 timmar varefter vattnet analyserades med avseende pa organiska och oorga-
niska kolforeningar. Forsoken visar pa en hogre grad av frigorelse fran dldre prover
oavsett aldringsmetod, vilket alltsd #ven giller naturligt ldrade prover. Okad frigo-
relse erhalls ockséd fran prover forsedda med ett tjockare firglager. Resultaten kan
tolkas som att aldring forstor den polymera firgstrukturen, vilket leder till en frag-
mentering som underléttar urlakning. Graden av urlakning varierar dock endast med
upp till en faktor tre jimfort med nya fargprover.

Aldringseffekter pd mdlade ytor - Adsorptions/desorptionskapacitet

Under tidigare BIP-projekt har det observerats att desorption av jod fran malade ytor
kan ske dven utan att ytan utsitts for stralning. Fenomenet observeras framfor allt da
stora mingder jod har applicerats pa ytan. Detta tolkas som att det finns en begrinsad
mingd aktiva “sites” per ytenehet, som kan binda jod irreversibelt och att den reste-
rande mangden endast binds reversibelt och dédrigenom kan frigoras dven i franvaro
av stralning.

En testserie har utforts ddr man varierar jodkoncentrationen i gasfas med flera stor-
leksordningar for att man pa sa sitt ska kunna studera om det finns en 6vre méttnads-
grins for miangden jod som kan adsorberas pa ytan. For serien anvéinds ytor med
epoxibaserad (Amerlock) och alkydbaserad firg (Ripolin).

De tidigare forsoken i serien har utforts med fiargprover av epoxifiargen ”Amerlock
Paint”. Dessa hade aldrats med tre olika metoder; naturlig aldring (0, 1, 3 och 7 ar),
gammabestralning (100 kGy och 1000 kGy) och termiskt (upphettning till 130 °C i
torr respektive angmattad atmosfir under 96 timmar).

Forsoken gillande adsorption av jod pa de aldrade fargproverna visar att adsorptions-
hastigheten sjunker med stigande grad av aldring oavsett vilken av de tre aldrings-
metoderna som hade anvints. Forhojd anghalt forstirker trenden ytterligare. Dessa
resultat skiljer sig fran de effekter som noterades under BIP-1, dér naturligt aldrade
prover gav en O0kad deponeringshastighet av jod. Det spekuleras i mdjligheten att
fargtjockleken dr ytterligare en parameter som kan ha en inverkan pa deponerings-
hastigheten. Detta skulle komplicera modellering av deponeringsprocessen och dven
forsvara analys av specifika fall dir fargtjockleken &r okénd. Det kan dnd& konstate-
ras att trenderna dr desamma oavsett val av aldringsmetod och att variationerna i de-
poneringshastigheter inte &r storre dn upp till en faktor tva mellan de olika forsoken.
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Desorptionsforsoken visar att firgprovernas forméaga att kvarhalla jod sjunker vid 6k-
ning av den mingd som inledningsvis har applicerats pa ytan. Det tycks alltsa uppsta
en gradvis méttnad da mdngden deponerad jod Okar pa ytan. Desorptionshastigheten
ar ocksé beroende av koncentrationen av jod i gasfas, vilket dr forvéintat vid en jim-
viktsprocess mellan adsorption och desorption.

Forsok med aldrade Ripolinprover (100 och 250 KGy) visar att de har samma for-
maga att kvarhalla deponerad jod som icke aldrade prover av Amerlock. En jamfo-
relse mellan desorptionshastigheter visar att de &r likvérdiga, jod binds lika bra pa
bada ytorna.

Sammanfattningsvis dr trenden att adsorptionshastigheten dr oberoende av hur pro-
verna har aldrats, men att aldring gor att adsorptionshastigheten sjunker nagot, som
mest med en faktor 2 mellan de olika forsoken. Forhojd dnghalt forstirker trenden
ytterligare. Aldrade prover har ocksi en god kvarhillande férmaga dir desorptions-
graden inte dr mer dn som mest 6 % av den deponerade joden. En viss méttnad visar
sig dock nir det giller fairgprovets formaga att binda jod, da desorptionsgraden &r
hogre i forsok med tjockare ytlager av jod. Ytans formaga att kvarhalla joden avtar
alltsa med tjockleken pa jodlagret.

Paverkan av reaktiva gaser i inneslutningen

Det finns farhdgor att de reaktiva gaser som bildas under haveriférhallanden skulle
kunna paverka mélade ytors formaga att binda jod, exempelvis genom att ockupera
de "sites” som annars skulle fyllas av jod.

I en testserie gors kompetitiva adsorptionsexperiment mellan jod och klorgas (Cl2)
respektive nitrosa gaser (NOy) vid varierande koncentrationer. Klorgas forvintas fran
pyrolys av klorerat kabelmaterial vid ett svart haveri och nitrosa gaser forvintas fran
radiolys av luft. Luftfuktighetens inverkan ska ocksa varieras, vilket ska simulera in-
verkan fran sprayning av atmosfiren i inneslutningen. Planering pagar for forsok i
nédrvaro av klorgas (Cl,) eller nitrosa gaser (NOy) som ska genomféras under ar 2018.

Bildande av metyljodid i gasfas

I syfte att bekrifta om det dr mojligt att bilda metyljodid i gasfas, genomfors en test-
serie dir bestralning sker av gasblandningar innehdllande metan och jod av olika kon-
centrationer. Att detta 4r mojligt hivdasi flera referenser, men fran andra hall bedoms
betydelsen av denna process som ringa. Anledningen till detta 4r att den intermediéra
metylradikalen som erhélls fran radiolys av metan dr mycket reaktiv och darfor i
forsta hand skulle reagera med syrgas i atmosfiren istillet for med jod. I testserien
varieras forutom syrgashalten dven blandningens fukthalt.

Analyser fran forsoken visar att metan delvis degraderas vid gammabestralning men
att motsvarande miangd metyljodid inte aterfinns vid analys. Metan och jod har dven
mojlighet att reagera med radiolysprodukter av luft eller fukt. Det konstateras att oav-
sett om gasfasreaktion mellan metan och gas intréiffar, sa 4r detta inte den mest do-
minerande reaktionsvigen for bildande av metyljodid.

22



2.5 CSNI/NEA-rapporter inom svara haverier under perioden

2015-2017

Under aren 2015-2017 som APRI 9-projektet pagatt har foljande rapporter utgivits
inom CSNI-NEA:s regi. Rapporterna finns att hdmta fran NEA:s hemsida,
http://www.oecd-nea.org/nsd/docs/indexcsni.html.

Beteckning
NEA/CSNI/R(2017)18

NEA/CSNI/R(2017)16

NEA/CSNI/R(2017)15

NEA/CSNI/R(2016)19

NEA/CSNI/R(2016)15

NEA/CSNI/R(2016)8

NEA/CSNI/R(2016)5

NEA/CSNI/R(2015)19

NEA/CSNI/R(2015)18

NEA/CSNI/R(2015)3

NEA/CSNI/R(2015)2

Rapportens titel

Phenomena Identification and Ranking Table (PIRT) on Spent Fuel
Pools under Loss-of-Cooling and Loss-of-Coolant Accident Con-
ditions WGFS Report.

Informing Severe Accident Management Guidance and Actions
through Analytical Simulation report on the WGAMA WG.

Status Report on Ex-Vessel Steam Explosion: EVSE.

Safety Research Opportunities Post-Fukushima - Initial Report of
the Senior Expert Group.
https://www.oecd-nea.org/nsd/docs/2016/csni-r2016-19.pdf

State-of-the-Art Report on Molten-Corium-Concrete interaction
and Ex-Vessel Molten-Core Coolability.
https://www.oecd-nea.org/nsd/docs/2016/csni-r2016-15 .pdf

Aerosol and lodine Issues, and Hydrogen Mitigation under Acci-
dental Conditions in Water Cooled Reactors - Thermal-hydraulics,
Hydrogen, Aerosols and Iodine (THAI-2) Project - Final Report.
https://www.oecd-nea.org/nsd/docs/2016/csni-r2016-8 .pdf

International Iodine Workshop Summary Report.
https://www.oecd-nea.org/nsd/docs/2016/csni-r2016-5 .pdf

Benchmarking of Fast-running Software Tools Used to Model Re-
leases During Nuclear Accidents.
https://www.oecd-nea.org/nsd/docs/2015/csni-r2015-19.pdf

Benchmark Study of the Accident at the Fukushima Daiichi Nu-
clear Power Plant (BSAF Project) - Phase I Summary Report,
March 2015.
https://www.oecd-nea.org/nsd/docs/2015/csni-r2015-18 .pdf

Ability of Current Advanced Codes to Predict In-Vessel Core Melt
Progression and Degraded Core Coolability - Benchmark Exercise
on Three Mile Island-2 Plant - Final Report.
https://www.oecd-nea.org/nsd/docs/2015/csni-r2015-3 .pdf

Status Report on Spent Fuel Pools under Loss-of-Coolant Accident
Conditions Final Report.
https://www.oecd-nea.org/nsd/docs/2015/csni-r2015-2 .pdf
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3. KTH:S FORSKNING INOM SVARA HAVERIER

3.1 Inledning pa svenska

KTH:s avdelning for kédrnkraftsidkerhet har sedan borjan pa 1990-talet bedrivit forsk-
ning inom svara haverier och APRI har fortlopande stottat denna forskning via finan-
siering och forslag pa inriktning. APRI:s ambition med forskningsstodet har varit att
oka forstaelsen samt minska osdkerheterna i beskrivningen av ett svart haveri i en
svensk kokvattenreaktor och didrigenom validera den haverihantering som &r utfor-
mad for svenska reaktorer. Under det forsta decenniet av APRI-forskning pa KTH
var arbetet framst inriktad pa experiment, utveckling av deterministiska modeller
samt kodutveckling. Ambitionen var att kartlagga och beskriva de hindelseforlopp
och de fenomen som upptriader under ett postulerat svart haveri i en svensk kokvat-
tenreaktor via en deterministisk beskrivning. Resultaten redovisades exempelvis i di-
agram dir en framgangsrik haverihantering kunde representeras av en domén som lag
pa en sida av en begrdnsningskurva, se Figur 3.1.1.

Figur 3.1.1. Exempel pd deterministiska resultat frdan APRI

Under Prof. Nam Dinhs ledarskap pa KTH péabdrjades under APRI-6 (2006-2008)
och APRI-7 (2009-2011) ett mer systematisk grepp att koppla ihop den samlade kun-
skapen och arbetet samt att identifiera de luckor dir fortsatta insatser borde priorite-
ras. Fragor som stélldes var exempelvis: kan in-vessel retention etableras framgangs-
rikt? Kan méingden smilta begrinsas vid en tankgenomsmaéltning? Det konstaterades
under APRI-7 att fragestillningen inte géar att behandla med enbart deterministiska
metoder, frimst med hédnsyn till komplexa beroendet mellan vad som hénder under
nedsmiltning av reaktorhédrden (in-vessel) och de fenomen som upptrédder efter tank-
genomsmiltning (ex-vessel). Infor APRI-8 foreslogs dérfor tillimpa ROAAM (Risk
Oriented Accident Analysis Methodology), som &r en metodik bygger pa bade deter-
ministiska och probabilistiska ansatser.

3.1.1. ROAAM

ROAAM utvecklades ursprungligen i borjan av 1990-talet av prof. Theo Theofanous
[1] med finansiellt stod av NRC med syftet att bedoma och hantera risker med bade
stora osidkerheter och konsekvenser. Startskottet till ROAAM utvecklingen var pro-
blematiken kring det sd kallade “Mark I liner attack™ ddr fragestdllningen géller brott
pa titplaten i en Mark I inneslutning och dir ROAAM anvindes for att visa att vat-
tenpafyllnad i inneslutningen innan tankgenomsmaltning var tillricklig for att hindra
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skada pa tiatplaten. ROAAM kom efter hanteringen av “Mark I liner attack™ att till-
lampas pa flera svara haverifenomen. De svéra haverifenomen som behandlades med
ROAAM i ett amerikanskt sammanhang var exempelvis in-vessel angexplosioner,
dér farhdgan enligt Reactor Safety Study (RSS, WASH-1400 rapporten) var att reak-
tortanklocket skulle fungera som en missil i samband med en angexplosion i reaktor-
tanken (sa kallad alpha-mode failure) och dédrigenom skada inneslutningen. Med
hjilp av ROAAM kunde det visas att denna héndelse var “physically unreasonable”
[2]. Pa liknande sétt och med samma resultat hanterades DCH -fenomenet for Wes-
tinghouse Zion reaktor i USA [3].

ROAAM tillampades dven i samband med framtagandet av en haverihantering for
Fortums Lovisaanldggning. Lovisa dr en blandning av ett ryskt primérsystem och en
Westinghouse iskondensor inneslutning (projektet fick smeknamnet “Easting-
house”). Reaktorinneslutningen i Lovisa har ett 1agt konstruktions- och brottryck och
skulle omojligen klara de trycklaster som normalt associeras med ett svart haveris ex-
vessel scenario. Lovisas inneslutning har dessutom en liten reaktorgrop som inte kan
fyllas med storre médngder vatten for att mojliggora ex-vessel kylning i samband med
tankgenomsméltning. Dessa forhallanden medforde att Lovisa med prof. Harri
Toumisto i spetsen utvecklade in-vessel retention (IVR) som en haverihanteringsstra-
tegi for Lovisa. Strategin bygger pa att hardsméltan stannar kvar i reaktortanken ge-
nom att kyla tanken utifran och flera fenomen som kan utmana inneslutningen som
till foljd av en tankgenomsmaltning kan da undvikas, exempelvis MCCI och angex-
plosioner. For att demonstrera tillimpbarheten av in-vessel retention i Lovisa anvin-
des ROAAM och bdde ROAAM och IVR accepterades av STUK. En viktig forut-
sdttning for att framgangsrikt kunna demonstrera IVR i Lovisa dr den forhdllandevis
laga effekten i reaktorerna, cirka 500 MWe. P4 samma sitt visades via ROAAM att
IVR var tillampligt pa Westinghouse AP600 och att brott pa reaktortankens nedre
plenum pga. otillriacklig eller utebliven extern kylning var ’physically unreasonable”.

Vad dr dd ROAAM? Den bakomliggande filosofin till ROAAM ér att pa ett systema-
tiskt sitt tillgodose kvantifierbara och hanterbara 16sningar for att hantera de osiker-
heter som upptrader under ett haveriforlopp. I en enkel punktlista kan ROAAM be-
skrivas som:

o Metodik for att kartligga/undersoka fenomen med lag sannolikhet och stora
konsekvenser och som dr behdftade med stora osdikerheter
o Syftet dar att:

- Demonstrera att forhdllanden eller villkor som leder till fel eller brott
pa ett system (hdr typiskt reaktorinneslutningen) dr “‘fysikaliskt orim-
ligt” (physically unreasonable)

- Identifiera haverihanteringsatgdrder som skapar forutsdttningar for
att pavisa “fysikaliskt orimligt”. En framgangsrik hantering av dessa
haverihanteringsatgdrder kan ddrefter kvantifieras i vanlig PSA

e Bryt ner och begrinsa fenomen i sub-fenomen eller sk. “Causal Relations”
(CR)

o Ta fram experimentellt stod och grund for Causal Relations

o Utvdrdera osdkerheter kopplade till Causal Relations

o Utveckla ett probabilistiskt ramverk for att analysera hela fenomenet, dvs
alla Causal Relations inklusive osdkerheterna. For varje scenario skapas ett
probabilistiskt ramverk

o Identifiera kriterier for fel eller brott
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o Sist men inte minst: granskning med stod av experter inom respektive omrdde
som fenomenen beror

De mal, safety goals, som formuleras i ROAAM ska vara tydliga (clear), fullstindiga
(completeness) och forenliga (consistency). Malambitionen tar sig exempelvis ut-
tryck som att i ROAAM-tillimpningen ska alla scenarion som inte kan uteslutas pa
fysikaliska grunder beaktas (completeness). Ett annat uttryck &ar att ROAAM-
tillimpningen utgér fran en ”screening frequency”, som dr den ldgsta frekvens for
sannolikheten for en hindelse som behdver beaktas och dér hiandelser med ldgre fre-
kvens betraktas som restrisk (consistency). Ett klassiskt exempel pa en sddan hin-
delse dr spontant reaktortankbrott.

Nagra centrala begrepp som aterkommer i beskrivningen om ROAAM ir:

e Causal Relations (CR) — Causal Relations utgér en mekanistisk koppling
mellan tvd storheter som pga. av begrdnsningar i forstaelse endast kan skatt-
tas summariskt (se "intangibles”). Osdkerheterna i CR dr forhallandevis sma
och kan hanteras med kinda statistiska metoder. Varje CR kan hanteras se-
parat och mojliggor for experter inom olika discipliner att bade granska och
utveckla delar av problemuppstdllningen oberoende av varandra.

e Intangibles (“ogripbar, obestimd, vag”) — Intangibles dr parametrar vars
osdkerheter endast kan skattas kvalitativt, men som samtidigt ocksa alltid kan
begrdnsas.

e Splinter (“splittra”) — Splinter dr beteckningen av en uppdelning av ett
ROAAM problem i flera scenarion, ddr varje separat scenario ska visas upp-
lla det uppsatta mdlet/kriteriet.

e Aleatory uncertainty (4lea = latin “tirning”) — Avser stokastisk osdkerhet
som hanteras med statistiska metoder. De stokastiska osdkerheterna finns i
CR enligt beskrivningen ovan.

e Epistemic uncertainty (epistémikos = Grekiska for “kunskap”, "vetenskap )
— Avser systematisk osdkerhet och hdnfor sig typiskt till otillrdckliga kun-
skaper om fenomen, osdkerheter i modellbeskrivning etc. Epistemisk osdker-
het kan i princip begrdnsas eller elimineras, men ldter sig inte géras i prak-
tiken. De epistemiska osdkerheterna finns i intangibles.

En annan central aspekt i ROAAM ir en godtycklig sannolikhetsskala som utgor en
koppling mellan sannolikheter och den fysikaliska, mekanistiska kvantifieringen, se
Tabell 3.1.1. Nar ett ROAAM-ramverk integreras (dvs. ett slutresultat berdknas ba-
serat pa de separata CR och intangibles) gors det baserat pa denna skala och med
tillimpandet av konservativa vérden.

Tabell 3.1.1: Definition av sannolikhetsnivaer.

Process Process Characteristics

Likelihood

1/10 Behavior is within known trends but obtainable only at the edge-of-spectrum pa-
rameters.

1/100 Behavior cannot be positively excluded but is outside the spectrum of reason.

1/1000 Behavior is physically unreasonable and violates well-known reality. Its occurence
can be argued against positively.
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I det foljande gors en enkel beskrivning av en ROAAM-tillimpning baserat pa be-
skrivningen i [5]. Fragestillningen géller farhagan att hiardrester kan angripa tétplaten
som ligger an mot betongen pa insidan av Mark-I inneslutningen, dér titplaten dr en
central del av tithetsfunktionen. Skadas titplaten riskerar det att leda till tidigt brott
pé inneslutningen, sa kallad Early Containment Failure, och dirmed tidiga utslédpp av
radioaktiva dmnen, se Figur 3.1.2 och Figur 3.1.3.

Blowout Blowout
Panels Panels

Refueling Bay

Reactor
Vessel

Drywell
Reactor Cavity

Hatch

Suppression
Poal

Figur 3.1.2: Beskrivning av hdrdsmdltans degradering av tdtpldten i en Mark-I inneslutning.
Hdmtad ur [5].

|~— Pedestal

Drywell Floor

Figur 3.1.3: Detaljbeskrivning av hdrdsmdltans degradering av titpldten i en Mark-I innes-
lutning. Hdamtad ur [5].

Syftet med ROAAM-tillampningen i detta fall var att forsoka faststédlla sannolikheten
for en skadad titplat, speciellt under forutséittningen att nedre primédrutrymmet vat-
tenfylldes innan tankgenomsmaltning. Notera att konstruktionen inte tillater nagot
storre vattendjup i nedre primédrutrymmet eftersom genomforingar leder tillfort vatten
vidare till torusen och sekundédrutrymmet.
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Figur 3.1.4 beskriver det probabilistiska ramverket som det hanterades i ROAAM
gillande titplaten i Mark-I inneslutning. Som bilden illustrerar dr framstillningen
uppdelad i flera delproblem.

Quantity of Melt Liner Submergence Zirconum Conlent Initial Melt
Aeleased Versus in Malt Superheat
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Superheat Duration Time
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Liner Submergence Depth
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Critical (Failura) Superheat Initial Superheat, Superheat
Brsus Duration Time, and Liner
Superheat Duration Tima Submergence
and Liner Submergence pdfs
CR3
L Fail
ner Fallure Pr

Figur 3.1.4: Det probabilistiska ramverket i ROAAM for att analysera "Mark-I liner attack”.
Hdmtad ur [5].
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Figur 3.1.5: "Splinter "-scenarion i ROAAM Mark-I liner attack. Hiamtad ur [5].

Bendmningen CR representerar Causal Relations och bendmningen pdf representerar
tathetsfunktioner for parametrar behiftade med stora osékerheter, intangibles. Valet
av tithetsfunktioner sker med konservativa ansatser och expertbedomningar, eller ge-
nom att analysera utfallet av ett antal tdthetsfunktioner och direfter vilja funktion
fran konservativ ansats baserat pa resultatet.
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CR kopplar ihop problemframstéllningens olika delar. I den aktuella problemfram-
stdllningen identifierades tre “splinter”-scenarion, se Figur 3.1.5, som med expert-
hjdlp bedomdes vara begriansande for problemframstéllningen. For varje scenario
finns ett tillhorande probabilistiskt ramverk, dvs. ramverket enligt Figur 3.1.4. De tre
scenarierna skiljer sig at avseende felmod for tankgenomsméltningen och dér felmo-
den styr hur stor midngd smélta som frigdrs per tidsenhet.

I det kommande gors ett forsok att beskriva hanteringen och flodet i ramverket som
det presenteras i Figur 3.1.4. Av de ROAAM tillampningar som hittills har genom-
forts framgangsrikt sa hor formodligen ”Mark-I Liner Attack” till den kanske minst
komplexa analysen och dr pa sa sitt en bra utgangspunkt for en framstéllning av
ROAAM. Bilderna som ingar i beskrivningen nedan &r enbart schematiska. Om ram-
verket betraktas uppifran och ned ges foljande flode:

1. Fo6r Causal Relation 1, CRI, i Figur 3.1.4 har den bakomliggande analysen
gjorts med programkoden MELTSPREAD for de respektive tre scenarion som
anges i Figur 3.1.5. MELTSPREAD anvdnds for att berdkna spridningen av
hdrdrester over stal eller betong. Berdkningarna tdckte en mdngd kombinat-
ioner av smdltvolymer, sammansdttningar och overhettning. Resultaten fran
berdkningarna beskriver smdltans hojd i anslutning till tdtpldten i inneslut-
ningen.

2. Parameter pdfl dr en intangible, dvs. en parameter som endast kan beskrivas
kvalitativt och avser héir méingden smdlta som frigors vid tankgenomsmdlt-
ning.

3. CRI och pdfl “kombineras” (via en summering) till pdf2 som beskriver en
sannolikhetsfordelning over smdltans djup, se Figur 3.1.6.

4. Pa motsvarande sdtt "kombineras” pdf3, pdf4 och pdf2 tillsammans CR2 med
for att bilda pdf5. Parametrarna pdf3 och pdf4 avser mdngden metalliskt zir-
konium i smdltan respektive smdltans initiala 6verhettning, och CR2 kopplar
kausalt ihop dessa parametrar via en berdkning. Berdkningen i CR2 har ut-
forts med programkoden CORCON, se Figur 3.1.7. Vad sannolikhetsfordel-
ningen pdf3 representerar dr inte lika entydigt som pdf2 - 4, utan ses ldttast
som ett delresultat.

5. Slutligen "kombineras” pdf5 med CR3 (via ytterligare en —i detta fall stokig—
summering) for att berdkna den totala sannolikheten for brott pa inneslut-
ningen. Berdkningen i CR3 dr gjord med ABAQUS och avser en strukturme-
kanisk berdkning vars resultat ger temperaturen i tditpldten som sedan kan
jamforas med ett "failure criteron”, dvs. felkriterie, som hdr har satts till
1260 °C, se Figur 3.1.8.

6. Resultaten fran den integrerade analysen av ramverket visar att om primdr-
utrymmet vattenfylls innan tankgenomsmdltningen sa dr den ’slutliga kon-
servativa uppskattningen av brott pd titpldten” 3 x 107 for felkriteriet 1260°
C. Resultatet kan oversidittas till "physically unreasonable event” enligt defi-
nitionen i Tabell 3.1.1.
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Figur 3.1.6: "Kombinationen” av CRI och pdfl som resulterar i pdf2 i ROAAM-ramverket
for Mark-I liner attack. Hamtad ur[1]. Tecknet ”&” avser en aritmetisk operation.
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Figur 3.1.7: Kombinationen av pdf2 (ej med i figuren), pdf3 och pdf4 samt CR2 bildar pdf35.
Himtad ur [1].
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Figur 3.1.8: Kombinationen av pdf5 samt CR3 bildar den totala sannolikheten for brott.
Hdmtad ur [1].

3.1.2. KTH:s utveckling av ROAAM till ROAAM+

De fragestillningar som hittills har hanterats framgéngsrikt med ROAAM for att be-
mistra utmaningar kopplade till svara haverier har haft en varierande grad av kom-
plexitet, ddar mojligen tillimpningen av ROAAM f6r demonstrationen av in-vessel
retention for Westinghouse:s reaktorsystem AP1000 har varit mest komplex. I till-
lampningen av ROAAM {6r "Nordic BWR severe accident management”, dvs. ha-
verihanteringen vid ett svart haveri for en generisk ABB reaktor enligt senare kon-
struktion, tillkommer ytterligare svérigheter. Grunden till dessa ytterligare svarig-
heter jaimfort med tidigare tillimpningar av ROAAM hérror fran den kedja av mojliga
haveriforlopp som ett svart haveri kan utvecklas till och som beror pa tillstand och
atgdrder tidigt i forloppet. Tidigare tillimpningar av ROAAM har beaktat ett feno-
men, medan ambitionen i ROAAM+ ir att beakta hela haveriforloppet vilket inklu-
derar flera fenomen inklusive de olika upptriddanden dessa forlopp uppvisar. Med
andra ord finns det ett flertal olika initiala anldggningstillstand i samband med det
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svara haveriet som ger en stor paverkan pa den last som i slutindan utmanar innes-
lutningen. Ett fenomen eller en fysikalisk egenskap kan dven ha bade positiva och
negativa effekter pa hindelseforloppet samtidigt, vilket ocksa paverkar mojligheterna
att skapa ett robust ROAAM ramverk.

Mot bakgrund av de tillkommande svarigheter det har inneburit att tillimpa ROAAM
pa den svenska haverihanteringen for en svensk BWR har KTH utvecklat ROAAM
till nagot som kallas ROAAM+. Det 6vergripande malet med ROAAM+ idr att kunna
ge tillrackligt med information f6r att besluta om:

o Keep SAM-strategy, “possibility” of containment failure is low even with
“conservative” treatment of uncertainty, thus current strategy is reliable.

o Modify SAM-strategy, “necessity” of containment failure in the course of an
accident is high (.i.e. “possibility that containment doesn’t fail is low) even
with “optimistic” treatment of uncertainty, thus the current strategy is unre-
liable and changes should be considered.

Enkelt uttryckt representerar den forsta punktsatsen “klassisk” ROAAM, medan den
andra punktsatsen representerar den modifikation som KTH har lagt till i ROAAM+.
For den andra punktsatsen géller att resultaten visar att trots en optimistisk hantering
av antaganden, ansatser och indata sa kommer inneslutningen att fallera, och innebér
att angreppsittet att hantera fragestillningen om inneslutningen fallerar eller inte i
princip dr en spegelbild av den forsta (klassiska ROAAM) punktsatsen. Komplette-
ringen med fragestillningen “necessity” enligt ROAAM+ ir ett uttryck for svarighet-
erna att hantera den svenska haverihanteringen med klassisk ROAAM. Forenklat kan
man 1 forsta punktsatsen tolka resultaten som att det inte &r uteslutet att inneslutningen
fallerar med en viss sannolikhet, medan punktsats 2 kan tolkas som att resultaten pa-
visar att inneslutningen fallerar med en viss sannolikhet.

I KTH:s utveckling och tillimpning av ROAAM+ har medfort en mycket beridknings-
intensiv metodik for att omhénderta berdkningar i deterministiska modeller, integrera
ramverket med CR och pdf samt for att genomfora relevanta kénslighets- och oséker-
hetsstudier. For att effektivisera berdkningarna har KTH utgétt fran sk. ”full model”
(FM) och via datautvinning utvecklat ’surrogate model” (SM) som representerar full
model, men som inte alls krdver samma beridkningskapacitet. Datautvinning ar ett
verktyg for att identifiera monster, samband eller trender ur stora dataméngder. Ett
exempel pa full model dr de modeller som ingar i svara haverikoden Melcor. KTH
har exekverat 10 000-tals Melcorberdkningar och via datautvinning utvecklat SM
som sedan har anvints for miljontals berdkningar (en Melcorberidkning kan ta dagar).
SM édr med andra ord en forenkling av FM som har utvecklats via datautvinning och
sedan verifierats och validerats mot FM. Dessa SM har efter framtagandet utgjort
stommen for CR i ROAAM+ ramverket, se Figur 3.1.9.

Figur 3.1.9: Ramverket i ROAAM~. Hdamtad ur [6].
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Som Figur 3.1.9 illustrerar kan ramverket analyseras ”framat” (fran vénster till ho-
ger), sk. "forward analysis”, men dven “bakat” som “reverse analysis”, vilket repre-
senteras av pilarna som gar fran hoger till vinster. Med forward analysis avses kopp-
lingen mellan det initiala tillstandet och den betingade sannolikheten att inneslut-
ningen fallerar, for varje scenario. Forward analysis foljer huvuddragen i klassisk
ROAAM och i forward analysis kvantifieras dven de parametrar som bidrar mest till
osdkerheten i resultatet. Reverse analysis anvidnds for att identifiera skadedoméner i
respektive SM i syfte att identifiera kunskapsluckor och behov av exempelvis expe-
riment for att forstdrka modellerna i SM. Med skadedomiin avses de scenarion och
parametrar som ger ett resultat vars sannolikhet for brott pd inneslutningen ir storre
an “physically unreasonable”, och utgdende fran resultaten gors en “baklédnges-ana-
lys” for att se vilka parametrar och scenarion i respektive SM som har bidragit till
skadedoménen.

3.1.3. Resultatpresentation i ROAAM+

Resultaten i KTH:s ROAAM-+ presenteras typiskt pa flera olika sitt for att formedla
den information som analysen kan ge upphov till. Figur 3.1.10 visar en firgkodad
Complementary Cumulative Density Function (CCDF) eller komplementir kumula-
tiv fordelningsfunktion. En kumulativ férdelning for ett datamaterial anger hur stor
andel av virdena som &dr mindre 4n eller lika med ett givet virde. Den komplementira
kumulativa fordelningen vinder pa fragan och anger hur stor del av datamaterialet
som ligger over ett visst virde. I Figur 3.1.10 avser den grona kurvan att sannolik-
heten att 6verskrida ”screening frequency Ps” dr 5%, eller med andra ord sa visar
resultaten med 95 % konfidens att sannolikheten for brott pd inneslutningen Pr under-
stiger ”’screening frequency P,”. Den roda kurvan avser det omvinda forhallandet: for
atminstone 95% av fallen si overskrider sannolikheten for brott pa inneslutningen Ps
’screening frequency Ps”.

Figur 3.1.11 visar ett exempel pa en skadedomén som beriknats med “reverse analy-
sis”. Skadedominskartan avser laster pa personslussen i nedre primirutrymmet pga.
angexplosioner och ger en mer konkret illustration av risken for skada for valda
scenarioparametrar. Slussen har hir antagits ha en kapacitet pa 6 kPas, och kartan
presenterar lasten som en funktion av straldiameter och vattendjup. Analysresultaten
placeras i tre kategorier: en kategori ddr 95 % av de beridknade sannolikheterna ar
storre dn screeningsannolikheten (markerad som rétt omrade), en dir 95 % av berik-
nade sannolikheter dr mindre 4n screeningsannolikheten (markerad som gront om-
rade), och ett omrade i lila och blatt som ligger mellan dessa tva kategorier. Denna
kategorisering utgar fran hypotesen att analysresultaten inte kommer att fordndras
med forbittrad kunskap om aktuella sannolikhetsfordelningar av indataparametrar
med osidkerheter, om dessa resultat ligger inom det roda eller det grona omradet. Re-
sultat i omradet mellan dessa tva kategorier kan ddremot fordndras med forbittrade
kunskaper. Ibland presenteras motsvarande karta dven som en tredimensionell kub
ddr dven nedrinningshastigheten pa sméltan ingdr som en variabel.
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Figur 3.1.10: Komplementdr kumulativ tdthetsfunktion for brott pd inneslutningen i
ROAAM++. Himtad ur [6].
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Figur 3.1.11: Exempel pa skadedomdn i KTH:s ROAAM++. Himtad ur [6].
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3.2 Motivation, Goals and Approach

Severe accident management (SAM) strategy in Nordic boiling water reactors
(BWRs) employs ex-vessel core debris coolability. Molten core is released from the
vessel into a deep pool of water in the lower drywell. The melt is expected to frag-
ment, quench, and form a debris bed that is coolable by natural circulation of water.
Formation of non-coolable debris bed and energetic steam explosion pose credible
threats to containment integrity. Conditions of melt release from the vessel determine
(1) debris bed properties and thus coolability, and (ii) steam explosion energetics.
While conceptually simple, the strategy involves complex phenomena affected by the
transient accident scenarios. Significant progress, that has been made in understand-
ing and predicting physical phenomena during the last few decades, was not sufficient
to make a firm conclusion on the robustness of the SAM strategy. It became apparent
that the issues are intractable [52], [51] for separate probabilistic or deterministic
analysis due to the uncertainty stemming from interactions between multistage acci-
dent progression scenarios (Figure 3-1) and deterministic phenomena Figure 3-2.
Timing of event affects accident progression. Late recovery of core cooling affects
core degradation, relocation, and formation of the debris in lower head, reheating and
re-melting of multi-component corium debris, thermo-mechanical interactions be-
tween melt and vessel structures and penetrations, vessel failure, melt release mode,
respective jet fragmentation in the pool, debris solidification, energetic melt-coolant
interactions, two-phase flow in porous media, spreading of debris in the pool, spread-
ing of particulate debris bed, etc. (Figure 3-2). If melt is released from the vessel later,
smaller decay heat provides better chances for coolability [107]. However tempera-
ture of the melt that remained longer in the vessel can be higher, increasing the risk
of debris agglomeration [63], [40], [37] that hinders coolability [114], [108]. Also
higher melt temperature can increase potential energetics of steam explosion [21].

Figure 3-1: Severe accident progression in Nordic BWR.

Interdependencies between non-coolable debris and steam explosion is another
source of uncertainty. If lower drywell is not flooded, then steam explosion risk can
be eliminated, while hot corium melt will attack cable penetrations in the containment
floor leading containment failure. Even a mild explosion might lead to degradation
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of debris bed cooling function, e.g. by destroying protective covers and exposing ca-
ble penetrations to hot debris; creating a leak of coolant from the lower drywell; ac-
tivating containment venting, releasing fraction of nitrogen which can potentially
lead to drop of containment pressure below atmospheric level, etc.

The Risk Oriented Accident Analysis Methodology (ROAAM) marries probabilistic
and deterministic approaches. ROAAM was developed and successfully applied by
Professor Theofanous and co-workers to assessment and management of severe ac-
cident risks [84], [85]. It is instructive to note that Risk Management Task Force pro-
vided recommendation that NRC should implement a consistent process that includes
both deterministic and probabilistic methods in risk assessments that can inform de-
cisions about appropriate defense-in-depth measures [1].
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Figure 3-2: Severe accident phenomena in Nordic BWR.

The goal of this work is to develop a risk oriented accident analysis framework for
quantifying conditional threats to containment integrity for a reference design of Nor-
dic type BWR. We propose an iterative process of refining the components of the
framework based on sensitivity and uncertainty analysis. The aim of the process is to
achieve (i) completeness, (ii) consistency, and (iii) transparency in the review of the
analysis and its results. The work is formally divided into four sub-tasks, tightly in-
terconnected with each other: Risk Evaluation and Synthesis (RES); Melt Ejection
Mode (MEM); Debris Coolability Map (DECO); Steam Explosion Impact Map
(SEIM). Methodology, overall modular structure of the frameworks, and preliminary
analyses results have been presented in RES papers [52], [51] and reports [58], [57].
Here we summarize main findings of the project, methodological development of
ROAAM, and implications to assessment of SAM effectiveness.

3.3 Risk Evaluation and Synthesis (RES)

The goal of RES is to develop a robust integrated risk assessment approach for the
reference Nordic type BWR plant design based on synthesis of phenomenological
models, and probabilistic ROAAM+ frameworks.
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3.3.1. Background: Quantitative Definition of Risk and ROAAM Basics

The use of Risk in ROAAM for effective management and regulation of rare, high-
consequence hazards requires the simultaneous (coherent) consideration of (i) safety
goal, (ii) assessment methodology, and (iii) application specifics. ROAAM provides
guidelines for development of frameworks for bounding the epistemic (modeling),
and aleatory (scenario) uncertainties in a transparent and verifiable manner that
should enable convergence of experts’ opinions in the review process. For severe
accident analysis the safety goal can be defined as: “containment failure is a physi-
cally unreasonable event for any accident sequence that is not remote and specula-
tive” [84]. ROAAM employs principal ingredients: (i) identification, separate treat-
ment, and maintenance of separation (to the end results) of aleatory and epistemic
uncertainties; (ii) identification and bounding/conservative treatment of uncertainties
(in parameters and scenarios, respectively) that are beyond the reach of any reasona-
bly verifiable quantification; and (iii) the use of external experts in a review, rather
than in a primary quantification capacity.

According to quantitative definition of risk ([29] by Kaplan and Garrick), the risk R;
associated with specific scenario s; can be characterized by its frequency f; and con-
sequences c¢;. The degree of epistemic uncertainty in the prediction of the future
course of events can be quantified as “probability” P; or “likelihood” of ¢;. Two ra-
tional beings given the identical evidence must assess the probability identically [29].
“Frequency” is the outcome of an experiment involving repeated trials. Aleatory un-
certainty is expressed in terms of frequency.

R; = {s;, fi, P,(c} (3-1)

Consequences c; of scenario s; can be presented as joint probability density function
pdfc,;, (L;, C;) of loads (L;) on the system and its capacity (C;) to withstand such
loads. Thus, failure probability Pg; for scenario s; can be evaluated as

Pr =P(L; = C) = J:f pdfc,;, (c, Ddcdl (3-2)
Li=C;

Residual risk is judged in ROAAM with screening frequency for aleatory, and with
“physically unreasonable” concept for epistemic. Plant damage states (D;) selected
for analysis include those that have frequency higher than selected screening fre-
quency f, and lower than target frequency f; achieved as the prevention goal, that is,
fs < fj(Dj) < f; (severe accident mitigation window). Demonstration of reaching
the safety goal is successful if Pg; are below “physically unreasonable” level F;,. An
arbitrary scale for probability is introduced in ROAAM to define a physically unrea-
sonable process as one involving the independent combination of an end-of-spectrum
with one expected to be outside but cannot be positively excluded [84]: 1/10 - Be-
havior is within known trends but obtainable only at the edge-of-spectrum parame-
ters; 1/100 - Behavior cannot be positively excluded, but it is outside the spectrum of
reason; 1/1000 - Behavior is physically unreasonable and violates well-known reality.
Its occurrence can be argued against positively. Separate treatment of screening fre-
quency for aleatory, and the physically unreasonable concept for epistemic uncertain-
ties is a must for clarity and consistency of the ROAAM result.

Conditional containment failure probability is considered in this work as an indicator
of severe accident management effectiveness for Nordic BWR. It is instructive to
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note that different modes of failure can potentially lead to quite different conse-
quences in terms of fission products release. At this point we consider any failure
mode as unacceptable for the sake of conservatism.

3.3.2. Nordic BWR challenges for ROAAM and Decision making Context

If safety margins are large, then containment failure being physically unreasonable,
can be demonstrated through consistent conservative treatment of uncertainties in risk
assessment and improving necessary knowledge and data. If inherent margins are
small or negative, improvement of knowledge is ineffective. Risk management
(through appropriate modifications of the system e.g. safety design, SAMGs, etc.)
should be undertaken in order to achieve the safety goal [84].

The tight coupling between severe accident threats (steam explosion and basemat
melt-through due to debris un-coolability) and highly sensitivite of the SAM effec-
tiveness with respect to timing of the event (e.g., vessel failure) and characteristics
(e.g., melt release conditions), present challenges to the ROAAM in heuristic decom-
position, analysis and integration [57]. In order to address the difficulties a structured
process is needed for coherent (i) development of risk assessment framework,
(i) collection of necessary data, and knowledge. This process should be guided by
extensive sensitivity and uncertainty analysis and eventually result in a robust and
scrutable assessment of either “possibility” or “necessity” of containment failure in
order to support decision making.

3.3.3. ROAAM+ Probabilistic Framework for Nordic BWR

The challenges presented by Nordic BWR SAM strategy require further development
of the approach. The goal of the extended (ROAAM+) approach is to provide suffi-
cient information for a decision to:

I. Keep the SAM strategy: “Possibility” of containment failure is low even with
“conservative” treatment of uncertainty, thus current strategy is reliable.

II. Modify the SAM strategy: “Necessity” of containment failure in the course of
accident is high (i.e., “possibility” that containment doesn’t fail is low) even with
“optimistic” treatment of uncertainty, thus the current strategy is unreliable and
changes should be considered.

In order to achieve the goal, ROAAM=+ process is developed for adaptive refinement
of (i) risk assessment framework, and (ii) necessary data, and knowledge. The pro-
cess is guided by extensive sensitivity and uncertainty analysis.

Iterative Adaptive Process for Refinement of Risk Assessment Framework

When system complexity limits effectiveness of heuristic approach (based on expert
judgment) to identification of the key physics and system behavior, there is a need
for an iterative process of identifying importance of different contributors to the risk.
At each stage of the process, a framework for risk assessment provides means for
sensitivity and uncertainty analysis of “possibility” and “necessity” of containment
failure with respect to the uncertain factors. Such analysis shows potential impact of
improvements at the next iteration of the framework development or effectiveness of
risk reduction through system modifications.
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Full and Surrogate Models, “Coarse-Fine”, “Forward” and “Reverse” Analyses

Adequately complex “full models” (FMs) are implemented for each stage of the ac-
cident progression using multidimensional codes for severe accident, thermal hydrau-
lics, and structural analysis. Application of such FMs in extensive uncertainty analy-
sis is often unaffordable. Therefore, a two-level coarse-fine modeling approach is
needed. At the bottom level, loosely coupled fine resolution FMs and experimental
evidences are used in order to generate relevant data. The top layer of the ROAAM+
framework for Nordic BWR ([58], [57]) decomposes severe accident progression
(Figure 3-2) into a set of causal relationships (CR) represented by respective surro-
gate models (SM) connected through initial conditions. SMs are developed to approx-
imate the most important parameters of the FM solutions.
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Figure 3-3: ROAAM+ framework for Nordic BWR.

Initial plant damage states {Dj} (determined by availability of safety systems) and
their frequencies { f]} are determined based on PSA L1 data [46] aiming at complete-
ness of the analysis. For each {Dj} possible events which can affect further accident
progression, order and timing of events create a space of scenarios {s;}.

Forward analysis defines conditional containment failure probability for each sce-
nario {s;}. Reverse analysis identifies failure domains (domain where probability of
containment failure is not “physically unreasonable™) in the space of scenarios {s;},
and “deterministic” {d;} and “intangible” {i;} parameters specific to each model. Fail-
ure domain in the space of deterministic and intangible modeling parameters {dy;, ix;}
help to identify the need for improvement of knowledge, modeling and data. The two-
level coarse-fine approach to the development and iterative adaptive refinement of
the risk assessment frameworks, details of the mathematical approaches for quantifi-
cation of the failure probability and failure domains in the multistage deterministic
analysis model are provided in [58], [57]. Such iterative process is designed to de-
velop state of the art knowledge to the point when convergence of experts’ opinion
on the possibility or necessity of containment failure can be achieved, which is a
stopping criterion for the process.

The process of development and validation of the individual surrogate models is im-
portant for completeness, consistency, and transparency of the results. General ideas
of the process is illustrated in [58], [57]. Experimental and other evidences provide a
knowledge base for validation of the FMs and calibration of SMs. Full Models (FM)
are implemented as detailed fine resolution (computationally expensive) simulation
approach. Database of the FM transient solutions is developed in order to provide
better understanding of basic physical processes and typical behavior of the target
parameters. The target parameters are the input conditions for the next model in the
framework. Simplified modeling approaches and data mining techniques are used in
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order to develop a surrogate model. Surrogate model (SM) is an approximation of the
FM model prediction of the target parameters which employ simplified (coarse reso-
lution) physical modeling, calibratable closures, or approximations to the response
surface of FM. Detailed discussion of the FM and SM development are presented in
a series of publications (see Table 3-1).

Treatment of the Intangible Uncertain Parameters

While ranges of the intangible parameters always can be (conservatively) bounded,
the knowledge about distributions within the ranges is missing. In classical ROAAM,
uncertainty in the intangibles can only be qualitatively approached, but it can always
be bounded [84]. Such bounding approach is, in fact, similar to the interval analysis
[28]. If inherent safety margins are sufficiently large, then bounding approach to the
intangibles does not affect conclusions from the risk analysis. However, if failure
probability Py is sensitive not only to the ranges but also to the distributions, then
uncertainty in prediction of Py with “conservative” or “optimistic” bounding assump-
tions might be too large.

Figure 3-4: Full and Surrogate model development, integration with evidences, refinement,
prediction of failure probability and failure domain identification.

Figure 3-5: Treatment of model intangible parameters in ROAAM+ framework for Nordic
BWR.

39



In order to assess the importance of the missing information about the distributions
we consider distributions as uncertain parameters. A space of possible probability
distributions of the intangible parameters is introduced. At the last stage of the frame-
work (CRy ), we randomly select a set of distributions of model intangible parameters
pd fk(iN,i) and calculate the value of Pgj for selected combination of model input
(pn-1,;) and scenario parameters (s;). Repeating this process for every possible set of
distributions  of will yield probability distributions of Pr and

CCDF (PF (si, pN—l,i)) (Figure 3-5). Repeating the same process for each stage of the

Iy

framework in the reverse analysis provides distributions of the failure probability for

all possible combination of model input pj; and scenario parameters s;.

Table 3-1. Summary of full and surrogate models in ROAAM+ framework

SM

FM, experiments and SM purpose

References

CORE

FM: MELCOR model of the Nordic BWR contain-
ment.

SM Type: Mapping.

Given timing of ADS and ECCS activation pro-
vides time, composition and mass of core reloca-
tion and conditions in the lower drywall: pressure,
pool temperature and depth. Optionally can pro-
vide time of vessel failure and release, debris prop-
erties at the onset of the release.

[46], [13], [14], [15], [16],
[17],[18]

Vessel
failure

FM: coupled thermo-mechanical analysis
(PECM/ANSYS, DECOSIM code) of the vessel
lover head and debris.

SM Type: Polynomial. Given mass and composi-
tion of the debris SM computes timings of the IGT,
CRGT and vessel wall failure and corresponding
mass and composition of liquid melt available for
release.

[25], [26], [86], [87], [88],
[891,[901, [91], [92], [93],
[94], [95], [961, [971, [981],
[99], [100], [114], [112],
[122],[123]

Melt
release

FM: parametric model of the melt release rate and
vessel wall ablation. Experiment: remelting of
multi-component debris and interaction with the
vessel.

SM Type: Physics based. Given timings and mode
of lower head failure SM computes conditions of
melt release, i.e. ablation of the breach, rate and
duration of the release, thermal properties of the
melt.

[471,1491, [551, [46], [58],
[57]

SEIM

Steam Explosion Impact Map.

FM: TEXAS-V code.

SM Type: ANN. Given conditions of melt release
and LDW characteristics SM returns a distribution
of possible explosion impulses.

[21], [22], [23], [53], [24]

DECO

Debris Coolability.

FMs: DECOSIM code for coolability of the debris,
debris bed spreading model, debris agglomeration
models. Series of experiments on debris bed for-
mation, agglomeration and particulate debris
spreading are carried out.

SMs Type: Physics based. Given conditions of
melt release and pool, respective SMs return

(21, [31, [4], [51, [61, [71,
[33],[34], [11], [12], [37],
[38], [391, [401, [41], [42],
[43], [44], [45], [48], [55],
[591, [60], [61], [62], [63],
[64] [65],[66],[67],[104],
[106], [107], [108], [113],

40




dryout heat flux and max debris bed heat flux, the | [114], [115], [116], [117],
effect of debris spreading and agglomerated debris | [118], [119], [120], [121]
are taken into account.

Figure 3-6: Treatment of uncertainty in SM prediction.

The uncertainty in the SM approximation of the FM can be characterized by the dis-
tribution pdf (Rpp|Rsp) of possible values of full model response (Rgy) given re-
sponse of the SM (Rg),) [57]. Respective failure probability P which takes into ac-
count the uncertainty in the SM approximation of the FM can be calculated. The aim
of the FM validation is to assess a distribution of possible values of actual system
response (R4) given full model response (Rgy), i.e. pdf (Ry|Rpp ). Combining infor-
mation about full model uncertainty with SM uncertainty one can obtain a distribution
of possible actual system response given SM response pdf (R,|Rgy ). In this case
failure probability P§ will take into account uncertainty in both SM approximation of
FM and uncertainty in FM prediction. It is instructive to note that data about full scale
system behavior at prototypic conditions is rarely available. A challenge for valida-
tion is to develop relevant scaling approaches along with separate and integral effect
test data for robust assessment of the pdf (R,|Rpy,) (see Figure 3-6).

Figure 3-7a illustrates an example of possible CCDFs of Py that is color-coded:

o CCDF {PF (pN_l‘i) > Ps} < 0.05: “Green” — at most 5% of the cases exceed P,
or there is at least 95% confidence that the probability of failure Pr will not ex-
ceed selected screening probability P.

o CCDF {PF (pN—l,i) > PS} > 0.95: “Red” — at least 95% of the cases exceed F;,
or there at least 95% confidence the probability of failure Pg will exceed selected
screening probability P;.

o CCDF {Ps(py_1;) = B} € (0.05—0.5]: “Blue” — Py exceed P in 5-45% of the
cases.

o CCDF {Ps(py_1;) = P} € (0.5 — 0.95]: “Purple” — Py exceed P, in 50-95% of
the cases. These are the cases where failure can be neither positively excluded
nor assumed as imminent.

Figure 3-7b shows an example of the failure domain map calculated for the contain-

ment hatch door (with a presumed structural capacity limit 6 kPa*s) due to steam

explosion loads as a function of jet size and water level. The failure domain is con-
structed in the space of the input parameters. The SM is sampled in each cell to obtain

a distribution of the failure probability. Each cell on the map is colored according to

the CCDF(Pf) as described above.
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Figure 3-7. Complimentary cumulative distribution function of probability of failure
CCDF(Py) (a) and an example of the failure domain map (b).

Implementation of ROAAM+ top Level Framework and Sampling.

Each SM in the framework is implemented as a set of functions in MATLAB, with
respective I/O structure for forward and reverse analysis. Figure 3-8 illustrates im-
plementation of PDF sampling of intangible parameters. Based on the user input in
ROAAM+ configuration a set of parameters that characterize PDF for every intangi-
ble parameter in SM, is generated. Function “PDF generator” generates a set of dis-
crete PDFs (Figure 3-8 left) for every intangible parameter and then scales each PDF
to ranges specific for each intangible parameter. The value of Py is calculated for each

combination of model input (pj_4 ;) and selected distribution pdf (dy;, ix;).

Decision Support and Connection to PSA

The aim of the ROAAM+ framework is to provide an assessment in support of the
decision whether or not the risk associated with current SAM strategy is acceptable.
Figure 3-9 presents decision criteria based on scenario frequency and related Condi-
tional Probability of Unacceptable Release (CPUR), specifically, how pdf (Pg;) (box
and whiskers plots) can be used to judge the impact of uncertainty on the SAM strat-
egy effectiveness [57]. The developed approach [50] is to (i) identify sequences from
the PSA Level 1 and (ii) use ROAAM+ framework to evaluate the progress of these
sequences and respective conditional containment failure probabilities for different
severe accident scenarios.
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Figure 3-8: Implementation of PDF sampling in ROAAM+~ framework.
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Figure 3-10: SEIM failure domain maps and reﬁned containment event tree.

Consider failure domain maps obtained with ROAAM+ for ex-vessel steam explo-
sion Figure 3-10. The failure domain map can be represented by 6 “modes” or “sce-
narios” (see the event tree in Figure 3-10). In Mode 1 (“Shallow Pool” and “Dripping
Mode”), based on ROAAM+ results, maximum conditional containment failure prob-
ability is O for all fragility limits, meaning that containment failure due to ex-vessel
steam explosion is physically unreasonable and SAM strategy is effective. In case of
“deep pool” (i.e. LDW pool depth > 4m, Modes 4-6), probability of failure of non-
reinforced hatch ranges from 0 to 0.729 (see Figure 3-11), depending on water pool
depth and deterministic, intangible parameters used in modelling of ex-vessel steam
explosion. Figure 3-11a and b show the CCDF of conditional containment failure
probability (CCFP) due to ex-vessel steam explosion for Modes 1-6 in case of me-
dium release for shallow and deep pool respectively. The results suggest that there’s
significant difference in CCFP depending on the LDW water pool depth. Thus
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ROAAM+ analysis can provide insights regarding under what conditions each phe-
nomenon is relevant and if specific sequences need to be treated differently in PSA
context, and result in refinement of plant damage states in PSA L1. This example is
studied further in the summary of results section, including integration with the PSA.

a b

Figure 3-11: CCDF of Conditional Containment Failure Probability due to Ex-Vessel Steam
Explosion with non-reinforced hatch door for deep (a) and shallow (b) pools.

3.3.4. RES: Summary

RES focuses on the development of theoretical background and implementation of
the ROAAM+ framework. The aim is to achieve (i) completeness, (ii) consistency,
and (iii) transparency in the review of the analysis and its results. A two-level coarse-
fine iterative analysis approach is employed. First, fine-resolution but computation-
ally expensive methods are used in order to (a) provide better understanding of key
phenomena and their interdependencies, (b) identify transitions between qualitatively
different regimes and failure modes, and (c) to generate databases of solutions. The
fine-resolution codes are run independently, assuming wider possible ranges of the
input parameters. Second, a set of coupled modular frameworks is developed con-
necting initial plant damage states with respective containment failure modes. Deter-
ministic processes are treated using surrogate models based on the data obtained from
the fine-resolution models. The surrogate models are computationally efficient and
preserve the importance of scenario and timing. Analysis carried out with the com-
plete frameworks helps to identify risk significant and unimportant regimes and sce-
narios, as well as ranges of the uncertain parameters where fine-resolution data is
missing. This information is used in the next iteration of analysis with fine-resolution
models, and then refinement of (i) overall structure of the frameworks, (ii) surrogate
models, and (iii) their interconnections. Such iterative approach helps identifying ar-
eas where additional data may significantly reduce uncertainty in the fine- and coarse-
resolution methods, and increase confidence and transparency in the risk assessment
results. Extended treatment of the uncertain parameters including the effect of the
unknown distributions is employed rendering quantification of uncertainty in the fail-
ure probability in terms of a cumulative distribution. Failure domain representation
is proposed to identify “safe” and “failure” subdomains considering the confidence
in whether failure probability can exceed screening probability.

The ROAAM+ framework is implemented as a general purpose modular tool in
MATAB. Different kinds of surrogate models can be easily used in the framework to
carry out typical tasks of the forward and reverse analysis.
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An approach for coupling between ROAAM+ and PSA is discussed. Further devel-
opment can address further improvements in (i) computational efficiency of sampling
using second order statistical analysis; (ii) representation of failure domains in mul-
tidimensional parameter space; (iii) further extension of connections with PSA.

3.4 Melt Ejection Mode (MEM)

The MEM goal is to develop deterministic models in order to establish connection
between plant damage states and respective characteristics of (i) core relocation; (ii)
vessel failure (timing and mode); and (iii) melt ejection (vessel breach size, melt su-
perheat, composition, flow rate and total amount of ejected melt).

3.4.1. Core Relocation

Figure 3-12: Core relocation surrogate model.

There is an apparent sensitivity of the vessel failure phenomena due to the character-
istics of the debris in the lower plenum [100], [25]. The goal is to develop Core Re-
location full and surrogate models that can be used in the ROAAM+ framework [49]
for prediction of the effect of core degradation and relocation processes on the debris
bed properties in the lower head. General approach to the development of the Core
relocation SM is illustrated in Figure 3-12. In order to achieve the goal and develop
the SM according to the general approach, following tasks are addressed [57]: (i)
definition of the plant damage states and respective frequencies from PSA-L1; (ii)
definition of the scenario space including possible timing of system recovery and
operator actions; (iii) development of the database of the core degradation transients
using MELCOR code with regular and GA-IDPSA adaptive sampling techniques
[101],[102], [103], [68], [76], [77]; (iv) establishing connections with the other SMs
in the ROAAM+ framework; (v) data mining and simplified modeling for develop-
ment of the SM based on the database of the FM solutions.

Definition of the plant damage states based on PSA-L1 data

This task includes (i) grouping of initial plant damage states based on PSA-L1, EOP
and SAMG:; (ii) selection of representative plant damage states (based on contribution
to total core damage frequency) and scenarios for MELCOR (FM) analysis. In PSA
L1 for Nordic BWR reference plant design the core damage states are grouped into 4
categories: HS1 (ATWS), HS2 (core damage due to inadequate core cooling), HS3
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(core damage due to inadequate residual heat removal) and HS4 (rapid overpressure
of the primary system). The categories (HS1, HS2, HS4) correspond to early core
damage scenarios, HS3 corresponds to late core damage. In addressing ex-vessel be-
havior and consequences, the following physical phenomena can challenge contain-
ment integrity: direct containment heating (DCH), ex-vessel steam explosions (EVE)
and basemat penetration (BMP) by non-coolable corium debris. DCH scenario cor-
responds to high pressure (HP) accident scenario, steam explosion in the containment
(EVE) corresponds to low pressure (LP) scenario. Both HP and LP lead to formation
of ex-vessel debris bed and potential corium interaction with containment basemat.

Definition of the scenario space with possible recovery and operator actions

The station blackout (SBO) scenario occurred in Fukushima-Daiichi [19] is among
the major contributors to the core damage frequency (CDF) for Nordic BWR accord-
ing to PSA Level 1 analysis. In the Forsmark 2006 incident it took about 30 minutes
for the plant operators to restart all diesels. In this work we consider station blackout
(SBO) scenario with a delayed power recovery. We consider a simultaneous loss of
the offsite power (LOOP) and backup diesel generators. This results in the simulta-
neous loss of all water injection systems, including crud purge flow through the con-
trol rod drive tubes. According to the considered scenario, the operator can delay
activation of the depressurization system to keep coolant in the vessel. For injection
of water with low pressure ECCS, depressurization has to be activated. The capacity
and timing of activation of the safety systems are elements of the scenario.

Core Relocation Analysis Results Using MELCOR code: The Effect of Severe Acci-
dent Scenario on the Properties of Relocated Debris in LP

The analysis of the effect of severe accident scenario and possible recovery actions
using different MELCOR code versions has been performed [14], [17]. A data base
of full model solutions has been generated using MELCOR code versions 1.86
(rev2911), 2.1(rev7544) and 2.2(rev9541). Sampling, i.e. MELCOR code execution
and data extraction processes, is run by a simulation driver, implemented in
MATLAB, which performs: (1) sampling generation; (ii)) MELCOR Input file gener-
ation; (iii) execution of the MELCOR code on distributed computing network; (iv)
adaptive refinement of the maximum time step; (v) extraction of the data to the data-
base of solutions and post-processing of the results. Summary of the results are pre-
sented in Figure 3-13 in form of maps (as functions of ADS and ECCS Timing). Post-
processing of the results has been performed using pattern analysis approach [14].
The results showed that: the most common relocation pattern is a rapid relocation to
LP; the major part of core materials is relocated to LP shortly after initial core support
plate failure (within ~30-60mins); delay in activation of ADS can delay massive core
relocation to LP, however it results in greater extent of debris oxidation; ECCS is
effective in preventing massive core relocation only within relatively small time win-
dow after activation of ADS; debris composition (i.e. metallic/oxidic debris fraction)
in different layers are sensitive to the accident scenario and can be classified into a
limited number of groups (see Figure 3-14) (Group A — significant metallic fraction
— corresponds to early ADS activation, Group B — Significant oxide fraction — corre-
sponds to late ADS activation, Group C — corresponds to the group of scenarios with
relocated debris mass within the range of 100 tons.)
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Figure 3-13: Debris Mass in Nordic BWR Lower Plenum at Tref+3600sec as a function of
ADS time and ECCS time obtained with MELCOR 2.1 rev7544 (a), MELCOR 2.2 rev 9541
(b), and MELCOR 1.86 rev2911 (c).

The oxide fraction of relocated debris in LP in both groups A and B is highly corre-
lated with the hydrogen generated during the course of accident (see Figure 3-14).
Thus the scenarios can be split into 4 groups:

o  Small (<10 tons) relocation domain, mostly metallic debris.

e Transition domain, total debris mass in the range from ~20 to ~100 tons (sensitive
to modelling options in MELCOR (e.g. oxidized fuel rod collapse temperature)).

e Large relocation (over 100 tons) domain with small debris oxidation and rela-
tively high metallic debris fraction (typical for early ADS activation).

e Large relocation (over 100 tons) domain with significant debris oxidation, and
relatively small metallic debris fraction (typical for late ADS activation).

Figure 3-14: Map of metallic debris fraction in the 1" axial level (Left); Hydrogen mass in
containment as a function of severe accident scenario (Right) [14].

Moreover, we found that there are some discrepancies in predictions of different code
versions [17]. For example, there is a major discrepancy in prediction of the total
debris mass and time of core support plate failure between MELCOR code versions
1.86/2.1 and 2.2. For scenarios with late depressurization (in the range of ~4000-7000
sec.) and reflooding MELCOR 2.2 predicts possible stop of accident progression in
core region, and prevents massive core relocation to LP. One of the possible expla-
nations is that in MELCOR 1.86/2.1(rev prior to 7864) failed canister candle to the
cell below onto fuel rods leading to their earlier failure. In MELCOR 2.2 canister
candle onto canisters below. This reduces rod failure when a canister fails and leads
to reduced numerical variance in solutions [125], [124]. We also found other differ-
ences in prediction, which can be due to different values of default and best practices
sensitivity coefficients used in the analysis.

47



Sensitivity Analysis for Severe Accident Progression and LP Debris Properties

Sensitivity analysis using Morris method [75] has been performed for two representa-
tive cases with large (Case A (ADS Time — 2500sec, ECCS Time - 8500 sec) and
small (Case B (ADS Time — 8000sec, ECCS Time — 8500sec) metallic debris fraction
that represent typical behavior for scenarios with early and late depressurization and
late water injection [14], [18]. Ranges of the parameters selected for MELCOR sen-
sitivity study is presented in the Table 3-2. Total debris mass, hydrogen mass in con-
tainment, metallic fractions in the first and second axial levels and time of onset of
massive relocation to LP were taken as response functions in this analysis. Descrip-
tive statistics is presented in Table 3-3,

An approach for connection between Core Relocation and In-vessel Debris Bed
Coolability and Vessel Failure analyses has been developed in [14] for the case when
another model (not MELCOR) is used for prediction of vessel failure and melt re-
lease. Different approaches to development of the surrogate model for prediction of
the properties of relocated debris and LDW pool conditions have been developed
[76], [57]. The surrogate model used in this work is of a “look-up table” type. The
output of the surrogate model is presented as mean and standard deviation of respec-
tive distributions of the parameters of interest [16].

Table 3-4. In Case B (see Figure 3-15a) the most important factors for hydrogen pro-
duction are particulate debris porosity (PDPor) and debris falling velocity (VFALL).
For the Case A, (see Figure 3-15a) the most important factors for hydrogen produc-
tion are PDPor, TRDFAI. The details of results of sensitivity study are summarized
in[17], [18], [57].

Table 3-2: Selected MELCOR parameters and their ranges.

Parameter name Range Units
For 1.86
Maximum Time Step (MTS) [0.001-2.0] sec
Oxidized fuel rod collapse temperature (TRDFAI) [2500-2650] K
Particulate Debris Porosity (PDPor) [0.3-0.5] -
For 1.86 and 2.1, 2.2
Velocity of falling debris (VFALL) [0.01-1.0] m/s

LP Particulate debris equivalent diameter (DHYPDLP)
For2.1,2.2

[0.002-0.005] m

Molten Cladding (pool) drainage rate (SC11412) [0.1-2.0] kg/m-s
Molten Zircaloy melt break-through temperature (SC11312) [2100-2540] K
Time Constant for radial (solid) debris relocation (SC10201) [180-720] sec
Time Constant for radial (liquid) debris relocation (SC10202) [30-120] sec
Heat transfer coefficient from falling debris to pool (CORCHTP) | [200-2000] | W/m2-K
Table 3-3: Descriptive statistics for the Case A and B with MELCOR 2.1.
Mean value u Min Skewness
Standard deviation ¢ | Max Kurtosis
A B A B A B
Debris m K 209773 181655 | 137373 | 80772 | -0.31 | -0.06
ebris mass (kg) 19220 37624 | 261324 | 260196 | 4.26 | 2.54
. . . 0.43 0.36 0.36 026 001| 0.13
Metallic debris fraction 003 005 05 051 260! 229
T,z (seC) 5092 6882 3810 4285 | -0.74 | 0.24
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559 905 | 6050 | 11050 | 240 | 5.05
Hydrogen mass (kg) 583 1184 344 792 | 081 | 029
ydrog g 135 232 | 1008 | 1823 | 325| 24

An approach for connection between Core Relocation and In-vessel Debris Bed
Coolability and Vessel Failure analyses has been developed in [14] for the case when
another model (not MELCOR) is used for prediction of vessel failure and melt re-
lease. Different approaches to development of the surrogate model for prediction of
the properties of relocated debris and LDW pool conditions have been developed
[76], [S7]. The surrogate model used in this work is of a “look-up table” type. The
output of the surrogate model is presented as mean and standard deviation of respec-
tive distributions of the parameters of interest [16].

Table 3-4: Descriptive statistics for the Case A and B with MELCOR 2.2.

Mean value u Min Skewness
Standard deviation o Max Kurtosis
A B A B A B
Debris mass (kg) 215722 189982 | 145404 1171 | -0.25 | -0.90
g 26115 52635 | 278770 | 290046 | 3.56 | 4.47
. . . 043 0.36 0.35 022 | -008 | 0.00
Metallic debris fraction 003 005 05 05| 281 750
T, (sec) 5186 7424 3735 | >40000 | 0.08 | -2.97
ref 797 1304 7025 9960 | 2.04 | 18.44
Hvdrogen m K 602 1231 315 762 | 0.89 | 028
ydrogen mass (kg) 173 263 | 1143 | 2115 | 322| 257
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Figure 3-15: MELCOR 1.86. Cumulative distribution function of (a) Hydrogen mass gener-
ated (kg) (b) Metallic debris fraction in the first axial level.

Summary

Full model (FM) of core relocation has been developed using MELCOR code. GA-
IDPSA and MATLARB tools are used for sampling and populating the database of the
FM solutions. Several thousand accident scenarios have been simulated with
MELCOR. The results indicate that depending on the scenario and timing of safety
systems recovery, core degradation most likely results in small (less than 10 tons) or
very large (more than 200 tons) relocation of debris. The number of scenarios with
intermediate (from 20 to 100 tons) mass of relocated debris is relatively small. The
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domain where such scenarios are located overlaps with the domain of very large re-
location, meaning that small variations in the scenario parameters can lead to signif-
icant variations of the properties of relocated debris bed in this domain. Sensitivity
analysis helps to understand the effect of different modeling factors on the predictions
with different MELCOR code versions.

3.4.2. Vessel Failure Modeling

Vessel failure mode and timing provides initial conditions and limiting factors for the
melt release and ex-vessel accident progression. The ultimate goal is to develop sur-
rogate models (Figure 3-16) for prediction of timing, amount, properties and super-
heat of the melt available for release in different vessel failure modes. Debris reheat-
ing, remelting, and melt-interaction with vessel wall and structures are important phe-
nomena. The fine resolution full models based on MELCOR, DECOSIM [114],[112]
and PECM/ANSYS ([88], [93], [95]) are employed for simulations.

Figure 3-16: Debris re-melting Vessel failure surrogate model.

The DECOSIM and PECM/ANSYS codes are complementary approaches which de-
scribe two different classes of scenarios with initially (i) porous debris bed and (ii)
“solid cake” bed, respectively. The DECOSIM code that was developed earlier for
ex-vessel applications is extended to the in-vessel case by taking into account con-
gestion of lower plenum by structural elements, heat transfer in the vapor phase, as
well as remelting of the corium material. Also, the thermal hydraulics module of the
code was enhanced to make simulations possible at high temperatures, characteristic
of the post-dryout stage of accident progression, to determine if a porous debris bed
is coolable or non-coolable. The non-coolable debris bed requires further analysis.
The PECM is implemented in the commercial code FLUENT® and simulates the de-
bris bed heatup, remelting, melt pool formation and heat transfer. A coupled thermo-
mechanical creep analysis is carried out with ANSYS® code where transient heat
transfer characteristics from PECM are used as boundary conditions. The defor-
mation of the vessel wall is assumed to have negligible effect on the melt pool heat
transfer, so only one way coupling between PECM and ANSYS is employed.
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Vessel Failure Analysis with MELCOR Code

The analysis of vessel breach and melt release conditions with MELCOR code was
performed with MELCOR 2.1 (rev.7544). In the analysis we considered ADS and
ECCS timing to be uniformly distributed within [1.e3-1.e4] (sec) (subject to ADS
Timing < ECCS Timing constrain, i.e. water injection with (Low Pressure) ECCS
cannot be initiated prior depressurization). The analysis was performed for 4 sets of
calculations: (1) No penetration modelling, solid debris ejection: only vessel wall can
failure due to creep-rupture; debris can be ejected regardless of its state. (2) No pen-
etration modelling, no solid debris ejection: only vessel wall can failure due to creep-
rupture; molten debris (plus some fraction of solid debris, based on secondary mate-
rial transport model [126], [127]) can be ejected. (3) Penetration modelling, solid de-
bris ejection: vessel can fail due to penetration failure and/or vessel wall failure (due
to creep-rupture); debris can be ejected regardless of its state. (4) Penetration model-
ling, no solid debris ejection: vessel can fail due to penetration failure and/or vessel
wall failure (due to creep-rupture); whenever any failure condition is satisfied, an
opening with an initial diameter defined by the user (e.g IGT — 0.07m, CRGT -
0.14m) is established. If there are no penetrations modeled, initial diameter will take
default value of 0.1 m, however in case of gross failure of vessel wall, it is assumed
that all debris in the bottom axial level of the corresponding ring, regardless its state,
is discharged linearly over 1s time step without taking into account failure opening
diameter.

Molten debris (plus some fraction of solid debris, based on secondary material
transport model [126], [127]) can be ejected. The velocity of material being ejected
is calculated from the pressure difference between the lower-plenum control volume
and the reactor cavity control volume, the gravitational head from the debris layer
itself, and a user-specified flow discharge coefficient, using the Bernoulli equation
[126],[127]. Ablation of the failure opening is modeled by calculating the heat trans-
fer to the lower head by flowing molten debris. A simplified implementation of the
ablation model by Pilch and Tarbell is used [126], [127].

Figure 3-17 show the cumulative distribution of the time of vessel wall breach and
release time. Penetration failure occurs earlier than vessel failure after initiating

event.
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Figure 3-17: Time of Vessel Failure and Melt Release (sec) a) No penetration modelling b)
With penetration modelling.
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Figure 3-18: Molten Metallic and Oxidic Debris at the Time of the Release a) without and b)
with penetration modelling.

In case of penetration failure, release starts with some time delay after initial vessel
breach. Figure 3-18 and 3-19 show the amount of metallic and oxidic debris at the
time of the release, and corresponding molten debris components superheat.

Mass of molten metallic debris can range from ~1-25 tons in case without penetration
modelling (vessel wall failure, see Figure 3-18a), while in case of penetration failure
(see Figure 3-18b), it ranges from ~1 to 45 tons. This difference between molten me-
tallic debris mass, and comparable values of mass averaged superheat of metals (see
Figure 3-19a.b) can be explained by water drainage from the vessel at early penetra-
tion failure, which results in rapid uncovery of the debris in scenarios where water
injection is initiated after vessel breach due to penetration failure, and due to the effect
of molten pool models in MELCOR code. It is assumed in MELCOR that particulate
debris will sink into a molten pool, displacing the molten pool volume. Thus, once
solid debris components with lower melting point (such as stainless steel) start to
melt, the volume occupied by the solid debris decreases, the molten materials will
occupy empty volume within the solid debris (reducing solid debris porosity). The
remaining melt will form a molten pool on top of the particulate debris, which will
be displaced by particulate debris to the cell located above, eventually producing a
stainless steel-rich layer on top of the solid debris.
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Figure 3-19: Mass Averaged Superheat of Molten Debris Components at the Time of the
Release a) without and b) with penetration modelling.
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Figure 3-20: (a) Maximum debris ejection rate (kg/s) (b) Maximum enthalpy rate (J/s) with
penetration modelling, solid debris ejection ON (IDEJ=0).
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Figure 3-21: (a) Maximum debris ejection rate (kg/s) (b) Maximum enthalpy rate (J/s) with-
out penetration modelling.

Figure 3-20 and Figure 3-21 show examples of the maps of debris ejection rate and
enthalpy rate. Detailed analysis [57] show that vessel wall failure results in rapid
ejection of lower plenum debris to the cavity, with initial debris ejection rates of ~2 -
103(kg/s), and enthalpy rate of ~10%(W), regardless of the option chosen for
solid/liquid debris ejection. In case of penetration failure, debris is discharged at the
rate of ~4-10%(kg/s), and enthalpy rate of ~5-108(W), which is considerably
smaller compared to the values for vessel wall failure. Furthermore, the results show
that there is quite significant difference in results between solid vs. liquid debris ejec-
tion options, where the latter option results in smaller values of debris ejection and
enthalpy rates [57].

PECM/ANSYS Thermo-Mechanical Full Model for Vessel Failure Analysis

PECM is a 3D model implemented in Fluent for prediction of melt pool convection
and heat transfer (see [88], [93], [95] for more discussions) in the BWR lower ple-
num. ANSY'S Structural under ANSYS Workbench is used to simulate deformations
and thermal creep of the vessel wall and penetrations (see Figure 3-22). CRGTs can
be cooled from inside by water flow; the water is assumed to be ejected from the
CRGTs providing a water layer atop of the debris bed, otherwise adiabatic boundary
conditions are used for CRGT surfaces. Other surfaces are subjected to Neumann
boundary conditions. The vessel wall is insulated and therefore a small heat flux (20
W/m?) is allowed at the external surface. A modified time hardening (primary) creep
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model is chosen in ANSYS 17. Coefficients for the model are generated using the
experimental creep data for vessel steel SA533B1 from Rempe et al. [78]. See [95]
for complete details along with the validation.

Insights from PECM-ANSYS Analysis with Homogeneous Debris

Previous PECM-ANSYS calculations [95] were done using a 3D slice model of the
lower head (see Figure 3-23b) and a 2D axisymmetric model of the vessel wall. A
more detailed 3D quadrant model of the lower head has also been used but it is com-
putationally expensive. To combine the accuracy of the 3D quadrant model and the
efficiency of the 3D slice model, an effective 3D slice model was developed by pre-
serving (i) the cooled surface to heated volume ratio, (ii) surface area (in contact with
the debris bed) to volume ratio, and (iii) mechanical load to the vessel wall (due to
the penetrations) as in the 3D quadrant model.

Debris Bed Heat Transfer with PECM Vessel Deformation and Creep with ANSYS

Thermal load 3D quadrant

>

Thermal load
3D slice

>

Figure 3-22: Coupled thermo-mechanical simulation flow.

Figure 3-23: Geometry of (a) 3D quadrant and (b) 3D Slice used in PECM.
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Figure 3-24: Melt mass fraction (a) melt superheat (b).

The debris averaged temperature, melt mass and displacements are in excellent agree-
ment between quadrant and effective slice. It has been shown that higher pressure has
a small effect on vessel failure timing [26]. The debris remelting starts around 2.5
hours, and it intensifies between 2.75 — 3.75 hours; during which more than 50 %
(~115 tons of 230) of debris bed becomes molten in all the cases. It was also found
[26] that the thermal conductivity is the most influential parameter for timing of the
failure, mass and superheat of liquid melt available for release. The melt mass and
melt superheat plotted with respect to the thermal conductivity of the vessel wall are
shown in Figure 3-24.

Vessel failure analysis with debris properties provided by MELCOR

A method is developed to directly map debris bed non-homogeneity obtained in
MELCOR to PECM simulations in Fluent including: non-uniform spatially-distrib-
uted temperature and physical variables; parameters are locally (mass/volume) aver-
aged as a mixture of components (UO2/Zr/ZrO2/SS/SSOX) over each MELCOR
cell; spatial and temperature dependent physical properties. A total of 120 MELCOR
core relocation cases varying in ECCS/ADS activation time were used to generate a
vessel failure response database. The results are analyzed regarding different vessel
failure modes (vessel wall failure, CRGT failure, IGT failure) and corresponding pa-
rameters of interest (failure time, failure location, corresponding melt mass, corre-
sponding maximum temperature or superheat). Vessel failure time is defined as the
timing when maximum creep strain reaches 20 %.

Vessel Wall Failure Time in ANSYS (s) Vessel Wall Failure Time since SCRAM (s)

0J=

(a) (b)
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Figure 3-25: Simulation results of vessel wall failure.

Figure 3-25a shows the vessel failure time given by ANSYS simulations directly.
Figure 3-25b is vessel wall failure time since SCRAM (the time needed from SCRAM
to vessel failure) is the global failure time by adding tr+60min to the vessel failure
time in ANSYS simulation. Figure 3-25c shows the vessel failure location indicated
by polar angle in degree (0~90°). Figure 3-25d illustrates two vessel snapshots of
high polar angle failure and low polar angle failure. Figure 3-25¢ and Figure 3-25f
show the superheat and melt mass at failure time respectively. Cases where failure
does not occur are left empty in the corresponding block that represents the case in
the figures. Some trends can be observed from the figures and are grouped into 4: 1)
for the region satisfying taps<4500s and tgccs-taps<2000s, no vessel wall failure oc-
curs; 2) for the remaining region satisfying taps >6000s: early failure/ low failure
location/large super heat/large melt mass are expected; 3) for the remaining regions
satisfying 3500s< taps<6000s, late failure occurs; 4) for the remaining region satis-
fying taps<3000s, most cases would have early failure.

CRGT welding points are 40 cm from the bottom while IGT points are 17 cm from
the bottom. Failure criteria in the simulations are maximum temperature of any
CRGTSs/IGTs reaches (i) 1110K for accelerated creep, and (ii) 1670K for melting the
CRGTs/IGTs. Figure 3-26 and Figure 3-27 give respectively CRGT and IGT failure
times and corresponding maximum debris temperatures for both failure criteria. Fig-
ures show that: 1) for the domain taps<4500s, tgccs-taps<2000s: no CRGT failure
occurs, 2) for the domain taps>7000s, early failure occurs, 3) for other cases, late
CRGT failure occurs when ADS is activated during 4000-5000s (regardless of ECCS
activation). No molten oxidic debris is expected in all cases at CRGT failure time,
however metallic debris might be molten at observed temperatures. Same trends are
observed in IGT failure mode as in CRGT failure mode.
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Figure 3-26. Simulation results of CRGT failures.

IGT Failure Time (1100 K) since SCRAM (s) Tmax when TigT, max= 1110 K in ANSYS (K)
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IGT Failure Time (1670 K) since SCRAM (s) Tmax when TiGT, max= 1670 K in ANSYS (K)
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Figure 3-27: Simulation results of IGT failures.

Vessel Failure Surrogate Model

After the database generation, the vessel failure surrogate model is developed using
local linear regression. The target output y is assumed to be linear function of input
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variables y =f1+f2 x1 +f3 x2. N known points can be used to determine the coeffi-
cients f1, f2 and 3 which satisfy Y = X, B = (XTX)71XTY.In our case, variables
x1 and x2 can be ECCS and ADS activation time and y can be any output parameters
of interest. So, given ECCS, ADS time x; = X¥;, x, = X5, output y can be solved by
the following expression = [1 ¥; X,]0.

The surrogate model was implemented as a MATLAB script implementing local in-
terpolation using information from the neighbor points (n=4). Minor change is needed
to include more points (n=16 or more). This model can accept the ECCS activation
time and ADS activation time as input. The output would include vessel failure mode,
failure time, location, corresponding melt mass and maximum temperature. The next
step is to incorporate the surrogate model into ROAAM+ framework and test it.

Summary of Vessel Failure Modeling using MELCOR and PECM-ANSYS

Debris bed configuration has significant influence on vessel failure mode and timing.
There are several phenomena that can affect debris configuration: Multicomponent
reheating and remelting; melt and water flow in a porous debris bed; debris configu-
ration changes due to phase changes, oxidation, partial melt release; melting and col-
lapse of IGT and CRGT pipes. MELCOR has models that address these phenomena,
however, current approaches might be over-simplified and lacking necessary valida-
tion database due to the extreme complexity of the phenomena. Our approach is to
focus on possible limiting factors in design, scenario, and phenomena that can sim-
plify the analysis but still provide conservative coverage of possible scenarios.

Vessel failure Surrogate Model (SM) was developed using the database of vessel
failure related parameters of interest and a local interpolation of the FM solution.
Main findings from the analysis of MELCOR and PECM results are in a qualitative
agreement, i.e. penetrations generally fail sooner than vessel wall, and, in some cases,
amount of liquid melt can be relatively small at the time of failure. However, quanti-
tatively, the results are quite different. The ranges of vessel wall failure timing ob-
tained in MELCOR is much wider (~18000-37000 seconds after SCRAM) than in
the ANSYS-PECM (~15000-20000 seconds). Melt superheat also varies in
MELCOR in wider ranges ~0-1200 K than ~0-200 K in ANSYS-PECM. PECM pre-
dicts that penetrations will fail at the time when no liquid melt will be available, while
MELCOR predicts that up to 60 tons of liquid metallic melt can be available at the
time of penetration failure.

Main potential advantage of PECM model is the effective convection model that can
take into account heat transfer in a large melt pool with 3D structures (such as cooled
from inside CRGTs). However, amount of liquid melt predicted at the time of failure
is relatively small, which makes potential advantage of PECM model less effective.
On the other hand, MECLOR has models for considering non-homogeneous debris
remelting and oxidation, which can affect local debris properties, thermal loads and
allows to treat separately metallic and oxidic melt materials during melt ejection and
the effect of partial melt release on the remelting of remaining debris. In summary,
MELCOR, while lacking 3D features of PECM, provided wider ranges of possible
scenarios of vessel failure and melt release, which should be taken as a reference for
future analysis.
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DECOSIM Full Model for In-vessel Debris Coolability Analysis

The multifluid three-phase model implemented in DECOSIM includes the mass, mo-
mentum, and energy conservation equations for liquid water, vapor, and solid mate-
rial taking into account the congesting structures [57]. Relevant closures and descrip-
tion of numerical implementation can be found in [110], [111], [112], [123]. The
approach allows us to consider large-scale flowfields without resolving geometries
of each individual CRGT's or IGTs.

In-vessel Debris Coolability Analysis with DECOSIM: Initially Quenched Debris

Vessel geometry of a reference design of Nordic-type BWRs is used in simulations
(Figure 3-28). The dashed lines (at the heights of 0.17 and 0.4 m above the vessel
bottom) indicate positions of IGTs and CRGT's nozzle welding points. In the initially
quenched debris bed case, the initial state of the debris bed was completely filled with
water, and the temperature of solid particles was equal to the saturation temperature
at the local pressure. Simulations have shown that debris bed coolability is strongly
affected by the particle diameter. For 3 mm particles, the debris bed was coolable for
all melt masses and relocation times; local dryout did not occur and cooling of the
material was provided by water evaporation, the maximum solid particle temperature
remained close to the local saturation temperature. For 2 mm particles, local dryout
was observed for the largest mass of debris bed M = 200 t at the relocation time t,, =
1.5 h, however, in this case the maximum superheat of particles with respect to the
saturation temperature was about 50 K, after about 1 hour the dry zone was reflooded
again, the solid material temperature remained close to saturation afterwards. For
1 mm particles, debris bed coolability depends on the total mass M and relocation
time t,.

Figure 3-28: Reactor pressure vessel geometry and computational mesh.

Debris bed mass M

mm mm mm mm mm
Particle diameter d

Figure 3-29: Summary of coolability results for initially quenched debris bed. N - non-coola-
ble with temperature escalation, S - dryout with temperature stabilization, C - coolable (no
dryout, or dryout followed by reflooding).
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Figure 3-30: Particle temperature in initially quenched debris bed at time t=3 h: (a) M =
200td=1mm; (b)) M =100t,d =1 mm

The coolability results obtained for initially quenched debris bed are summarized in
Figure 3-29 where color coding is use to mark the cases where temperature escalation
(red), temperature stabilization (green), or “no dryout” or “dryout followed by re-
flooding” (blue) was observed within 3 hours after core relocation. Spatial distribu-
tions of particle temperatures in debris beds are presented in Figure 3-30 for the debris
bed masses of 200 and 100 t; the debris bed shape is shown by the white lines. Water
ingress into the debris bed occurs in the bottom part of the debris bed, the vapor flow
is directed upwards. The decay heat power is gradually decreasing with time, and
even when the temperature looks stabilized, it will actually be decreasing slowly later
on, and the size of dry zone will be shrinking accordingly.

Initially Hot Debris bed with Unlimited Water Supply

For an initially dry hot debris temperature of 1000K the debris bed was filled with
vapor at the same temperature. The space above the debris bed is filled with saturated
water. For larger particles, total reflooding of the debris bed occurs after 1-2 hours,
and the maximum temperature of solid material falls down to the saturation temper-
ature. For 1 mm particles, as well as for 2 mm particle and corium mass of 200 t, high
drag prevents incoming water from reflooding the whole volume of the debris bed,
and a steady temperature rise can be observed to the levels where remelting of the
material can occur. In the case of 200 t — 2 mm debris bed, reflooding occurred for a
relocation time of 3 h. The time to reach remelting is approximately 2.5 h after core
relocation, or 4 h after SCRAM. In all the cases some part of debris remains dry; the
temperature in these zones increases and reaches the melting point. To elucidate this,
in Figure 3-31 the mass fractions of molten corium are shown at the final instant t =
3 h (i.e., 4.5 h after SCRAM). Evidently, in the last two cases remelting and high
temperatures are reached in the bottom part of the debris bed in the vicinity of the
vessel wall.

M =200t.d =2 mm M =150t. d =1 mm M =100t.d =1 mm
Figure 3-31: Melt fraction at time t=3 hours in the initially dry debris bed.
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In Figure 3-32, the temperatures at the levels of CRGT welding points are shown,
demonstrating rapid quenching of debris bed for M=200 t and d=2mm (the maximum
temperature remains below the melting point for stainless steel). However, in the case
of small particles (M=100 t, d=1 mm), only the central CGRTs are reflooded com-
pletely, while all other CRGT's feature some temporary temperature decrease, turning
into secondary reheating because of shrinking of the reflooded zone with time.
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Figure 3-32: Time histories of temperatures at CRGT welding points.

Table 3-5 summarizes the coolability of the debris bed and possible model of melt
release depending on the initial state of the debris bed. For an initially wet debris bed,
it is found to be coolable if the debris mass is less than 100 tons with large particles
(>2 mm). On the other hand, if the debris mass is larger and the particle size smaller,
a massive melt release is expected. The same scenario is expected for an initially dry
debris bed with large mass and large particle sizes. A dripping melt release is ex-
pected for an initially dry debris bed with small mass and small particle sizes.

Table 3-5: Coolability of the debris bed and possible mode of melt release.

i Cotte | Drping | Mt
Small mass (<100 t) Large particles (>2mm) Yes - -

wet Large mass (>100 t) Small particles (<1 mm) - - Yes
Small Mass (<150t) Small particles (~1mm) - Yes -

by Large Mass (>150 t) Large particles (>2mm) - - Yes

Influence of Limited Water Inventory and Debris Bed Shape

Simulations with limited water inventory were run for 10,800 sec (3 hours), which,
for the chosen relocation time t,, = 1.5 h, corresponds to the period from 1.5 to 4.5
hours after SCRAM. During this period, the specific decay heat power drops from
W = 179 to 132 W/kg. In all cases, the initial temperature of debris bed was T =
1000 K, the porous medium was filled with single-phase water vapor at the same
temperature. On the top boundary of the computational domain, constant pressure
Py, = 3 bar was maintained, the pool is at saturation conditions with initial water level
H,, = 4.0 m. In Table 3-6, parameters of all simulations are summarized; also given
are the maximum local melt fractions and total masses of melt at the final time. For
large debris particles, water usually penetrates into the debris bed along the vessel
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walls, quenching initially hot debris in the near-wall region. By about 1 h, the reced-
ing water level uncovers the top surface of debris bed, and by about 2 h, all debris
bed becomes dry again. Simulations show no significant penetration of water through
the top surface (unlike in infinite water supply case with smaller beds in [123]). Tem-
perature rises steadily in the top part of debris bed where water cannot penetrate.
Accordingly, remelting of the material occurs near the debris bed top surface, while
temperature rise near the wall is delayed for the total water evaporation time. Water
ingress in the debris bed depends on the drag determined by the mean particle diam-
eter. To elucidate the differences caused by the drag, in Figure 3-33 void fraction
distributions are shown at four consecutive instants for the same debris bed, but with
smaller particles (d,, = 1.5 mm), while in Figure 3-34 temperature fields are shown.
Evidently, the reflooded near-wall zone is thinner in the case of smaller particles,
water penetration proceeds slower, and the size of high-temperature zone is larger.

Behavior of initially dry debris beds of different shapes and masses are qualitatively
similar to those considered previously. Since the amount of water is limited, debris
reheating and remelting becomes inevitable after complete water evaporation. In all
cases with remelting it occurs in the top part of debris bed, while temperature rise in
the near-vessel wall region is delayed due to initial water penetration; therefore, the
temperature distributions developing in the debris bed are non-uniform. Data in Table
3-6 suggests that the time to total water evaporation depends on the particle diameter.
This is attributed to different rates at which water penetrates into initially dry debris
beds. For larger particle diameters, water penetration is faster, and, therefore, with
limited amount of water, total evaporation occurs faster.

Table 3-6: Parameters of simulations and melt masses at time t = 3 h

Debris | Initial water Particle di- Total evapora- Max. melt Mass of
mass mass M,,, ton | ameter d,,, tion time t,,, h | fraction y,[-] | melt M,,,
M, ton mm ton
Flat Top
1.5 2h55m 0.19 1.9
100 550 2.0 2h15m 0.38 0.1
1.5 2h50m 0.45 15.8
150 475 2.0 2h10m 0.64 17.3
1.5 2h30m 0.54 43.1
200 39.1 2.0 2h15m 0.63 37.2
3.0 1h55m 0.59 29.8
Gaussian-shaped Heap
1.5 3h10m 0.55 7.2
100 56.2 2.0 2h40m 0.64 2.3
3.0 2h10m 0 0
1.5 2h45m 0.40 15.5
150 472 2.0 2h10m 0.62 17.8
3.0 1h50m 0.65 12.1
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Figure 3-33: Void fraction distributions upon reflooding of initially dry debris bed (M =
150 dp = 1.5 mm).

Figure 3-34: Temperature fields in the debris bed (M = 150 ¢, d, = 1.5 mm).
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Figure 3-35: Temperature of CRGT (left) and IGT (right) welding points at heights 0.4 and
0.17 m above the bottom vessel wall, respectively, for heap-shaped debris bed with M = 150
t; radial positions are indicated in the legends: a) dp = 1.5 mm, b), dp = 3.0 mm.
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From the severe accident analysis point of view, it is important to know not only the
integral characteristics of temperature rise and remelting in the dry zone, but also
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location of hot zones with respect to the vessel wall and structures. One of the possi-
ble vessel failure modes is local failure of welding of CRGT and IGT to the penetra-
tion nozzles located at elevations of 0.4 and 0.17 m above the vessel wall (see Figure
3-28). In Figure 3-35, the time histories of CRGT and IGT temperatures at different
radial locations are shown; these plots are also typical of those obtained for different
debris bed configurations. One can see that the curves consist of two distinct parts:
initial temperature rise followed by rapid drop after quenching of near-wall zone by
water entering the debris bed along the vessel wall, and steady temperature rise start-
ing with some delay over which water evaporates completely from the debris bed.
These two stages are most clearly seen for the larger particles (Figure 3-35,b). Early
melting of CRGTs and IGTs is not expected because temperature doesn’t reach high
enough values before reflooding. The secondary reheating starts with the delay of
about 60-90 min, depending on the position; this time is determined by propagation
of the receding water level as the amount of liquid in the debris bed is decreased. For
smaller particles, however, water ingress is slower, reflected by longer duration of
each stage in Figure 3-35,a. Moreover, for the near-axis CRGT's no complete quench-
ing of the material occurs, so that quite early failure can be expected. The secondary
reheating also begins later, reflecting slower water evaporation.

Effect of Decay Heat and Debris Property Inhomogeneity

As aresult of core relocation the properties of debris can be inhomogeneous. Scoping
simulations were carried out for water reflooding of an initially dry and hot (1000 K)
debris bed; the decay heat power was reduced by 20% and 50% either in a lower half
of the debris bed (by height), or in a 50 cm-thick spherical layer along the vessel wall.
It was shown that a lower-power layer near RPV wall (metallic materials) promotes
water penetration along the vessel wall in comparison with the homogeneous prop-
erty case. In order to reduce the uncertainty in the initial conditions and debris prop-
erty distributions, a link to MELCOR simulation results was implemented. A snap-
shot of MELCOR simulations were taken as initial data for DECOSIM; Interface has
been developed and implemented for data transfer (nodalization, materials, tempera-
ture, decay heat power per unit mass of UO2); Particulate debris (PD) volume fraction
(COR_VOLF_PD) variable is used to determine the shape of debris bed; Parameters
for each MELCOR cell are distributed evenly to all DECOSIM cells falling within it;
Porosity of debris is assumed to be 40% , mean particle diameter is an input parameter.
DECOSIM simulations were run for 3 hours. For comparison, simulations were also
run starting with quenched conditions where debris was initially at the saturation tem-
perature, and debris bed was initially filled with water. As an example, consider the
case which was started with MELCOR simulation snapshot at time 13000 s. In Figure
3-36, DECOSIM simulation of the reflooding of an initially dry debris bed with as-
sumed particle diameter 1 mm is presented. It can be seen that, similar to the cases of
homogeneous debris bed presented above, water penetration proceeds mainly along
the bottom wall of reactor vessel lower plenum. By the time of 2 hours, water propa-
gates about half of radial distance from the debris bed periphery to the axis. Also
visible is water ingress in the top part of debris bed where the heat release rate is
lower than in the bulk of debris. Similar results were obtained for 2 mm particles
(Figure 3-37), with the same initial conditions as in Figure 3-36. However, water
penetration proceeds much faster, leading to rapid cut-off of the hot zone from the
vessel wall.

In Figure 3-38, the time histories of maximum particle temperatures are shown for
input data from MELCOR at 7200 and 13000 s, particle diameters, and initial states
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(quenched or hot and dry). It can be seen that initially quenched debris bed is coolable
for 2 mm particles, but non-coolable for 1 mm particles. Also, initially dry debris are
heated up to remelting despite partial quenching of debris near vessel wall.

t=0 t =30 min t =2 hours

Void fraction

Temperature of porous debris
Figure 3-36: Reflooding of initially dry debris bed, 1 mm particles.

t=0 t =30 min t =2 hours

Void fraction

Temperature of porous debris
Figure 3-37: Reflooding of initially dry debris bed, 2 mm particles.
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Figure 3-38: Maximum particle temperature in debris bed.

Summary of Results on In-vessel Porous Debris Bed

The results obtained on coolability of a porous in-vessel debris bed reveal several
common features: For large particles: the dry zone (if any) is located in the top part
of the debris bed, where temperature escalation and remelting can occur; in this case,
melt accumulation in a pool can be expected, with massive release to follow the RPV
failure; thermal attack on CRGT and IGT welding is likely to occur only after com-
plete water evaporation. For small particles: the debris bed remains mostly dry due
to rapid evaporation of water in the bed and limited ingress of coolant due to high
drag; CRGT and IGT welding are likely to fail early, resulting in water drainage and
melt release in dripping mode. Inhomogeneity of debris bed affects its coolability:
low decay power and high-conductivity (metallic) layers promote water ingress into
the debris bed, improving its coolability; still, the effect of particle size on the out-
come of porous debris bed formation in the RPV lower plenum is prevailing. Thus,
the uncertainty associated with porous debris bed behavior in the in-vessel conditions
remains contingent upon the debris formation processes.

3.4.3. Melt ejection mode

Vessel failure mode provides initial conditions of lower head failure: (i) size of the
opening (IGT, CRGT, pump, vessel wall) and (ii) amount, properties and superheat
of the available melt. Note that these characteristics can change due to ablation or
plugging of the opening in the vessel. The goal is to develop a tool for prediction of
transient parameters of melt ejection, i.e. jet diameter and melt thermal properties.
The development of MEM framework is depicted in the Figure 3-39. There are two
key phenomena that should be addressed: flow of liquid melt through the solid porous
debris can slow down the release while increasing the temperature of the melt; abla-
tion / plugging of the initial breach during melt structure interaction alter the jet di-
ameter. Currently, the melt filtration through porous debris bed requires adequate
relevant experimental evidences.
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Figure 3-39: Melt ejection mode surrogate model.

1D Modeling Approach to Plugging and Ablation

Preliminary analysis suggested that 3D effect in the breach are not major contributors
to the uncertainty in the melt ejection and ablation plugging phenomena [57]. Com-
putational costs even for the 2D model are rather high for systematic parametric stud-
ies. Previously extensive analysis of breach ablation was done using conservative 0D
approach. In this iteration of MEM model development, we add breach plugging as a
potentially limiting mechanism that can reduce uncertainty in melt release.

We try to clarify the possibility to release the whole core in “dripping” mode i.e.
avoiding “massive” release (in which debris agglomeration and steam explosion can
lead to containment failure). This can be achieved if neither plugging of the breach,
nor extensive ablation of the breach occurs. Definition of the dripping release can be
based on estimated threshold value of jet enthalpy rate (H) for steam explosion
U e () pR (t)z(Cp (T — Tyater) + Hf) < 30MW ; and on the ratio of the jet pen-
etration depth (L) and the water pool depth (L,,4¢), which determines conditions for

Lwat Lwat

Lo 2.1D(OFr () Z—’;

ber estimated at the water level. Both criteria are dependent on the jet radius. The
goals of the analysis are to assess (i) amount of melt that can be released before onset
of plugging or ablation; (ii) respective melt enthalpy release rates; (iii) if decay heat
can be a limiting factor for the enthalpy of melt release.

agglomeration: < 1, where Fr = U?/gD is jet Froude num-

Steady state analysis for ablation/plugging map

The steady state axisymmetric model (Figure 3-40a) computes the thickness of the
crust formed inside the breach given fixed melt release temperature T;, and vessel
wall temperature Ty,,,. In steady state the heat flux from the melt is equal to the heat
flux at the melt/ crust interface q,,, = q.. The heat flux from the melt can be estimated
as a function of Nusselt number Nu, melt thermal conductivity 4,,, melt superheat
ATgyp and jet radius 13,

m
dm = Nu EATsup (3—3)
where Nu = 0.5 - Re™ - Pr - ¢y, ¢ = 0.005 and Re = 22227, pr. = fnZem g

ing n = 1 makes g,, independent from the melt jet radius 7;,. The heat flux at the
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melt / crust interface is defined by crust thickness (R,,,, — 7;;,), crust thermal conduc-
tivity A, and temperatures at its boundaries: T, and Tpy,:

e = Tm_va 1
Y N 34
- In(g) (3-4)

where R, is initial breasch radius (0.035 m in case of IGT failure and 0.075 m in
case of CRGT failure). Due to the cylindrical divergence, the steady state heat fluxes
at different radiuses are not equal but related to each other through respective radi-
uses. For example, the steady state heat flux g, at the melt / crust interface is related
to the heat flux at the crust / wall interface q,,, as:
de " Tm = Guw " Row
With increase of the crust thickness (decrease of the melt radius 7;,) the heat flux at
the vessel wall q,,,, decreases (Figure 3-41). However, below the critical melt radius
T < Torie the heat flux at the melt / crust interface starts to increase. The critical
radius depends only on the initial breach radius: 7.,.;; = R,,, - € 1. Respective critical
heat flux at the melt / crust interface q.,;; is then given by
T, —T,

erit = — ﬁ’lc (3-5)
Depending on the value of the heat flux from the melt g, three possible configura-
tions can be established:

1. Qm > qcrit- There exist a stable equilirium crust thickness and constant melt re-
lease radius. The case when q,, = 2 - qcrir is demonstrated in the Figure 3-41,
the respective jet radius 1, = 0.0275 m. The solution is stable, meaning that
small changes in the boundary conditions will result in small changes in the so-
lution.

2. Qqm = qcrir- There exist a steady state solution with 1,, = R,,, - e~1. However,
such solution is physically unstable: i.e. small changes in the boundary conditions
(for example, reduction in melt release velocity or melt superheat) will lead to
plugging of the breach.

3. qm < Qcrit- There is no steady state solution with melt flowing through the open-
ing in the vessel, i.e. the breach will be plugged.

T
4T crust I crust vessel wall

qTJW

adiabatic

Figure 3-40: MEM: steady state (a) and transient (b) model.
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Steady state heat balance at the vessel breach
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Figure 3-41: Steady state heat balance at the vessel breach.

An important finding from the steady state analysis is that breach plugging will occur
if heat flux from the melt q,, < qcrir- Given fixed melt / crust thermophysical prop-
erties (specifically, T, and A.) a steady state map of breach plugging can be built in
terms of {T,,y,, Vi, ATsup}, see Figure 3-42. The diagonal lines in the map correspond
to critical heat flux (a combination of {T,55%, V<, ATSE ). I melt release conditions
{Vin, ATy} below/above a critical line, then plugging/ablation of the breach could
occur respectively. In case of oxidic melt release (oxidic crust) vessel wall tempera-
ture has significantly smaller effect on the plugging conditions then in case of metal-
lic melt release. The effect is due to significantly higher melting point of oxidic melt
vs metallic melt. The plots in the Figure 3-42 further suggest that for given vessel
wall temperature the dependence of critical melt release velocity and melt superheat
is linear in logarithmic scale and therefore the product VST - ATSCJIf,t is constant.
Steady state map of plugging and ablation can then be expressed in terms of {V, ;¢ -
ATsyp, Tyw}, see Figure 3-43. Domain of parameters where plugging is possible is
limited but not physically impossible; the plugging domain is larger for the metallic
release than for oxidic release; the size of the plugging domain for CRGT is smaller
than for IGT; ablation of CRGT is consequently more likely to occur. The results of
the steady state analysis, should be considered as qualitative because they don’t take
into account transient heating of the vessel wall. Assessment of the mass of melt re-
leased before plugging or onset of ablation cannot require transient analysis.

4 Steady state map for plugging / ablation (oxidic melt)
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Figure 3-42: Steady state map of plugging and ablation in terms of {T,,w, Vi ATsup} for
(Ryw = 0.035 m) (a — oxidic melt, b — metallic melt)
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a b
Figure 3-43: Steady state map of plugging and ablation in terms of {Tyw, Vi + AT syp}. (a
— IGT failure, b — CRGT failure)

Transient analysis

The transient model is schematically shown in Figure 3-40b. The model resolves tem-
perature profiles in the vessel wall and in the crust. Heat transfer equations are for-
mulated in terms of enthalpy H:

1dH  d°H _ 1 dH 1dH | d°H _ 1 dH

rdr | dr?  a,dt’ rdr ' dr?®  a.dt

where a,, . is thermal diffusivity of the vessel steel and melt crust respectively. The

heat flux from the melt at the melt/crust interface is q,,, = Nu ijATsup. The differ-

ence between the heat flux from the melt g, and the heat flux into the crust at the
melt / crust interface defines the rate of crust front displacement:

W _ @ Nudm
dat Ac dar PcCOM2Tm (Hm Hmf)
where H,, is melt enthalpy at melting temperature; H;y¢ is melt enthalpy at the tem-

perature of the melt; p. is melt density; Cp,, is melt heat capacity; L is the latent heat

of solidification. The second boundary conditions is adiabatic wall temperature at

dH . L .
Tm = Rmax arl, = 0, Ryax = 0.161 m is set at the midpoint between two adja-

cent CRGTs. The third boundary condition is equality of the heat fluxes in the crust

. : dr dr
and in the vessel wall at the crust / vessel interface: 4,,, — =A.—| .The

Towlgy,  delg,,
model has been verified for convergence. The model can estimate time evolution of
the breach radius for a combination of {Ty, V;, - ATy}, melt and vessel properties.
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a b
Figure 3-44: Transient solutions for CRGT (a — oxidic melt, b — metallic melt)

An example of calculations is provided in the Figure 3-44. Every curve represents an
individual transient solution. Those solutions that end at zero radius correspond to the
cases of breach plugging; non-zero value of the breach radius indicates conditions
when vessel wall ablation starts. In the case of CRGT failure the time scale for plug-
ging is in the order of ~100 to 1000 seconds. For the conditions with zero melt super-
heat (i.e. fastest possible plugging) the model predicts melt release time until plug-
ging for oxidic melt: above 1000 sec; for metallic melt: above 200 sec. Time scales
for the onset of the ablation are sensitive to the melt release conditions and vary from
0 to few thousands of seconds. In cases of melt release with breach ablation the jet
radius first reduces (crust growth), then increases (crust melting) and only after that
ablation of the vessel wall starts. Similar to the steady state analysis, in the Figure 3-
45 the transient maps of breach plugging and ablation are provided for IGT and
CRGT failure. The size of the plugging domain is smaller compared to the steady
state analysis. The lines separating plugging from ablation are not linear (Figure 3-
45b). Plugging domain is larger for metallic release than for oxidic release. Plugging
of CRGT is less probable than IGT. Ablation is more likely in case of CRGT failure.

Using transient solutions (Figure 3-44) it is possible to calculate the mass of melt that
can be released through a single breach before plugging or ablation will occur (Figure
3-46, Figure 3-47). All plots are in the rage from 0 to 250t. The results suggest that
while significant masses of melt can be released through a single breach, releases of
large amount of material are possible in a limited domain of {Veyis + ATsyp, Vexit}-
Further we consider the number of IGTs or CRGT's that should fail simultaneously to
allow release of 250t of melt before plugging or ablation. The results are given in
Figure 3-48. All plots are provided in the range from O to 60 for IGT and from O to
140 for CRGT. The domain of {Veyi; * ATsyp, Vexic} Where such release can be
achieved is larger (especially for CRGTSs) than for single failure. Note that multiple
failures might have a positive effect on more uniform debris spreading in the pool,
but also increase the mass of melt in premixture and thus steam explosion energetics.
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a b
Figure 3-45: Transient map of plugging and ablation in terms of {Tyy,Vm - AT syp}. (a —
IGT failure, b — CRGT failure)

b
Figure 3-46: MEM: Mass of oxidic (a) and metallic (b) melt that can be released through a
single IGT before plugging or ablation.
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b
Figure 3-47: Mass of oxidic (a) and metallic (b) melt that can be released through a single
CRGT before plugging or ablation

b
Figure 3-48: Number of failed IGTs required to release 250t of oxidic (a) and metallic (b)
melt before plugging or ablation.

Summary and outlook

Transient model of breach plugging has been developed. It was used to analyze melt
release before breach plugging or ablation occurs. A map for transition from plugging
to ablation has been proposed. It was found that plugging with metallic melt occurs
in a wider range of melt release parameters (melt release velocity and melt superheat)
compared to oxidic melt. Time scales of plugging and onset of ablation for metallic
melts were found to be ~50% smaller then for the oxidic melts. The time scales are
in the range from 0 to 1000 sec. The range of melt release parameters where the whole
core can be released before plugging or ablation is narrow. Currently possible ranges
of melt release condition (velocity, superheat, vessel wall temperature) are much
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wider. CRGT is much less prone to plugging and more prone to ablation than IGT.
Multiple IGT failures potentially can increase melt fraction that can be released be-
fore start of plugging/ablation. However, effect of multiple jets on the risk of con-
tainment failure has not been studied yet.

Obtained results further suggest that release in dripping mode is possible, but only in
a limited range of melt release parameters. It is important to point out that the pre-
sented analysis stopped at the onset of breach ablation. In reality, there is still a mar-
gin that can allow melt release through an ablating breach in dripping mode. Assess-
ment of this margin, i.e. assessment of the rate of breach ablation using the numerical
approach developed here, may increase the ranges of melt release parameters where
melt release occurs in dripping mode. Further development of the MEM FM should
include modelling of vessel breach ablation, which can be considered as a natural
extension of the currently implemented model. Further reduction of uncertainty
would require further development and coupling with the MECLOR to limit possible
range of input parameter.

Currently MEM/VF SM is the largest source of uncertainty in the framework. Exper-
imental evidences are required to develop models of debris remelting [54]. An exper-
imental program for investigation of debris remelting is currently under development.

3.5 Debris Coolability Map (DECO)

Non-coolable debris bed presents a credible threat to containment integrity. Phenom-
enology of ex-vessel debris bed formation and coolability includes coupled (i) jet
breakup, (ii) melt droplet cooling and solidification; (iii) debris agglomeration;
(iv) particle spreading in the pool; (v) debris bed self-levelling; (vi) debris bed coola-
bility; (vii) post-dryout behavior with possible remelting, etc. Debris bed cools by
evaporating water that is pushed into the bed by the hydrostatic pressure. Steam gen-
erated inside the debris bed is escaping predominantly upwards, generating convec-
tion flows in the pool and changing conditions for melt-coolant interactions. This
changes particle properties (size distribution and morphology), packing, agglomera-
tion, and bed formation phenomena. The large-scale circulation in the pool can spread
effectively the falling corium particles over the basemat floor, distributing the sedi-
mentation flux beyond the projection area of particle source (e.g., size of reactor ves-
sel). Debris is gradually spread under the influence of steam production in the bed,
resulting in self-leveling of the settled portion of the debris and changing the shape
of debris bed with time. Relevant phenomena have been extensively studied in the
past. Experiments (Figure 3-49) on debris bed and particle properties (DEFOR-S)
[61], debris agglomeration (DEFOR-A) [63], porous media coolability (POMECO)
[69], particulate debris spreading (PDS) [2] have been developed. A set of full and
surrogate model has been developed and validated against produced experimental
data for the debris formation [67], agglomeration ([41], [37]), coolability ([120],
[107]) and spreading [3] of the debris.
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Figure 3-49. Ex-vessel debris bed formation and coolability framework.

The aim of the DECO framework is the integration of knowledge about different
phenomena in the models that can resolve important feedbacks and, possibly, identify
limiting mechanisms that can reduce uncertainty in assessment of debris coolability.

3.5.1. DECOSIM Models for Debris Bed Coolability Analysis

The mathematical models implemented in DECOSIM code are based on multifluid
formulation, they include a number of submodels describing two-phase pool flows,
disperse particle sedimentation, as well as flows in heat-releasing porous media re-
lated to debris bed coolability in in-vessel and ex-vessel configurations. In this work,
we concentrate on validation of the models relevant to modeling natural convection
flows in the pool, spreading of particles and their fallout onto the bottom surface of
the pool [105]. Air-water flow in the pool is described by the mass and momentum,
and energy conservation equations for liquid water and gas; turbulence is taken into
account only in continuous liquid and described by the k — &€ model with additional
terms for turbulence generation due to relative motion of liquid and gas phases [57].
Validity of k — ¢ turbulence model in the context of two-fluid model has been ad-
dressed previously [36]. Flow-particle interaction due to drag depends on the diame-
ter of the particle, relative velocity and phase composition of the ambient two-phase
mixture. To account for turbulent dispersion of particles, the random walk model is
applied. The effects of turbulence on particle dispersion are modeled by adding a
fluctuating component to the liquid phase velocity. Note that PDS-P experiments
[33], [34] were specifically designed to ensure that particle interaction and effect on
the flow was negligible; therefore, their results are adequate for validation of the cur-
rent DECOSIM model. Studies of high-concentration particle releases would require
both different experimental conditions and model implementation with “two-way”
particle-flow coupling; which is beyond the scope of the present work.

3.5.2. Experiment on Debris Formation and Agglomeration

First systematic study of the debris bed formation phenomena was carried out in the
framework of DEFOR research program which includes experimental works [30],
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[31], [59], [60], [61], [62], [63], [64], [65], [72], [55], [35] and development of ana-
lytical models and approaches [38], [39], [40], [41], [43], [44],[45],[66], [67], [104].
The goal of DEFOR (debris bed formation) experiments is to provide data necessary
for the development of analytical models and approaches for prediction of debris bed
formation and agglomeration phenomena. The DEFOR facility was developed for
studies of melt fragmentation, particle and debris bed formation and agglomeration
in deep water pool. The installation consists of (i) an induction furnace for melt gen-
eration, (ii) a funnel for melt deliver, (iii) a test section with optional metallic sample,
and (iv) external water heating system. The scheme of the installation is given in
Figure 3-50.

Inside the test section 4 debris catchers are positioned at different elevations, see Fig-
ure 3-50. Each catcher is covering one of four quadrants of the test vessel cross sec-
tion and collects melt fragments ejected from the jet. This allows assessment of the
water pool depth on debris bed formation: agglomeration and local particle size dis-
tribution. Typical agglomerated debris and cake obtained in DEFOR-A (agglomera-
tion) tests are presented in Figure 3-51.

a b C
Figure 3-50. DEFOR facility: for a) A01-11,15, b) A12-14,16 and c¢) A17-21.
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Figure 3-51. Agglomerated debris (DEFOR-A2) (a); a cake (DEFOR-A6) (b)

More than 20 DEFOR-A tests have been carried (Table 3-7). In the first test series
(A1-A9 [64], [63], [82]) Bi2O3-WOs3 (eutectic) melt with melting temperature 870°C
was used. Second test series (A10-A21) was carried out using ZrO,-WO3 (eutectic)
melt with melting temperature 1231°C. The Debris bed topology, total porosity, ag-
glomerated mass, and particle size distribution were measured in each test. Melt was
released above or below the water surface in order to assess the effect of the jet ve-
locity on the particle size distribution. Experiments with different melting tempera-
ture simulant materials and melt release conditions provided a database which can be
used for assessment of different test parameters on the properties of the debris bed.
While obtained DEFOR experimental database is quite extensive, the maximum size
of the jet investigated in the tests was limited to 25 mm. Further investigation of the
debris bed formation phenomena can help to clarify possible effects of larger size jets
and higher water subcooling on the debris size distribution, agglomeration, porosity
and shape. The main goal and focus of the new experimental studies is extension of
the experimental database obtained in previous DEFOR tests ([59], [60], [61], [62],
[63],[64],[65]) towards more prototypic conditions and covering ranges of important
parameters. Conditions of the DEFOR tests carried out in the new test series are sum-
marized in Table 3-8.

Analysis of experimental data suggests that fraction of agglomerated debris decreases
rapidly with the depth of the coolant as noticeable in Figure 3-52 for the whole set of
experiments (A1-A26). Data on fraction of agglomerated debris from the new
DEFOR-A tests agrees well with previously obtained results in the DEFOR-A and
DEFOR-S experiments where smaller amount of melt (about 1.0 liter) was used [61].
We found that water subcooling is of minor importance until thermal stresses start to
induce solid particle fracture.

Table 3-7: Ranges of the experimental parameters in DEFOR-A tests.

Od|NM IO~ IO|
Parameter RS R A 102 R g [ [ ) QAT et ) R e R A RS RSY
arameters < <|< <)< << <] <|€|1|2|<|<]|< |2 |<|<|<|])<
RS SLRIZAIZTFISIZEIEISalARZFRK
Melt temperature, K QIQFIQNIQE G S|SB0 R EB|C RS | = |2
| v | | [ p— | p— | | | g | v ||y | g ||y |y | p— | p— | p—
o |on A0 |V N[O O OO~ |— ||| \O
% | o0 (o\]
Melt superheat, K SIS RIS ICIR|IZIgI2IZ|IZ 022 g2 518X
Melt jet initial diameter, mm |S|&|&|&| 2|2\ Q€| ]| &|&|&|S|2|&[2 % (%R %)<
. ala [\ wiwnin niniwnistin
Elevation of nozzle outlet, m |= =TT T Te|e| T n R x|x| R elele| x| e
— | — — | p— | p— | p— [ p— | p— | p—
- LIEZ | EEaaElas| S lalaia
Jet free fall height, m o o o DA e ey DA PR e PR D) el el PR PR P SIS I
H — — — \O
Duration of melt release, s |Z(Z| ' |Z|R(K|2(2=|2(2 Q|2 ' [SY2|2|e|e|e
Melt volume, | njenjenjen|enjenfen|enjon|jonfenjnn|n <t (n|nn|n|n
NN on (O o | < ARaR RS o
v A\ |[\O <t |\
Average flow rate, /s SIa - 88=212I8= =32 |][2&|4 224
== ==l =1 == === =1 =
Inltlalaveragemeltjetvelomty,5; ESY D= o] o= o] o) N G G N I =~ I R B
m/s —|o o|l—|—|lolo|lo —
C\l(\lf\lm(\l(\!(\l(\l(\l(\l_‘lﬁlﬁlﬂwlﬂlﬁlﬂﬁ'lﬁm
Water pool depth, m NN n it SN |n| T et Rl el e
! —1—1—1#—1—1—1v—1v—lv—1‘_‘v—1v—1—1—<—1v—1—1—1v—1‘_4
Water initial t ture, K |3[8|2|F 32|82 A|ZEIZE & E22323SR
Water subcooling, K SI=RISQIEIZIZIGGIGK22KZ222]I2

77



Table 3-8: DEFOR tests experimental conditions.

Parameters A23 A24 A25 A26
Mixture BizO3-WO3 Bi203-W03 BizOg-WOg BizO3-WO3
Composition Eutectic Eutectic Eutectic Eutectic
Melt density, kg/l 7.811 7.811 7.811 7.811
Melting temperature, K 1143 1143 1143 1143
Melt temperature in the funnel, K 1280 1248 1216 1299
Melt superheat in the funnel, K 137 105 73 156
Melt jet initial diameter, mm 25 34 34 34
Elevation of nozzle outlet, m 1.72 1.77 1.77 1.77
Jet free fall height, m 0.205 0.17 0.17 0.17
Duration of melt release, s 5.8 5.3 5.7 55
Melt volume, 1 35 3.5 35 35
Average flow rate, I/s 0.54 0.62 0.59 0.59
Initial average melt jet velocity, m/s - - - -
Water pool depth, m 1.515 1.6 1.6 1.6
Water initial temperature, K 332 346 363 346
Water subcooling, K 41 27 10 27

a) b)

Figure 3-52. Debris bed agglomeration fraction as function of water pool depth for A1-A9,
S8, S10, A23-26 (a) and A10-A21 (b) tests.

Figure 3-53: Comparison of the debris beds porosity.

On average, larger particles were obtained with ZrO2-WO3 melt than with Bi,Os-
WOs. Particle size distributions obtained in DEFOR-A overlap with the size distribu-
tions observed in FARO tests. The effect of jet free fall height was not noticeable.
However, there is a tendency to generate larger particles in the tests with melt release
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under water. Initial jet velocity seems to have no noticeable effect on the fraction of
agglomerated debris. Estimated porosity of the bed is on average about 45-50%,
which is also similar to the previous tests. On average higher fraction of agglomerated
debris and lower porosity are obtained at lower pool depth. As seen in Figure 3-53,
high superheat (as in DEFOR-A26 test) leads to higher agglomeration fraction and
lower porosity of the debris bed.

a) b)
Figure 3-54. Cumulative mass fraction for the debris in DEFOR-A1-A9 (a) and DEOFR-
A10-A21 (b) tests. For comparison, the data from FARO tests and averaged DEFOR curves
for corresponding series of tests are provided.

The particle size distributions (Figure 3-54) were obtained by sieving the debris. For
comparison, the previously obtained result from DEFOR-A1-AO9 test series [64],[63],
[82] is provided in Figure 3-54a. Distributions from the tests with higher melt super-
heat are located slightly below the average, corresponding to larger particles. Some
variations in the data due to the inherent uncertainties in high temperature melt-cool-
ant interaction experiments can be expected. The data from A10-A21 tests (Figure 3-
54b) show on average larger particles obtained with ZrO>-WOj3 in comparison with
the previous tests with BioO3-WOs3. Both series are within the ranges of FARO [71]
data.

The small scale DEFOR tests have been carried out in order to clarify the influence
of water subcooling on particle morphology [61]. The changes of particle morphol-
ogy from mostly round shape to a fractured products at relatively small changes of
water subcooling (~10-20 K) were explained in [66], [67] by the effect of particle
cooling rate change at transition from film to nucleate boiling on the thermal stress
of crystallized material. Experimental observations [61] and predictions [66], [67]
also suggested that smaller particles (below 1 mm) would have higher chances to
avoid fracturing. Experiments were conducted at the MISTEE (micro interactions in
steam explosion energetic) small scale facility without steam explosion triggering.
For a detailed description of the facility see [72], [73]. The first series of experiments
were performed with WO3-Bi2O3 in eutectic composition (74:27 mol%, Tiiq=870°C)
with an initial melt superheat (ATsup) of ~130°C. The second series of experiments
were performed with WO3-ZrO:> in eutectic composition (73:26 mol%, Tiiq=1231°C)
with an initial melt superheat (AT up) of ~130 to 160°C. A set of 3 experiments were
performed for each water subcooling (at equal intervals of ~10k) for confirmation of
data repeatability. Experimental observations confirmed that at high subcooling, the
solidification is faster compared to low subcooling of water. Film boiling conditions
(highly dependent on water temperature) dictates the fragmentation process. A mor-
phological transition i.e. from round shapes (smooth) to rock like shape with sharp
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edges is observed, especially for the WO3-Bi2Os. The mass fraction of fractured par-
ticles increases with increased water subcooling. A sharp transition in debris particle
size distribution is observed at ~ 50 K water subcooling for WO3-Bi,03 and ~ 60 to
70 K water subcooling for WO3-ZrO;. It is instructive to note that that the average
particle size of WO3- ZrO; is predominantly larger, where at high subcooling condi-
tions ~ 60 to 70% of the debris particles were above 3 mm and at low subcooling
conditions ~ 90% of the debris particles were above 3 mm. WO3- ZrO; consistently
produced mostly round shaped particles at even high subcooling conditions.

3.5.3. Debris Agglomeration Surrogate Model

Hydraulic resistance is a limiting factor that determines maximum decay heat that
can be removed from the bed. If decay heat exceeds this maximum value, it will lead
to the bed dryout, reheating and remelting of the debris. If melt is not completely
solidified prior to settlement on top of the debris bed, agglomeration of the debris and
even “cake” formation is possible [70], [61], [31], [62], [63], [64], [55]. Formation
of agglomerated debris can significantly increase hydraulic resistance and reduce
maximum decay heat which can be removed without reaching dryout of the debris
bed. Thus agglomeration is important factor which can inhibit effectiveness of ex-
vessel debris coolability [114]. Although agglomeration of the debris and “cake” for-
mation have been observed in previous fuel-coolant interaction (FCI) experiments
with prototypic corium mixtures (e.g. in FARO [70], CWTI and CCM [81] tests) and
with corium simulant materials (e.g. in DEFOR-E [31] and DEFOR-S [61] tests), the
first systematic experimental data was provided in DEFOR-A [62], [63], [64], [55]
tests.
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Figure 3-55. Splitting of physical processes for development of the SM.

The data obtained in DEFOR-A tests was used for development and validation of
modeling approaches for prediction of agglomerated debris in various scenarios of
melt ejection [39], [38], [40], [42],[43], [41],[48]. Proposed model for agglomeration
is implemented in deterministic code VAPEX-P [10], that simulates Fuel-Coolant-
Interaction (FCI) phenomena including melt jet breakup, formation of liquid droplets,
heat transfer between melt and coolant, sedimentation and solidification of the parti-
cles.

The goal of this work is to develop and validate a surrogate models for prediction of
mass fraction of agglomerated debris. Physics based surrogate modeling approach is
employed where computational efficiency and numerical stability are achieved by
(1) considering only most important physical phenomena, and by (ii) decomposing
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tightly coupled problem into a set of loosely coupled ones with information exchange
through initial and boundary conditions. The merits of physics based SM are (i) re-
duced number of the full model runs which are necessary for the calibration process;
(ii) application of the SM beyond the domain covered with the original model. Phys-
ical phenomena and parameters important for assessment of agglomeration fraction
are presented in Figure 3-55. The most important physical phenomena are modeled
in the SM explicitly. Mutual feedbacks between such parameters as jet breakup
length, coolant void fraction and velocity are taken into account as closures. Details
of model implementation, calibration and verification are provided in [39], [38], [40],
[42], [43], [41], [48]. Quite good agreement between FM and SM solutions is illus-
trated in Figure 3-56. It is instructive to note that in order to obtain one point on the
agglomeration map (single combination of jet size and pool depth) with FM takes
~24 - 168 hours of computational time. Obtaining complete agglomeration map using
SM takes about half an hour including post processing of the results.

Metallic melt, Tsup=1000K, all parameters evaluated by SM
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Figure 3-56. Comparison of predictions of mass fraction of agglomerated debris with full
model and SM. Solid symbols — FM, half-filled symbols — SM.

Table 3-9: VAPEX SD model input parameters

Variable Name Description Units Range
RHOP Fuel density kg/m3 [7500 ; 8500]
PHEAT Fuel latent heat J/kg [2.6€5 ; 4.0e5]

CP Fuel heat capacity J/kg*K [350 ; 650]
KFUEL Fuel thermal conductivity W/m*K [2;42]
Em Emissivity - [0.1;1.0]
TLIQSOL Liquidus\Solidus Temperature K [1600 ; 2800]
Po Containment pressure Pa [1e5 ; 4e5]
Tlo Water pool temperature K [288 ; 368]

Global sensitivity analysis was carried out [48] using Morris method [75], [80] and
the physics based SM in order to identify the most influential parameters for debris
agglomeration. In the analysis we considered both parameters of the melt release sce-
nario and calibrated coefficients used in the SM closure parameters. The execution
of the model is performed in two steps: (i) calculation of the data base of cooling
histories of a single spherical particle falling through a fluid (VAPEX-SD), given
properties of the melt, particles sizes and other parameters that can affect particle
interaction with a fluid (see Table 3-9); (ii) calculation of the fraction of agglomerated
debris, given single particle cooling histories, particle size distribution, jet properties
(jet size, jet release velocity), pool conditions and closure parameters ranges, which
are based on the results of models calibration (see Table 3-10).
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Table 3-10: Agglomeration SM Model input parameters

Variable Name Description Units Range
DPARN Jet diameter m [0.07 ;0.6]
UPIN Melt release velocity(initial) m/s [1;8]

TSH Melt superheat K [10 ; 1000]
XpW Pool depth m [5:9]
CBBBRR_=CBb’Zk Jet break up correlation coefficients [0 F(? 82, 600(1)?1]

AFCI = Ag; . ) [5;15]
BFCI = By, Pool void model; 053]
AVW =4, [19.78 ; 19.78]
BVW =B, Pool vertical velocity model; [13.19; 19.78]
CVW =(,,, [-0.35; -0.25]
AUW =4, [10 ; 14]
]éUU\\x ; ?:x Pool lateral velocity model; [5)1' '15;’_2)0'65 5]]
UMIN = U,in [0.0;0.05]
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Figure 3-57: Morris Sensitivity results a) Jet Breakup Length, b) Debris agglomeration frac-
tion.

Figure 3-57 presents the results of Morris sensitivity analysis. The results show that
the fraction of agglomerated debris is mostly influenced by the parameters of the melt
release scenarios DPARN (jet diameter), UPIN (initial melt release velocity) and
XPW (pool depth). This is because the jet breakup length, which is one of the most
important factors for debris bed agglomeration, is mostly influenced by DPARN,
UPIN, XPW and closure coefficient CBR, however, the relative importance of CBR
and XPW is significantly smaller compared to DPARN and UPIN for the selected
ranges of the parameters. Further analysis is necessary, to determine the relative im-
portance of jet break up model parameters on the results. This concerns mainly rela-
tively small jet diameters (e.g. IGT failure), where uncertainty in the results due mod-
elling parameters might be more important.

3.5.4. Particulate Debris Spreading

Debris bed height is one of the important factors for coolability. A tall, mound shape
debris bed can be barely coolable, while the same mass of the debris can be easily
cooled if spread uniformly [121], [119]. Two-phase flow inside the bed can help to
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flatten the debris bed by so called “self-leveling” phenomenon. The goal is to assess
characteristic time scale of the self-leveling process and compare with the time scale
for debris remelting. Following tasks are addressed: (i) separate effect studies to
quantify particulate debris flux at different conditions; (ii) generalization of the ob-
served dependencies in non-dimensional variables; (iii) development of the model
and code, extensive sensitivity and uncertainties analyses.

Experimental approach

The phenomenon of particle self-leveling is determined by the interactions between
particles (solid phase), steam bubbles (gas phase) and water (liquid phase). Several
PDS (particulate debris spreading) facilities were designed and built in order to study
spreading phenomena. It has been demonstrated that local particle flow rate depends
on the local slope angle of the debris bed and local gas velocity, while the bulk vol-
ume of the debris bed is immobile (Figure 3-58). The particles are moving only in the
topmost layer of the bed having a thickness of few particle diameters. The local nature
of the gas-coolant-particle interactions suggests that experiments in reduced size la-
boratory facilities can capture key physical phenomena.

a) b)
Figure 3-58. (a) Forces acting on particles near the top bed surface; (b) shape of the bed
when gas is injected only under one section of the bed.

Debris bed slope 6(t) angle and particle flow rate Q,(t) as function of time t are
assessed using image processing in order to obtain @, = Q,(Qg4, 6). Hundreds of the
tests in PDS-C facility have been carried out with different particles at different gas
injection flow rates Q4. The database of the dependencies @, = @, (Q4, ) has been
analyzed and used for development of the generalized scaling approach allowing ap-
plication of the self-leveling model to reactor scale. A model based on the closures
was developed. The first results on experimental approach and successful model val-
idation are reported in [2], [3], [4], [5], [6], [7]. Scaling approach is based on the fact
that particle flow rate can be expressed as a function of the main forces (Figure 3-58)
(i) buoyancy (Fg), (ii) aerodynamic drag (Fp), (iii) gravity (Fg;), and (iv) inter-parti-
cle friction (Fg,), and parameters which determine the forces:

Qp = f(dp' Ug' pp; pl; pg; ,ng, ,ul’ U; g: O(, kFr) ’
where a is a local slope angle; kr, = tan Hrep(Qg) is friction coefficient which is a

function of gas flow rate and for the coarse, cohesion-less materials is equal to the
tangent of the repose angle. Non-dimensional particle flow rate @,

(3-6)

Qy
*=—=F(U,A7‘l ly'ﬂ)=K'ua'Arlb'yc',Bd (3'7)
(b, = po/u, - d, g g g
_ Uy _pg(pp—p1)gdy tanbrep(ug) ,  tanb,
Ug = Umys’ Arg = u YT tan6fy B = tan 6y, (ug)’ (3-8)
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Table 3-11: Empirical constants

Qp K a |b c d
<0.0024 | 3.356 | 1.089 | -0.325 | 2.628 | 4.306
>0.0024 | 0.159 | 0432 | -0.162 | 1.366 | 0.876

where: i) normalized gas velocity u, defined as the ratio of the superficial gas veloc-
ity U, at the debris bed top surface and the minimum fluidization velocity Up,y, ii)
gas phase Archimedes number Aryg, iii) normalized tangent of repose angle y (char-
acterizing the friction force), with 6,..,, (1) being the repose angle at u, and Qroep the
repose angle at zero gas velocity, and iv) normalized tangent of slope angle 5, where
8, is the local slope angle. In equations (3-8) p; and y; are the densities and viscosities
of the respective phases (subscripts p, /, and g refer to particles, liquid and gas
phases), o is the surface tension, d,, is the equivolume sphere diameter. In eq. (3-7)
the Ar, represents the effect of gravitational and buoyancy forces, @, the effect of
aerodynamic drag and finally y and 8 describe friction forces. Larger particles made
of denser material will resist to the spreading according to the effect of the Archime-
des number in Eq. (3-7). The minimum fluidization velocity Up,s is obtained from
the correlation between the corresponding Reynolds number Reg,r = pgdpUnr/lg
and the gas phase Archimedes number Aryy. Based on the PDS-C experimental data,
the constants K, a, b, c and d are evaluated by performing regression analysis (RA).
Two separate RAs were necessary in order to represent different regimes of particle
spreading: rapid avalanche and slow particle spreading (see Table 3-11). Parameter
R(t) is introduced and defined as ratio between heap slope angle at time t and the

repose angle at zero gas velocity R(t) = ZOLO. The predicted R(t) is calculated by

rep
finding the corresponding a(t) after implementing the proposed closure in the mass
balance equation. It is possible to write the mass balance equation in a differential
form with respect to the local height of the bed h
dh(x,t) 1 9 1 oh _
+ L2 (31, (uy (W, 52 p) ) = 0 (3-9)

at ppx"~1or

where, local slope angle 6, = tan"l(z—:) and Q, (ug (h), tan(ep)) =Qp (ug (h), %)
is the particle flow rate per unit width obtained by a scalable empirical closure devel-
oped as the generalization of PDS-C experiments (Basso et al., 2016a) [5], py, is the
bulk density of the heap, x is the spatial coordinate, n = 1 for planar geometry and
n = 2 for axisymmetric geometry, p is the set of properties of particles and fluids
(assumed to be spatially homogeneous). The equations are then solved numerically
with the Crank—Nicolson implicit integration scheme of 2™ order of accuracy. A de-
tailed formulation of this approach can be found in [3].

Parity plot of predicted and experimental R(t) is presented in Figure 3-59, here R(t)
is shown illustratively at 5% 10% 20% 50% 80% of the total spreading time in the
experiment. The data points from all experiments with different particles and particle
mixtures are clustered along the diagonal of the plot, suggesting that proposed scaling
approach captures most important physical phenomena and can predict the debris bed
self-leveling behavior. Obtained correlation has been used to predict evolution of the
debris bed shape in time for reactor accident conditions. A comprehensive sensitivity
and uncertainty analyses of the spreading efficiency are presented in [3].
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a) b)
Figure 3-59: Comparison between predicted and experimental R(t) in the PDS-C experi-
ments. R(t) is calculated at 5%, 10%, 20%, 50% and 80% of the total experimental time. Root
mean square (RMS) error is equal to 0.09.

Debris Bed Spreading and Coolability Full (DECOSIM) Model Analysis

DECOSIM simulations were carried out in order to investigate post-dryout debris
bed. The studies extended the results obtained earlier in [107] to wider ranges of de-
bris bed parameters (particle diameters and porosities), as well as to more debris bed
shapes (Gaussian shape was studied in addition to conical and mound shapes).
DECOSIM simulations were carried out in order to study the coupled debris bed
spreading by self-levelling and coolability. The results of DECOSIM predictions for
debris bed height are compared with those obtained from a simple model in which
the superficial gas velocity is evaluated from the heat released in the debris layer of
local debris bed height [3]. Also, post-dryout stage is considered at which the maxi-
mum temperatures reached in the debris bed are compared with those calculated with-
out particle spreading taken into account (fixed-shaped debris bed). Generally, three
main outcomes were observed: (i) a coolable debris bed without dryout occurrence;
(i1) dryout in the top part of debris bed persisting for some time, followed by reflood-
ing and quenching of the dry zone, and (iii) dryout with steady temperature escalation.
All these cases are discussed in detail from the debris bed shape and coolability points
of view in the following two sections. An important finding of the analysis was that
in the case of dryout the self-levelling mechanism remains effective, i.e., reduction
in the debris bed height with time is not deteriorated. This also allows one to apply
the simple model [3] for evaluation of debris bed self-levelling and coolability in
order to obtain conservative estimates of the time after which the debris bed becomes
coolable. Figure 3-60 summarizes the predicted time histories of solid particle maxi-
mum temperatures in the simulations where dryout occurred (simulations with parti-
cle diameter of 2 mm resulted in no dryout, therefore, temperatures were near the
saturation point and are not shown due to triviality). One can see that debris beds with
1 mm particles are non-coolable, regardless of whether particle spreading is taken
into account or not; these are featured by steady temperature escalation. On the other
hand, debris beds with particle diameter of 1.5 mm are featured by dryout, however,
temperature is stabilized due to vapor cooling, and even in the case of fixed-shape
debris bed it gradually decreases due to decrease in the decay heat power with time.
If particle spreading is active, slumping of the debris bed results in its faster reflood-
ing (compare the solid lines with corresponding dashed lines in Figure 3-60).
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Table 3-12: Simulations of debris bed self-leveling and coolability

Particle dia- | Relocation Bed height Bed height after Coolability
meter time after 1 h 1h
dp, [m] tr, [hours] (DECOSIM) (SM Model)
10 1.5 1.55 1.63 Dryout
' 30 1.55 1.66 Dryout
15 1.5 1.61 1.67 Dryout/Reflooding
] 30 1.67 1.70 Dryout/Reflooding
20 1.5 1.65 1.68 No Dryout
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Figure  3-60: Maximum  temperatures of solid particles in  simulations
with (Y) and without (N) particle spreading.

particle spreading

Without particle spreading
Figure 3-61: Volume fraction of debris (left), void fraction (middle) and debris temperature
(right) in the bed with 1 mm particles 1h after relocation.

In Figure 3-61, the case of debris bed with 1 mm particles is demonstrated. The relo-
cation time for this case was 3 h, the distributions are shown at time 1 h after reloca-
tion, i.e., 4 h after SCRAM. One can see that significant part of debris bed (roughly,
upper half of its height) is dry; slumping of the debris bed due to particle spreading
reduces somewhat the size of high-temperature zone, but effect of the slumping is
insufficient to prevent material reheating.

Surrogate Model for Cone-Shaped Debris Bed

Coolability analysis of arbitrary-shaped debris bed requires determination of dryout
heat flux DHF as a function of porous medium properties (mean particle diameter d,
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porosity €), system pressure Fgyq, as well as the debris bed shape. For a flat debris
bed, well-known analytical formulas can be used. For multidimensional (even ax-
isymmetric) debris beds dryout conditions have to be obtained from computationally
expensive numerical simulations. The way forward is in the development of surrogate
models approximating the DHF by computationally inexpensive and sufficiently ac-
curate analytical formulas. The generic approach to the construction of surrogate
models for debris bed coolability problems has is developed in [120], where ready-
to-use formulas are presented for the case of cone-shaped debris bed, possibly resid-
ing on a cylindrical base if the lateral spread of debris is limited by the water pool

size. The SM for debris bed dryout is formulated in non-dimensional form as:
,Dg\/@AHev f()(' Sys (3-10)

where DHF stands for the dryout heat flux, while

_Kpgg o _ P £

T ugyng’ T 150(1-¢)2’ n= 1.75(1-¢)
Here, Py, is the system pressure, K is the permeability, 1) is the passability, g is the
gravity acceleration, AH,,, is the latent heat of evaporation, p, and u, are the density
and viscosity of water vapor, respectively, € is the porosiaty, and d,, is the particle
diameter. For a flat (one-dimensional) debris bed, the function f(x, F;,s) was deter-
mined from the asymptotic analysis of analytical solution for the dryout heat flux.
Further analysis in (Yakush et al., 2013) [120] has revealed that these functions are
also applicable to 2D debris beds shown in Figure 3-62 in the range of slope angles
0 < 6 < 45°,if DHF is multiplied by the shape factor Q(8) approximated by

Qe) =1+ (0.53 + 0.005 - 8) (3-12)

(3-11)

cone

max
Equation (3-12) describes the effect of lateral ingress of water which improves debris

bed coolability. Here, h.,,, is the debris cone height, h,,,, is the debris total height,
0 indicates the slope angle of the cone (Figure 3-62). Using the proposed SM, it is
possible to estimate directly the DHF of a non-flat debris configuration by knowing
1) PByys,11) dp, iii) € and iv) geometrical characteristics (total debris mass and volume,
pool diameter, slope angle).

Figure 3-62: Bed shapes: a) conical and b) cone on a cylindrical-base.

Sensitivity analysis of the coupled Spreading Full Model and Coolability SM

Two models, the debris bed self-leveling FM and coolability SM (described in [120]),
have been coupled in order to estimate the time to reach a coolable configuration t..
The debris bed heat flux Qyr=p,Wh calculated at the maximum local height
h = hypa, 1S compared at each time step to the dryout heat flux (DHF). The debris
bed is considered coolable if the decay heat released in the material is lower than
DHF. The extended Morris method [8], [75], [79] has been applied to the coupled
code in order to rank the relative importance of the parameters affecting the debris
bed coolability. The time t, when Qyp(hynqy) < DHF is satisfied, has been chosen
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as a target function of the analysis. The ranges of the uncertain model input parame-
ters are selected in order to conservatively cover uncertainties Table 3-13. The Mor-
ris indexes are plotted in Figure 3-63 with the modified mean shown on the x-axis
and the standard deviation shown on the y-axis. All parameters have apparently
higher-order interactions with other parameters as the standard deviation is much

larger than the modified mean.

Table 3-13: Input parameters with corresponding uncertainty ranges.

fnput parameter Uncertainty range
Lower boundary | Upper boundary
Scenario-related conditions
Drywell radius [m] Fixed to 6
Total Debris mass [tons] 10 250
Containment Pressure [Bar] 1 4
Effective operation Time [days] 365 1095
Time from scram [hours] 2.5 5.25
Reactor Thermal Power [GW] 14 39
Initial angle factor [-] 0.1 1
Physical properties
Material density [kg/m®] 7500 9000
Debris Bed Porosity [-] 03 0.6
Effective Particle diameter [mm)] 1.0 6.0
Critical angle of repose at zero gas flow [degree] 22° 35°
Modeling parameters
Closures uncertainty -0.25 | 0.27
Number of cells [-] 50
Time step Adaptive: between 10 msec and 10 sec

Output parameter

Analyzed function for sensitivity:

Time to reach a coolable configuration (t,)

Table 3-14: Model input parameters ranked using the Morris.

Ranking Parameter Normalized modified Cumulated Statistic

mean [%0] [%%]
1 Porosity 0.22 0.22
2 Effective Particle Diameter 0.19 0.41
3 Reactor Thermal Power 0.18 0.59
4 Total Debris Mass 0.16 0.75
5 Pressure 0.08 0.83
6 Critical Angle of Repose 0.06 0.89
7 Density 0.04 0.93
8 Initial Angle Factor 0.03 0.96
9 Effective Operation Time 0.01 0.98
10 Closure Uncertainty 0.01 0.99
11 Time since Scram 0.01 1.0

It is instructive to compare these results with the sensitivity study conducted exclu-
sively on the self-leveling phenomenon and reported in [6]. In Figure 3-64 the Morris
indexes for the maximum debris height after 2 hours are plotted. A clear difference
is that all the input parameters exhibit mostly a linear influence on the output. In
contrast, once it is coupled to the SM for predicting the debris bed dryout the resulting
code demonstrates to have a strong interplay between parameters as seen in Figure
3-63. This behavior is ascribable to the fact that the dryout condition, applied at each
time step is strongly affected by parameters interactions.
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Figure 3-63: Modified mean and standard devia- Figure 3-64: Modified mean and standard devia-
tion of the time to reach a coolable configuration tion of the maximal bed height analyzed with Mor-
analyzed with Morris sensitivity method. The ris sensitivity method at time 2 hours. The dashed
dashed line represents the first quadrant diagonal. line represents the first quadrant diagonal.

Figure 3-65: Relative frequencies plot of the model results for the time to reach a coolable
configuration. Results are filtered to consider exclusively time greater than zero and succes-
sively split between time intervals.

In order to provide data on the relative probability for the time to reach a coolable
configuration a Monte-Carlo experiment has been conducted by using a Halton sam-
pling method [27] with ~10.5 millions of input sets in the space given by the signifi-
cant parameters reported in Table 3-14. The generated input sequences are evaluated
computing the coolability time t.. Only a small fraction, ~3 %, of the total runs appear
to be initially non-coolable. In Figure 3-65 only the realizations of the model with
initially non-coolable debris configuration are considered and the relative frequencies
of discrete intervals are reported. By interpreting the results in Figure 3-65 we can
estimate that less than the 1.5% of the all possible cases will result in a non-coolable
configuration at time 30 minutes from the relocation.

Development of a Surrogate Model for Coupled Coolability and Spreading Analysis

In order to estimate the probability of failure, a fundamental step is the definition of
the failure criterion. In the most conservative approach, the initially formed debris
bed should be coolable. It will remain coolable afterwards because the decay heat
power decreases with time. Unfortunately, with the state of the art knowledge, it is
not possible to demonstrate that the formation of an initially non-coolable debris bed
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is physically impossible, see Yakush et al., (2013, 2012) [120], [119]. A less con-
servative success criterion admits that the initial debris bed may be non-coolable, so
that a dry zone will be formed where debris will be heated up due to deterioration of
heat removal. However, if the debris bed is reflooded before re-melting becomes im-
minent, the cooling strategy can also be considered successful. Following this less
conservative criterion in the present study the failure of the containment is assumed
to occur once the dry zone of the debris bed reaches 2750 K, the onset temperature
of corium re-melting. Thus, a debris bed can be classified as coolable if its ¢, is
shorter than the time t,.,,, necessary for the debris to reach the onset temperature of
re-melting.

Table 3-15: Time (in minutes) for onset of re-melting for different conditions of initial bed temperature (T;,;) and
heat-up rate (T,qze)-

T, 410=0.2 K/s T, =1 K/s T,01=10 K/s
T ;= 400 K 12000 2400 240
T ;= 600 K 11000 2200 220
T = 900 K 9500 1900 190
T = 1200 K 8000 1600 160
T = 1700 K 5000 1000 100

The initial temperature Tj,; of the settled particles was also varied: 400 K, 600 K, 900
K, 1200 and 1700 K. In Table 3-15 t,.,,, values are provided for all combinations of
Tyqte and Tin;. As a result t,,,, can change by about two orders of magnitude. The
quantification of t,.,, is made on the assumption that if the model input does not give
an immediate coolable debris bed (i.e. t, = 0), the temperature of the established dry-
zone will start to raise with a certain heat-up rate T, . Since the heat transfer is not
resolved in the current model, the parameter T, has to be assumed. Three hypo-
thetical cases were considered: Tyqte = 0.2 K/s; Tyqre = 1.0 K/s in case of no steam
cooling, i.e. the debris inside the dry zone is only heated by the decay heat produced
in the dry zone; T4, = 10 K/s, an assumption implying additional heat source(e.g.
zirconium oxidation).

A surrogate model was developed in the form of an artificial neural network (ANN)
to proxy the coupled code for coupled spreading and coolability analysis. The chosen
ANN structure consists of two hidden layers formed by 10 sigmoid neurons and 4
sigmoid neurons respectively, followed by a single linear output layer [57]. The de-
veloped ANN-based SM gives very satisfactory results in terms of the coefficients of
determination R? = 0.9995 values. In our particular case the performance win factor
with ANN is about 107 with respect to original model.

Probabilistic framework for uncertainty quantification

Two nested loops were implemented: the outer-loop where the distribution parame-
ters were pseudo-randomly generated and the inner-loop where distributions were
fixed and the values of the input parameters were pseudo-randomly sampled along
the relative PDFs. Sampling for each set of randomly selected PDFs provides an es-
timate of respective failure probability. Sampling of the PDFs result in a distribution
of possible failure probabilities. The resulting sets of failure probabilities,
P(t; > tymle;) are reported as complementary cumulative distribution functions
(CCDFs) in Figure 3-66, Figure 3-67, for all values of t,,, listed in Table 3-15 and
uncertain input parameters in (Table 3-16). The vertical (y-axis) indicates the degrees
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of belief associated with respective failure probability (horizontal x-axis). All the
CCDFs obtained for different Tj,; converge gradually into a single curve as the rate
of temperature increase T4, becomes larger. In other words, the influence of the
initial temperature on the failure probability gradually diminishes as T4, increases.

Table 3-16: Input parameters with corresponding uncertainty ranges.

Input parameters Parameter range

Total debris mass [tons] 10-250
Containment pressure [Bar] 1-4

Initial angle factor [-] 0.1-1.0
Particle density [kg/m’] 7500-9000
Debris bed porosity [-] 0.3-0.6
Effective particle diameter [mm] 1.0-6.0
Critical angle of repose at zero gas flow [degree] 22-35

Figure 3-66: Failure Probability CCDFs for heat-up rate value of 0.2 K/s.

Figure 3-67: Failure Probability CCDFs for heat-up rate value of 10 K/s

Summary of Particulate Debris Spreading and Coolabilit6y Analysis

A coupled model for particulate debris spreading and a surrogate model for the de-
termination of the coolability has been developed. The spreading model is based on
the PDS-C experimental data and generalized scalable closures. It allows to predict
the time to reach a coolable configuration for a conical (or conical + cylindrical base)
porous debris bed after relocation in the hypothetical case of SA in Nordic

Risk analysis was performed to quantify conditional containment failure probability
due to formation of non-coolable debris bed for severe accident conditions. Nested
pseudo-random sampling was employed in order to quantify the effect of lack of
knowledge about the distributions of the uncertain input parameters. Assumptions
about the ranges for the input parameters were made using available information from
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previous studies. Families of different distributions with unknown shape factors were
used to characterize the uncertainty in the distributions. All input parameters were
assumed to be mutually independent due to the lack of data on possible correlations.
Further analysis will be necessary in order to determine dependencies (if any) be-
tween the input parameters.

PDS-P Experiments for Validation of Particulate Debris Spreading Models

The large-scale turbulent two-phase flows may affect the particle lateral spreading
over the basemat [114], preventing formation of a tall debris bed. In some accident
scenarios the pool can be initially subcooled. In this case, boiling in the pool can start
when the hot water plume stemming from the debris bed approaches the surface and
its temperature exceeds the local saturation temperature corresponding to the local
hydrostatic pressure head [106]. The influence of two-phase flow on sedimentation
of the different in size particles has been investigated experimentally [32]. Numerical
approaches employing discrete element analysis for particle spreading are also under
development [44]. The main goal of PDS-P work is to provide separate effect data
for code validation [33].

a) b)
Figure 3-68: PDS-P facility: general view (a) and test section in operation (b).

The general view of the facility is illustrated in Figure 3-68. Particles reaching the
pool bottom were collected by several catchers. The particle supply rates were main-
tained low in order to produce separate effect data for code validation. Conditions of
all tests are provided in Table I, Table II and Table III respectively of APPENDIX A
in [34]. In the new series of tests chamber for air injection it is replaced by a point
injection source and as a result the spatial resolution of the catchers under the particle
source increased. The maximum deposition of the particles are not exactly below the
particle source (Figure 3-69). At higher flow rates, particles spread away from the
particle source. Notably, in case of 0.9 m pool depth with air flow rate 7.01 g/s, the
particle distribution is almost evenly spread for a couple of catchers and little mass is
deposited at the center.

A new technique is employed where particles are painted with a fluorescent paint.
The diameter of the painted particles is between 3.16-3.37 mm. with effective density
of 6350-6450 kg/m>. Particles can be released simultaneously, see Figure 3-69b, or
one-by-one to identify individual trajectories, see Figure 3-69c. Videos are processed
using a software called Tracker. A calibration shows that the error in calculating the
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coordinates is less than 1%. The particle tracking experiments are carried out using
conditions similar to the earlier experiments. The pool length is fixed at 1.2 m and
the pool height of 0.5 m and 0.9 m. The air flow rate is varied as 40, 100 and 300
LPM (Liter per minute). Figure 3-70 shows the trajectories from the experiments at
different flow rates.

a) b) 9
Figure 3-69: Mass fraction of particles collected in catchers (a) and glowing particles’ (b)
simultaneous release; (c) single particle release.

Figure 3-70: Particles trajectories

The colors of the trajectories are according to the catchers where particles settle. The
particles can levitate near the central region with strong upward flow. At 40 LPM,
more closed loop trajectories are seen near the center. At higher flow rates, the center
region is having lesser trajectories and more particles spread away from it. Distribu-
tion of settled particles was compared with the earlier data with non-painted (SS)
particles. Also additional experiments are carried out with large amount of painted
particles (around 1.9 kg). Comparison of the particles distribution between largescale
painted and non-painted particles showed [57] that for higher pool depths with
smaller flow rates the effect of density is small but noticeable. For the same pool
depth but higher flow rates, the density effect becomes less significant.

DECOSIM validation

DECOSIM simulations are carried out using the similar conditions and the results are
compared with PDS-P data. Figure 3-71 shows the comparison for two different pool
depths and flow rates. In most of the cases, DECOSIM slightly underestimates the
particles spreading as compared to the experimental results. The trajectories are
smoother in DECOSIM. The particles are pushed towards the center by the opposite
side of flow circulation in simulations, once they cross half of the length of the pool.
There are catchers at the bottom in experimental setup whereas there is a smooth
bottom floor modeled in DECOSIM, which might affect the flow and particle spread-
ing. Hence, it becomes important to compare the flow structure for the code valida-
tion.
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Figure 3-71: Comparison of DECOSIM results with PDS-P experimental data.

Summary

Initially on the particle debris spreading in pool (PDS-P) experimental facility, two-
phase flow experiments are carried out, where the void fraction calculation is done
and the correlation is derived as a function of pool dimensions and air flow rate. It
was followed by three-phase flow studies, where solid standard shape particles are
poured into the largescale two-phase flow and the particle spreading is investigated.
As a next step, modification was done in the facility where the box air injection sys-
tem is replaced by a point injection system. It is done for the spatial resolution of the
initial catcher. Further in the studies, the unique particle tracking technique was im-
plemented to plot the particles trajectories and generate the validation data for
DECOSIM code. Using this technique, further resolution of the particles distribution
is carried out.

Debris Bed Formation and Coolability Surrogate Models

Full model (DECOSIM) simulation results were used as the basis for development of
computationally efficient surrogate models for debris bed formation and coolability
[104]. In the case of gradual melt release into a deep pool of saturated water the in-
teraction of falling particles with the flow results in spreading of melt over the pool
basemat, the smaller the particles and higher the decay heat power, the more effective
is the spreading. In order to estimate the efficiency of particle spreading, a simple
empirical model can be developed which generalizes the results of simulations [115].

Consider a droplet of diameter d, falling in the water pool of depth 7, . A non-

dimensional parameter X was introduced
1/2
tang = f(x) ___AH.p, dgd, P, = P where droplet of diameter
ang = /(%) X
pp(lig)VVHP 3Cd pl

d, falling in the water pool of depth £z, drag coefficient C, isa function of particle
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Reynolds number, the vapor density must be evaluated at the pressure near the pool
bottom, i.e., with the hydrostatic head taken into account: P, = P, (Psys +pgH p) , with

P, s being the system pressure in the gas space above the pool level. For each simu-

lation [115], the final shape of debris bed was processed, and the characteristic tan-
gent of slope angle determined. The solid line shows the best fit to the data. By the

horizontal dashed line, the tangent of typical avalanche angle Gfep =35° is plotted.

Approximation (Figure 3-72), shows that for prototypic conditions particle spreading
in the saturated pool is an effective mechanism for reducing the height of debris bed.
The decay heat power can be expected to be in the range 100—-150 W/kg. The largest
mean particle diameter, can be expected in the range of 1-5 mm. The largest slope
angle expected can be about 8 degrees, reached for the largest particle diameter and
lowest decay heat power. Smaller particles are distributed almost evenly over the pool
basemat.
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Figure 3-72: Slope angle for gradually formation bed in saturated water pool.

If the pool is subcooled it remains single-phase above the debris bed for a substantial
period. Simulations of debris bed formation in a subcooled pool performed in [106]
showed that temperature differences arising in the pool cause some natural circula-
tion, but it is much weaker than that in a saturated pool and, therefore, the shape of
debris bed at the initial stage is governed by particle avalanching only. However,
gradual increase in the pool temperature due to latent and fusion heat transferred from
hot melt particles, as well as decay heat released in corium results in boil-up of the
pool after some delay time. The boil-up starts at the top layer of the pool where hot
water plume from the debris bed reaches saturation conditions, while the rest of the
pool remains subcooled. After the onset of boiling, intensive convection starts in the
pool, so that the remaining part of melt interacts with the circulatory flow in the pool
and is dispersed efficiently over the pool basemat. Thus the debris bed grows upwards
mainly at the pre-boiling stage, while afterwards it mostly grows laterally, with the
particle sedimentation flux distributed evenly over the pool bottom. This simple
scheme can be used to set up the intermediate or final shape of the debris bed.

The time to boil-up of a pool having initial subcooling AT, =Ty, ~Ty (Ts, is the

. 0 . .
saturation temperature at the pool pressure, T, is the initial water temperature) can

be evaluated from a simple energy balance model offered in [106] and confirmed by
numerical simulations at different subcoolings.
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Surrogate model for post-dryout debris bed behavior

The numerical results obtained by DECOSIM indicate that in the cases where dryout
occurs in the debris bed: dryout zone is located in the top part of the debris bed; vapor
flows through the dry zone vertically upwards; temperatures of solid particles and
vapor increase in the vertical direction almost linearly, the difference between them
being few degrees; maximum temperatures of solid particles and vapor are attained
in the top part of the dry zone; vapor cooling is capable of stabilizing the solid mate-
rial temperature, provided that its flowrate through the dry zone is sufficient.
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Figure 3-73: Maximum particle temperature vs relative size of dry zone.

These observations allowed an analytical model for the maximum temperature in the
dry zone to be developed, laying the basis for post-dryout debris bed surrogate model
[107]. The model was confirmed by further numerical simulations carried out by
DECOSIM. In Figure 3-73, the maximum temperature of solid particles in the dry
zone, T .. ,is presented as a function of relative size of the dry zone with respect to

debris bed height, ¢. The solid line corresponds to the analytical formula [107]

omax = Lt T C_ % A is the heat of evaporation, C, is the heat capacity of vapor.

P
In order to apply the above formula in a surrogate model, it is necessary to define the
relative size of dry zone ¢ as a function of other problem parameters. DECOSIM
simulations on post-dryout debris beds were processed in order to obtain a unified
relationship for the dry zone size. It was shown that linear dependence exists between
the dry zone size and the overheating parameter ¥ = (W —=W,)/W,  where W, as

the dryout decay heat power. This is illustrated in Figure 3-74 where results of
DECOSIM simulations are given in the “raw” form (a), as well as in the non-dimen-
sional form (b).
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Figure 3-74: Dependence of the relative size of dry zone on decay heat power W (a) and
overheating parameter \J (b). The legend applies to both Figures.

Thus a surrogate model for the relative size of the dry zone in a post-dryout debris
bed can be developed taking into account the debris bed properties (particle size and
porosity), system conditions (system pressure, pool depth), and debris bed shape (ge-

ometry, aspect ratio, etc.). The model will require a shape-dependent factor b(I )

for which further research is needed. Current results suggest that b(IT,, ) lies in the
range between 0.5 and 1.05, see Figure 3-74 (b).

Effect of Melt Agglomeration on Debris Bed Coolability

Numerical and experimental studies demonstrate that presence of low-permeability
zones (e.g. due to agglomeration) decreases the dryout heat flux [83]. In order to
evaluate the effect of melt agglomeration on the coolability of debris bed, two main
cases were considered: 1) an impermeable “cake”, and ii) a low-permeability zone
(distributed agglomerates). Coolability of a debris bed with impermeable “cake” oc-
cupied the top H, = 10 cm of a mound-shaped debris bed with height Hpg = 2 m
was studied numerically in [108]. Cases with diameter of bed top Dtop =05,1,2,
and 3 m are referred to as “Narrowest” (NN), “Narrow” (N), “Wide” (W), and “Wid-
est” (WW) respectively. Vapor accumulates in a dry zone beneath the “cake”. How-
ever, vapor flow through the dry zone provides some cooling. Figure 3-75 shows the
time histories of maximum particle temperatures. Beds with smaller “cakes” and
larger particles are better coolable. The temperatures can either stabilize or escalate
and lead to remelting.
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Figure 3-75: Maximum temperatures of solid material for different debris bed geometries
for decay heat power W = 80 W/kg.
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Possible effect of vapor release through localized openings (e.g. a central hole) in the
cake was studied using the same geometry as in [108]. Three cases were considered
[109]: (i) a central hole, 0.2 m in diameter, which is equivalent to 1% opening area;
(ii) a central hole, 0.5 m in diameter, which is equivalent to 6.25% opening area; (iii)
aring hole with the inner and outer diameters of 0.4 and 0.6 m respectively, equiva-
lent to 20% opening by area. In Figure 3-76, the states of debris beds are presented
at time 7 h. Time histories of the maximum temperature of solid material are shown
in Figure 3-77. Even a small (by fraction of area) opening in the cake provides addi-
tional escape path for vapor from the dry zone. Larger opening provides better coola-
bility, smaller vertical size of the dry zone (see Figure 3-76) and lower stabilization
temperature (see Figure 3-77).

(a) (b) ©
Figure 3-76: Void fraction (top row) and solid material temperature (bottom row) distribu-
tions at time 7 hours: (a) solid cake, (b) 0.5 m central hole, (c) ring hole. Vapor velocity is
shown by arrows. Decay heat power W = 80 W/kg

3000 ~

Opening Area 0%

1500 6.25%

_“__'__‘__,.‘- 44—+ 9()0,

W=80 W/kg, dp=2 mm
Solid Cake with hole
D,=0.2m 0.5m Ring

o 1 2 3 4 5 6 7 8

Time, [h]
Figure 3-77: Time histories of maximum temperature of solid material for various openings
in the cake.

Growth of the debris bed reduces the water pool depth above the debris bed top, so
that at some point the depth of water becomes insufficient and molten particles reach-
ing the debris bed form agglomerates. The taller the debris bed, the smaller is the
effective pool depth, and the higher is the fraction of agglomerates. The vertical dis-
tribution of mass fraction of agglomerates, y444(2), was determined from the surro-
gate model generalizing the results of numerical simulations. A relationship between
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the volume-averaged properties of debris (effective porosity, permeability, decay
heat etc.) and mass fraction of agglomerates was obtained in [109]. To simplify the
coupling of the agglomeration model with DECOSIM, a unified dependency was
suggested. In Figure 3-78a the pool depth H,44(D;) at which the mass fraction of
agglomerates reaches 100% is plotted (this value corresponds to the distinct kink
points dividing the plateau y,,, = 1 for H < H,,4, and rapidly decreasing curve for
H > Hgg44). In Figure 3-78b, the points from the decreasing parts of all curves in
Figure 3-78a are replotted as a unified function of the reduced depth ¢ found by
fitting all curves by exponential functions. The following approximations were ob-
tained (both D; and Hg g4 are measured in meters):
m (3-13)
0.06H44
One can see in Figure 3-78b that with this scaling, all points collapse to a single curve
which, within 5% accuracy, can be approximated by exponential function: x,q4 =
exp(—¢) for { = 0, and y,4, = 1 for { < 0. Note that both formulas can be com-
bined in a single one:

Xagg = min(exp(—{), 1.0) (3-14)
Equations (3-13) and (3-14) provide an easy way to evaluate the mass fraction of
agglomerates for a particular pool depth and melt jet diameter. It is assumed that the
mass fraction )q44(¢(2)) is the same at all radial positions for a given height, i.e.,
debris bed is stratified in horizontal layers with respect to fraction of agglomerates.
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Figure 3-78: Generalization of melt agglomeration results: (a) pool depth corresponding to
onset of 100% agglomeration,; (b) dependence of mass fraction of agglomerates on the re-
duced vertical distance (.

Using the above relationships, it is straightforward to evaluate the mass fraction of
agglomerates on the debris bed top:
Hp—Hpp

Xtop = min(exp(—Crop), 1.0), {op = 16.67(H — 1), H = Foro(By) (3-15)

after which the volume fraction of agglomerates and the effective porosity can be
found. Note that the transition from with very little to complete agglomeration occurs
in quite a narrow range of effective pool depths [57]. Simulations for distributed frac-
tion of agglomerates were performed for the same debris bed geometry as for partially
permeable cake, see Figure 3-76. Note that in the absence of agglomerates selected
debris beds are coolable. The cases for simulations were chosen such that the maxi-
mum agglomerate mass fraction y;,, was 10%, 20%, 50%, and 90%. The effective
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pool depth was assumed Hp — Hpg = 7 m. Results are summarized in Table 3-17.
Cases with dryout are marked with “Y” symbol, and the maximum temperature ob-
tained is given. In cases where temperature stabilization did not occur only the max-
imum temperature at time 4 hours is shown in bold italic and eventually material
remelting is expected. The time histories of the maximum temperature of solid mate-
rial in all the cases where dryout occurred are plotted in Figure 3-79. The distributions
of void fractions and temperatures of solid material obtained for W = 150 W/kg,
particle diameter d;,, = 1.5 mm are presented in Figure 3-80. One can see that tem-
perature stabilization occurs when the dry zone is of small vertical size, whereas large
dry zone results in temperature escalation. Significant deterioration of debris bed
coolability occurs when the fraction of agglomerates on the debris bed top is above
50%, with very noticeable effect observed for 90% fraction of agglomerates. Never-
theless, the effect of these agglomerates is still weaker than the effect of completely
impermeable cake, or a cake with partial openings (holes).

Table 3-17: Results of simulations for vertically distributed agglomerates.

E:;?y Particle Di- | \\ 1t Dig. | Mass fraction of M?S)(Imum De-
power ameter  d,, meter Dy, cm ?gglgfn:ﬁza;:ij cc))/r; Dryout Temperature
W, W/kg mm P ' Ts,maxt K
8.9-10.5 10-50 N 410
80 2 11.2 90 Y 703
8.9-10.5 10-50 N 410
100 2 112 90 Y 929
) 8.9-10.5 10-50 N 410
11.2 90 Y 1172
120 8995 10-20 N 410
1.5 10.5 50 Y 538
11.2 90 Y 1933
8.9-95 10-20 N 410
2 10.5 50 Y 453
11.2 90 Y 1907
150 8.9 10 N 410
15 95 20 Y 583
’ 10.5 50 Y 955
11.2 90 Y 3300
3000 - T = 22{1 K 3000 - R T = zg 1K
-------------------------------------------- ’ LEER] Y120 16’.5 o
2500 - W, Wikg D, cm 25004 | — :gg ;15-2
— T 15 - 150 105
o 20004 | T won o 2000 —— 150 112
“.x — 150 112 =
'_g’ 1500 '_g’ 1500
1000 10004 T
500_ ------------------------------------------- 500_ ._:_‘__'..'.:.'..'.:.'..'..'.:'..'..'.:.'..'..'.'..'..'.:. ....
0 a ; ; ; 0 a ; ; 3
Time, [h] Time, [h]
(a) (b)

Figure 3-79: Time histories of maximum temperature in the cases where dryout occurred:
particle diameter d,, = 2 mm (a) and d, = 1.5 mm (b).
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(a) (b) (©)
Figure 3-80: Void fraction (top row) and solid material temperature (bottom row) distribu-
tions at time 4 hours: (@) Dy = 9.5 cm, () Dy = 10.5 cm, (c) Dy = 11.2 cm. Vapor veloc-

ity is shown by arrows.

Detailed analysis confirmed that coolability of debris bed can be deteriorated signif-
icantly in the presence of low-permeability zone (cake, distributed agglomerates).
The effect of agglomerates on debris coolability becomes significant as soon as the
mass fraction of agglomerates exceeds some 50% at the top of the bed. In this case,
temperature escalation and remelting of material can be expected. Fraction of ag-
glomerates in the top part of debris bed is very sensitive to melt jet diameter and pool
depth.

Surrogate Model for Debris Bed Coolability in Presence of Agglomerates

Results of numerical simulations by DECOSIM code can be used as a database for
development of a surrogate model (SM) for debris bed coolability taking into account
the presence of agglomerates and providing a link between melt ejection mode
(MEM) and debris coolability (DECO).
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0.6 - 5 Cone, £=0.5y :
. _ , >
{ Mound, &=1.08y .= o )y 3000  Trer
w S e e
a{:) 0.5 4 \OE{ * '/,/' R L] 9 | = Analytical model
Q 1 // ,*'* ,/'e u 2500 + 3;5.?3\' Mound (homog.) Mound (50% aggl)
N ’ e  d=1mm
> 0.4 or '/'*."/ [ ] 1| v e=tsmm ~ : d=1.5mm *
s ] A X 2000| S S *om
_ s k7 v ]
GNJ 03 g8 .7 ’*i o " H 1 Toxmation
B ] SR 1500 4 ------------------
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Figure 3-81: Relative size of dry zone vs overheating parameter (a), maximum temperature
of particles as a function of dry zone size (b): stars correspond to debris bed with agglomer-
ates, other points obtained for homogeneous bed.

The tentative surrogate model was developed by extending the approach which
proved successful for homogeneous debris bed: Simulations performed for few val-
ues of decay heat power W; Relative size of dry zone £(W) is determined; Extrapo-
lation to & = 0 gives the dryout power Wpyr; Overheating parameter is determined
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as Y = (W — Wyur)/Wpyr, dependence & () is obtained; Maximum particle tem-
perature is obtained as Ty ;45 (§), compared with analytical model. So far, the surro-
gate model is based on simulations performed for 2 m-tall mound-shaped debris bed,
with mass fraction of agglomerates on its top was 50%. Simulations were run until
the particle temperature either stabilized, or reached the remelting temperature of co-
rium. Results are presented in Figure 3-81 (points obtained for homogeneous beds
are also plotted). One can see that results for 50% mass fraction agglomerates can be
described pretty well by the surrogate model developed for homogeneous debris bed.
Further simulations are necessary to establish the applicability boundaries in terms of
the fraction of agglomerates.

3.5.5. DECO: Summary and Outlook

Significant progress has been achieved towards the main goal of DECO, i.e. devel-
opment of the debris bed formation and coolability map. DECOSIM (Debris Coola-
bility SIMulator) code capabilities were significantly extended in order to simulate
(1) debris bed coolability in subcooled pool, (ii) post-dryout coolability of the debris
bed, (iii) self-levelling of the debris bed, (iv) effect of agglomeration on coolability.
However, no melt pool formation model is implemented yet. Several computationally
efficient surrogate models have been developed and validated against DECOSIM
(full model) predictions. Namely a surrogate model (SM) for prediction of the dryout,
and a model for prediction of the maximum temperature in a bed with a dry zone with
and without agglomerates, a surrogate model for prediction of debris spreading in the
pool.

Particulate debris spreading in the pool and self-levelling of the debris bed have been
investigated both experimentally and analytically. PDS-C (closures) experimental da-
tabase was generalized and a universal non-dimensional closure has been proposed
for determining particle flux as a function of the local slope angle and gas velocity.
Developed closure has been used in a standalone 1D code for modeling of debris bed
self-levelling in plant accident conditions and also implemented in DECOSIM code.
The 1D debris spreading model has been used for extensive sensitivity and uncer-
tainty analysis. Further reduction of uncertainty in extrapolation to prototypic acci-
dent conditions requires extension of the PDS-C database to particles of different
properties, morphologies and size distributions. PDS-P (pool) facility was used to
provide data for model validation relevant to particle spreading in a pool. New ex-
perimental techniques have been proposed for visualization of particle trajectories.
Further work is necessary for obtaining velocity fields of the coolant flow.

The surrogate model for prediction of dryout coupled with self-levelling model has
been used in extensive sensitivity, uncertainty and risk analysis by evaluating the
conditional dryout probabilities. Sensitivity analyses suggest that the PDFs of the ef-
fective particle diameter and porosity are the main contributors to the uncertainty in
the conditional containment failure probability (CCFP) and should be prioritized for
future research. Clarification of the combination of the possible initial temperatures
and heat-up rates would be also beneficial. It was found that the self-leveling phe-
nomenon reduces the effect of initial angle factor on the CCFP. Nevertheless, the
development of a model to predict the initial shape of the debris bed (initial angle
factor) after spreading in the pool would be useful in the scenarios where the efficacy
of self-leveling is small (i.e. due to high initial temperature). Further studies on the
morphology of prototypic debris particles and angle of repose are necessary as well
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as new sets of PDS-C experiments with extend ranges of Hroep in order to extend the
validity ranges of the full and surrogate models.

Analysis of post dryout debris coolability with DECOSIM suggest that in all the cases
with particle diameters of 3 mm, temperature stabilization occurred, while for the
smallest particles (1 mm) steady temperature rise is observed at a rate proportional to
specific power W . DECOSIM simulations have been carried in order to investigate
the effect of lateral debris bed spreading on coolability. It has been shown that (i) for
1 mm particles, debris bed remains non-coolable, temperature escalation is observed
with or without particle spreading; (ii) for 1.5 mm particles temperature stabilization
is observed, for spreading debris bed; (iii) for 2 mm particles, debris bed is coolable,
regardless of particle spreading.

Agglomeration surrogate model has been developed and validated. The model is
based on problem decomposition into a set of loosely coupled models (i.e. jet
breakup, particle sedimentation, cooling and solidification, agglomeration) that can
be linked together through initial and boundary conditions. Several parameters in the
SM model are calibrated, using analytical assessments and data from the full model
in order to take into account phenomena and dependencies, which are not modeled
explicitly in the SM. Comparison of the results predicted with the full and calibrated
SM suggest that SM provides acceptable accuracy obtained with about hundred times
smaller computational effort. Sensitivity analysis of the model suggest that jet diam-
eter water pool depth and initial velocity of the melt are the major contributor dot the
uncertainty in prediction.

A new series of DEFOR-A experiments has been carried out with increased sizes of
the jet and wider ranges of water subcooling. The data on particle size distribution,
debris bed porosity and agglomeration is in good agreement with the previous
DEFOR-S, DEFOR-A and FARO tests. On average, larger particles were obtained
with ZrO,-WOs3 melt than with Bi,03-WO3, size distributions for both melt simulant
materials are within the ranges of size distributions observed in FARO tests. The dif-
ference between particle sizes in the tests with free falling jets was found to be insig-
nificant. There is a tendency to form slightly larger particles only in the tests with
submerged nozzles where melt is released under water with initially small jet veloc-
ity. Initial jet velocity also seems to have no visible effect on the fraction of agglom-
erated debris. Increased size jet had no significant effect on particle size distributions
and fractions of agglomerates. Small-scale DEFOR experiments were carried out for
clarification and confirmation of previous DEFOR-S data, analytical results hypoth-
eses. In general, results of this experimental program are in good agreement with the
previous data.

The results presented in this section demonstrate coupling of the agglomeration
model developed with the model for debris bed coolability. Simple formulas are of-
fered for the spatial distribution of mass fraction of agglomerates allowing setup of
debris bed properties as functions of height for different melt jet diameters and effec-
tive pool height. Numerical simulations are carried out demonstrating the effect of
low-permeability zoned in the top part of porous debris bed on its coolability, includ-
ing solid cake with some openings, as well as distributed agglomerates. An approach
to development of the surrogate model that can take into account the effect of debris
agglomeration on the coolability has been proposed.
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3.6 Steam Explosion Impact Map (SEIM)

Steam explosion in a deep pool is a credible threat to containment integrity potentially
leading to large early release of radioactive products to the environment. Recent ex-
periments carried out at KTH suggest that the risk of steam explosion in a relatively
shallow pool might also need to be revisited [55], [56], [23]. The goal of this work is
to develop ex-vessel Steam Explosion Impact Map (SEIM) framework to connect
melt ejection mode with steam explosion loads on the containment structures for es-
timation of containment failure probability. General approach to the development of
the SEIM SM is illustrated in Figure 3-82. Following tasks are addressed: (i) develop
a well-posed full model (FM) taking into account melt ejection mode and pool con-
ditions; (ii) develop a computationally efficient surrogate model (SM) for prediction
of ex-vessel steam explosion impulse.

Figure 3-82: Ex-vessel steam explosion surrogate model.

3.6.1. Probabilistic treatment of the triggering time

Development of the SM relies on a database of solutions generated by a 1D FCI code
TEXAS-V. Texas-V is a 1D 3-field transient code with Eulerian fields for gas and
liquid and a Lagrangian field for fuel particles. It is comprised of two modules for
calculation of premixing and steam explosion. One of the issues for development of
a well posed full model is the high sensitivity of the explosion impulse to the trigger-
ing time [20]. In [21] premixing was calculated starting from melt release till the jet
front arrival to the bottom of the domain and instantaneous premixing configurations
were saved with 1 ms time step; steam explosion calculations were carried out for
every saved premixing configuration. The results in the Figure 3-83 indicate that
small variations in the triggering time may lead to large changes in the explosion
energetics. For example, between 1.90 and 2.01 s, i.e. within 110 ms time window,
the explosion impulse changes almost 50 times from 377 kPa-s to 8 kPa-s. From the
risk perspective, the choice of the triggering time can change prediction of contain-
ment failure from physically unreasonable (at ~8 kPa-s) to unavoidable (at ~377 of
kPa-s).
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Figure 3-83: The dependence of normalized premixing function Fpymy and explosion im-
pulse F gy on the triggering time (release of oxidic corium melt with jet @300 mm into a
7 m deep water pool).

Chaotic behavior of the steam explosion impulse with respect to the timing of the
trigger makes the problem ill-posed. Ill-posedness is one of the main reasons for the
large spread of (i) predictions with different FCI codes, and (ii) predictions with the
same FCI code obtained by different users (see also discussion in [57]). In order to
make model output well-posed and independent from the choice of the triggering time
we introduced statistical treatment of explosion impulse. For every melt release sce-
nario, we estimate the values of the impulses that correspond to 50, 75, 95, 99 and
100 percentiles of the impulse CDF obtained by simulating multiple explosion phases
with different triggering times for a single melt release scenario.

3.6.2. Database of full model solutions

The database of full model simulations consists of 1500 premixing sets and 455,386
explosion calculations. The list of input parameters and respective ranges is provided
in the Table 3-18. Out of about 160 TEXAS-V input parameters 23 were selected for
further analysis. Ranges of parameters used in the sensitivity study were defined for
typical scenario of melt release in Nordic BWR [22], [21]. Other parameters were set
in accord with default values defined in the TEXAS-V manual [9]. The sensitivity
study used extended Morris method [79], [8] and addressed 16 independent input
parameters. Parameters were considered as independent, except for TPIN > TMELT.
Halton method [27] was used for the generation of the input. Explosion calculations
were performed with 4 ms time step starting from melt contact with water and till
melt contact with the bottom of the water pool.

3.6.3. Steam explosion Surrogate Model

The surrogate model has been developed using a feedforward Artificial Neural Net-
works (ANNs) with Bayesian regularization and backpropagation. The ANN predicts
impulses which correspond to certain percentiles of the impulse distribution for given
melt release characteristics and arbitrary triggering time. The uncertainty of SM in
approximation of the FM can be characterized as a difference between FM and SM

.. . Remi—Rsm,i
predictions (ET7; = Rpp; — Rspy ;). The relative error 2 m - 100% of steam
)L L

explosion SM are plotted in the Figure 3-84. The SM predicts a single output value
(Rsp i), see Figure 3-85a. Then a distribution that quantifies the SM uncertainty in
approximating the FM output for given value of SM is used, see Figure 3-85b.
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Table 3-18: Ranges of input parameters used for generation of FM database

# Parameter Units Range Explanation
min max
1 XPW M 2 9 | Water level
2 PO Bar 1 4 | System pressure
3 TLO K 288 368 | Water temperature
4 RPARN m 0.035 0.25 | Initial jet radius
5 CP Jkg K 350 650 | Fuel heat capacity
6 RHOP kg/m3 7500 8500 | Fuel density
7 PHEAT J/kg 260 000 | 400000 | Fuel latent heat
8 TMELT K 1600 2800 | Fuel melting point
9 TPIN K 1620 3150 | Melt superheat
10 | UPIN m/s -8 -1 | Melt release velocity
11 | KFUEL W/mK 2 42 | Fuel thermal conductivity
12 | CFR - 0.002 0.0027 | Proportionality constant for the rate of
fine fragmentation
13 | TFRAGLIMT | ms 0.5 2.5 | Fragmentation time
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Figure 3-84: SM error distribution as a function of the SM output.
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Figure 3-85: SM output without (a) and with error quantification (b).

Quantification of the error as a function of the SM output can be done by binning the
SM output space (Figure 3-86a) and providing a distribution of the SM error for every
bin (Figure 3-86b). Alternative approach would be to use the data on the SM error in
the vicinity of predicted by SM output and construct respective CDF.
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Figure  3-86: Example binning of the SM output space (a) and
respective CDFs of the SM errors (b).

3.6.4. SM sensitivity study

The magnitude of the error in the SM approximation of the FM can be relatively high.
Therefore we study the sensitivity of the SM model output to the error magnitude
(introduced by parameter c,,-) in comparison with the other model input parameters.
The results provided in the Figure 3-87 suggest that c,,, is among the influential
parameters, though it is much less important than other significant parameters such
as jet diameter. The diagram also includes the model sensitivity to the enthalpy rate

which is computed using the following expression Z—I: = —nRZp(Cme + Hf)U,
where R is initial jet radius; p is melt density; C), is melt heat capacity Ty, is melt
temperature, Hy is melt latent heat and U is melt inlet velocity. High sensitivity of the
model output to the enthalpy rate (which is a combination of SM input parameters)

indicates that uncertainty in the SM output is dominated by the input parameters and
SM error in approximation of the FM is not a major contributor to uncertainty.
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Figure 3-87: Morris diagram for 95% of the explosion pressure impulse CDF on the pedestal
wall. Parameters are sorted in order of importance.

3.6.5. Approaches to reduction of SM uncertainty

For further reduction of the SM uncertainty approaches are currently being consid-
ered and implemented [57]: selection of optimum training methods and architecture
(number of hidden layers and neurons) for single ANN and Bootstrap ANN (BANN);
use ensemble average of the BANN; dimensionality reduction of SM input: BANN
was shown to perform better than a single best ANN in different applications [57].

107



3.6.6. Summary and conclusions

A fast running surrogate model has been developed for the assessment of the risk of
containment failure due to steam explosion. Three primary tasks have been accom-
plished: (i) development of the Full Model (TEXAS-V and a statistical approach to
characterize the effect of triggering time on the explosion impulse), (ii) generation of
the Full Model solution database (1500 premixing sets comprised of 455000 of pre-
mixing/explosion calculations), and (iii) development of the surrogate model using
ANN. An approach for quantification of the SM uncertainty is proposed and imple-
mented in the ROAAM+ framework. We found that uncertainty in the containment
failure is dominated by the melt enthalpy rate and jet diameter. Failure domains (see
Chapter 3.7) suggest that reinforcement of the hatch-door significantly reduces the
risk of the containment failure. SM uncertainty does not affect the conclusion on the
benefit of the hatch door reinforcement [57]. There are several issues that still should
be addressed: Melt releases with multiple jets; Multiple consecutive steam explo-
sions; Effect of crust formation around melt particles on the energetics of the steam
explosions; Generation of non-condensable gases during premixing.

3.7 Results of Risk Analysis using ROAAM+ Framework

The goal of this section is to present uncertainty analysis results for clarification of
(1) main contributors to the uncertainty; (ii) importance of the dependencies between
different accident stages in different scenarios; (iii) the needs for further refinement
of the knowledge and tools (models, experimental data, etc.). The surrogate models
used in the analysis and their aims are detailed in the Table 3-19. Failure criteria are
determined for SEIM and DECO frameworks. Current implementation of DECO is a
combination of two surrogate models: (i) spreading of particles during sedimentation
in the pool which estimates the height of the debris bed; (i1) debris bed coolability
(returning actual and critical heat flux for given debris bed configuration).

Table 3-19: Surrogate models of the ROAAM+ framework.

SM Type Aim

CORE | Mapping Given timings of ADS and ECCS recovery provides time, composition
and mass of core relocation and conditions in the lower drywall: pres-
sure, pool temperature and depth

Vessel | Polynomial Given mass and composition of the debris in the lower head computes

failure timings of the IGT, CRGT and vessel failures and corresponding mass
and composition of liquid melt available for release

Melt Physics Given timings and mode of lower head failure computes conditions of

release | based melt release, i.e. ablation of the breach, rate and duration of the release,
thermal properties of the melt

SEIM ANN Given conditions of melt release and LDW characteristics, returns three
explosion impulses and three values of containment capacity

DECO | Physics Given conditions of melt release and LDW characteristics, returns dryout

based heat flux and max debris bed heat flux

For assessment of the risk of containment failure in Swedish type BWRs we employ
failure domains approach. We use second order probability analysis where uncertain
distributions are also varied. As a result, a set of possible failure probability values
are obtained and characterized by cumulative distribution function (CDF) of the fail-
ure probability (Pr). Failure domains are obtained by sampling output of the SMs (by
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varying deterministic and intangible parameters) in each cell of the regular mesh de-
fined in the input parameter space. The number of “fail” and “success” cases is
counted in each cell using failure criteria and normalized to provide conditional fail-
ure probability which is compared to the screening probability. The cells where frac-
tion of conditional failure probabilities exceeding screening probability is above 95%
(CCDF {Pr = P.} > 0.95) are grouped into a “failure domain” indicating conditions
at which the mitigation strategy fails. The red domain represents the area where with
95% confidence level failure probability exceeds physically unreasonable threshold.
The green domain (CCDF {Pr = P.} < 0.05) represent the area where SAM is suc-
cessful and containment failure (due to ex-vessel steam explosion or ex-vessel debris
coolability) is physically unreasonable [84] with 95% confidence level. The domains
colored purple and blue represent domains of scenario space where the confidence
that failure probability will exceed the screening one is >50% and <50% respectively.

3.7.1. Analysis for Steam Explosion using SEIM Surrogate Model

Three scenarios of melt release are considered: oxidic and metallic Case 01 with up
to 1150 K melt superheat and Case 02 with superheat of 300 K (the same as for oxidic
melt). Parameters and their ranges are provided in the Table 3-20. Estimated failure
domain maps are given in the Figure 3-88. The maps were estimated taking 95% of
the explosion impulse, 0.001 as the screening probability. Based on the results of the
sensitivity study [57] jet radius, XPW — water pool depth, UPIN — melt jet release
velocity; RPARN - Jet radius were chosen as scenario parameters for plotting failure
domain maps (Figure 3-88). In case of non-reinforced hatch (fragility limit 6 kPa-s),
the failure probability exceeds screening one (red domain) for most of possible com-
binations of scenario parameters (RPARN, XPW and UPIN). If the hatch door is re-
inforced (50 kPa-s) there is no risk of containment failure. Note that the jet diameter
is limited to @300 mm in this analysis. For larger size jets, the risk of containment
failure will be larger. It is instructive to note that SM error (¢, # 0) enlarges the
failure domains.

Table 3-20: Ranges of model input parameters for failure domain maps.

# Parameter Units Oxidic (Caselv([ﬁt/gggze 02)
Name Meaning min | Max min \ max
Scenario parameters
RPARN Initial jet radius m 0.035 0.150 0.035 0.150
UPIN Melt release velocity m/s -8 -1 -8 -1
XPW Water level m 5 9 5 9
Deterministic and intangible parameters
PO System pressure Bar 100000 | 400000 | 100000 400000
CP Fuel heat capacity Jkg K 490 650 350 490
RHOP Fuel density kg/m3 7900 8500 7500 7900
PHEAT Fuel heat capacity J/kg 300000 | 400000 | 250000 300000
TMELT Fuel melting point K 2800 2800 1650 1650
TPIN Melt temperature K 2810 3150 1660 | 2800/ 1966
TLO Water temperature K 288 368 288 368
KFUEL Fuel thermal conductivity W/m-K 2 6 6 32
CFR Proportionality constant for the | _ 000200 | 0.00270 | 0.00200 000270
rate of fuel fine fragmentation
TFRAGLIMT | Fragmentation time ms 0.00050 | 0.00250 | 0.00050 0.00250

Comparison of Case 01 vs Case 02 suggests that with increase of melt superheat fail-
ure domain increases. Current version of the TEXAS-V SM predicts larger failure
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domain for the oxidic melt than for the metallic one (Figure 3-88). This is attributed
to the higher enthalpy of oxidic melt. It is instructive to note that there is no modelling
of crust formation effect on the explosion energetics in TEXAS-V, and melt emissiv-
ity was not considered in development of the current SM (it was identified as less
important parameter in the preliminary sensitivity analysis [22]).

Cerr=0; 6 kPa's; Cerr=[-1;1]; 6 kPas; Cerr=[-1;1]; 50 kPars;
metallic release case #1 metallic release case #1 metallic release case #1
Cerr=0; 6 kPa-s; Cerr=[-1;1]; 6 kPa-s; Cerr=[-1;1]; 50 kPa-s;
metallic release case #2 metallic release case #2 metallic release case #2
Cerr=0; 6 kPa-s; Cerr=[-1;1]; 6 kPa-s; Cerr=[-1;1]; 50 kPa-s;
oxidic release oxidic release oxidic release

Figure 3-88: Failure domain maps for containments with reinforced and non-reinforced
hatch door.

3.7.2. Analysis for Debris Bed Coolability

Sensitivity analysis using Morris method for Debris Bed Coolability SM has been
carried out in order to identify the most important DECO SM input parameters. In
Figure 3-89 results of the sensitivity analysis for DECO SM output HF-DHF
(MW/m?) (the difference between heat flux and dryout heat flux) for the “Base Case”
scenario and ranges (see Table 3-21) are shown. The results indicate the dominant
effect of DPAR (particle diameter) and porosity together with tsub (water subcooling)
on the results. Initial water subcooling affects time delay for onset of the debris bed
spreading and thus height of the debris bed. Figure 3-90 presents the results of failure
domain analysis for DECO SM. The figure illustrates the effect of the screening prob-
ability in the space of water subcooling and debris porosity. Note that only spreading
in the pool is considered currently in this model. The results in Figure 3-90a can be
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interpreted as follows: the probability of failure (P = P(HF > DHF)) does not ex-
ceed screening probability Pr < By = 1073 only for scenarios with high debris po-
rosity (>40%) and low water pool subcooling (<5-10 K) in more than 95% of possible
combinations of distributions of uncertain input parameters. In other words, green
domain in Figure 3-90a shows that “possibility” of failure is very small. The necessity
of failure is assessed in Figure 3-90c. With small debris porosity (<38%) and high
water subcooling (>30K) probability of failure Pr exceed P; = 0.99 in approximately
5-50% of possible combinations of the distributions of the uncertain parameters.

Response function - DHF-HF, DHF-HF(MW/mZ)
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Figure 3-89: Morris diagram for Debris bed coolability input parameters.

CDF(P(>PS) >95% - red, CDF(PY> PS) <5% - green, CDF(Pf > PS) - [6-50%] - blue,
CDF(P' > PS) - [60-95%] - purple, Pf(HF > DHF)
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Figure 3-90: Failure domain analysis for DECO SM with different values of screening prob-
ability a) P =1073; ) P, = 0.5, ¢c) P, = 0.99

Figure 3-91 presents similar results but in the space of particle size and porosity. The
possibility of formation of a non-coolable debris bed is low for porosity >0.4 and
effective particle size >2.5 mm (Figure 3-91a). There is high (~5-50%) necessity of
failure for smaller particles and porosity Figure 3-91b,c. Better knowledge about par-
ticle size and porosity would be the most effective means for reduction of the uncer-
tainty in coolability.

Uncertainty in water subcooling depends on the accident scenario and its ranges can
be quantified through modeling of different possible sequences. The effect of water
subcooling on debris bed height is an epistemic uncertainty that can be reduced
through (i) further development and extensive validation of DCOSIM models against
PDS-P type experiments; (ii) analysis of the accident sequences and possible ranges
of water subcooling. Combining the modeling of particle spreading in the pool and
particulate debris bed spreading after debris settling due to self-leveling phenomenon
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might be the most effective approach to reduction of the uncertainty in the assessment
of the risks associated with porous debris bed coolability. Among the other parame-
ters only system pressure, mass of debris and time after SCRAM can noticeably affect
selected failure criteria. The uncertainty in mass of debris and time after SCRAM can
be reduced through improved modeling of the melt release mode in MEM. Employ-
ment of less conservative failure criteria (e.g. post dryout temperature stabilization)
can further help to clarify the safety margins.

CDF(Pf> PS) >95% - red, CDF(Pf > PS) <5% - green, CDF(Pf > PS) -
[5-50%] - blue, CDF(P > Psl))— [50-95%], P (HF > DHF)
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Figure 3-91: Failure domain analysis for DECO SM with different values of screening prob-
ability a) P =1073; ) P, = 0.5, ¢c) P, = 0.99

Table 3-21: DECO SM ranges for the “Base Case”

Name Description Range Units
Time Time after SCRAM [2-5] Hours
coriummass Debris mass in LP [100-256] Tons
DPAR Particle diameter [1.5-4] Mm
Porosity Debris porosity [0.35-0.45] -

PO System pressure [1-4.5] Bar
XPW LDW water pool depth [5-9] M
Tsub Water pool subcooling [0-80] K

CP Fuel heat capacity [270-650] Jkg K
PHEAT Fuel latent heat [1.9e5-4.23e5] | J/kg
TLIQSOL Temperature of Liquidus\Solidus [1600-2800] K
TSH [10-1000] K
tRel Duration of melt release [3600-10000] sec

3.7.3. Reverse and Failure Domain Analysis using Combined SM on Debris
Bed Coolability and Particulate Debris Spreading

The ANN-based SM of the coolability of debris bed with taking into account the
effect of bed self-leveling (particulate debris spreading PDS) has been has been used
in reverse analysis to identify the failure domains. The input parameters and their
varied ranges used in both, sensitivity study and FD identification, are provided in
Table 3-22. Three most influential input parameters identified from Morris diagram
Figure 3-89 are: (i) Particle diameter (DPAR); (ii) Bed porosity (porosity); (iii) Initial
bed heat-up rate (trat). The failure domains are shown for any two combinations of
the above listed parameters: porosity-DPAR (Figure 3-93); TRAT-DPAR (Figure 3-
94) and TRAT-porosity. Highly porous debris bed composed of large particles has
higher probability to be coolable Figure 3-93. Comparison of Figure 3-91 and Figure
3-93 suggest that self-leveling and consideration of possible temporary dryout lead
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to large “safe” domains than consideration of debris spreading in the pool and no

dryout condition.
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Figure 3-92: Morris diagram for coolability and self-leveling.

Table 3-22: SM ranges for the input parameters

Name Range Description Units
1 coriummass le5 2.5e5 Debris mass Kg
2 RHOP 7500 | 8500 Fuel density JKg/m3
3 DPAR le-3 6e-3 Particle diameter m
4 porosity 0.3 0.6 Porosity -
5 PO 1 4 LDW Pressure bar
6 RPOW 14 39 Reactor Thermal Power GW
7 angle 22 35 Critical angle or repose degrees
8 ai 0.1 1.0 Initial angle factor -
9 tini 400 1700 Initial temperature of particles K
10 trat 0.1 20 Initial heat up rate K
CDF(P,>P_)>95%-red, CDF(P, > P_) < 5% - green, CDF(P, > P ) - [5-50%] - blue, CDF(P >
PS) - [60-95%] - purple, Pf(T ool > Tfa")
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Figure 3-93: Failure domain analysis for PDS SM with different values of screening proba-
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Figure 3-94: Failure domain analysis for PDS SM with different values of screening proba-
bility a) P = 1073; b) P; = 0.5; c) P, = 0.99

3.7.4. Debris Agglomeration Failure Domain Analysis

Figure 3-95 show that fraction of agglomeration larger than 5-10% is practically im-
minent (P, = 0.99) in case of relatively shallow pools, large jets and large melt re-
lease velocities.

CCDF(P>9.9e-01) > 95% - red CCDF(P>9.9e-01) > 95% - red
CCDF(P, > 9.9e-01) < 5% - green CCDF(P, >9.9e-01) < 5% - green
CCDF(P, >9.9e-01) - [5-50%] - blue CCDF(P, >9.9e-01) - [5-50%] - blue
CCDF(P, > 9.9e-01) - [50-95%] - purple CCDF(P; > 9.9e-01) - [50-95%] - purple
P (Agglomeration fraction > 5%) P (Agglomeration fraction > 10%)
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Figure 3-95: Failure domain analysis for Debris Agglomeration SM (P¢=0.99) in terms of
Jet Diameter (m), Melt release velocity(m/s) and LDW water level (m), with different values
of debris agglomeration fraction threshold a) 5%, b) 10%. Only domain with
CDF(Pf > Ps) > 50% are shown.

Figure 3-96 shows failure domain for Debris Agglomeration as a function of Jet Di-
ameter, LDW Pool Temperature and Pool depth. Current model suggest that agglom-
eration can be avoided only in dripping mode of melt release (very small jet, deep
pool). Note that fraction of agglomeration larger than 50% leads to significant reduc-
tion of coolability. Currently debris agglomeration is the major factor that negatively
affect coolability. There is some degree of conservatism in current modeling of ag-
glomeration, especially in jet breakup length and modeling of the effect of agglom-
eration on coolability (see results obtained with DECOSIM). Thus possible ways to
reduce the uncertainty in prediction of coolability are: (i) significant reduction of the
uncertainty in the melt release; (ii) reduction of uncertainty in effect of jet breakup
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on agglomeration modeling, (iii) coolability analysis for partially agglomerated de-
bris.

c. d.
Figure 3-96. Failure domain analysis for Debris Agglomeration SM (Ps=0.001) in terms of
Jet Diameter (m), Melt release velocity(m/s) and LDW water level (m), with different values
of debris agglomeration fraction threshold a) 20%, b) 50% c) 70%. d) 90%.

3.8 Improvements in PSA Modelling using Integration with
ROAAM+.

In this section we discuss possible enhancements of PSA using ROAAM+ generated
data and a feasibility study performed for a large scale PSA model in [50]. The first
phase of an accident is studied in PSA L1 and the result is a number of sequences
ending with either success or core damage. For those sequences ending with core
damage the following accident progression is studied in PSA level 2 (L.2). The link
between PSA L1 and L2 is (normally around 20-40) plant damage states (PDS). For
each of the PDS there is a containment event tree (CET). The events represented in a
PSA Level 2 can result in containment rupture; different type of bypass; activation of
filter. Current PSA models are static and grouping of sequences (failure combinations
that have similar effect) as well as simplified treatment of timing of failure combina-
tions are needed.

The enhanced information from a ROAAM+ can be used in the PSA in several ways:
(i) Improved sequence definitions when phenomena can be relevant; (ii) Estimation
of probabilities for phenomena; (iii) Improved knowledge of timing in sequences,
which can be another base for improved realism in PSA quantification. One example
is how recovery of emergency cooling system (ECCS) and ADS might help to avoid
more severe consequences. A successful recovery early in the sequence would allow
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the core to be arrested in the reactor pressure vessel (RPV) and hence provide the best
possibility to limit the releases. The human reliability analysis regarding recovery
actions is based on the available time for the operator action.

In addition to a better representation of the sequences, it is important to improve our
ability to estimate the probability that a certain phenomenon with risk significant con-
sequences can occur. When likelihoods used in ROAAM+ are translated into PSA
probabilities, the arbitrary scale of probability should be applied in reverse in order
to achieve the same meaning between “physically unreasonable” level in ROAAM
and screening frequency in PSA. The analysis with ROAAM+ provides insights re-
garding under what conditions each phenomenon is relevant.

A generic PSA for Nordic BWR is used here as a reference case [50] with a function
event where all the phenomena are treated in a common fault tree. The probability
for steam explosion resulting in containment failure is 0.001 for low pressure melt
through and 0.003 for high pressure melt through. These values are always applied
even if the lower drywell (LDW) flooding system fails. The reason for this modeling
is that no positive credit should be taken for system failures. Furthermore, there may
be water enough for steam explosion but not enough to avoid melt through of the
penetrations in the LDW floor. The probability for melt through of the penetrations
in the LDW floor is: 0.001 after successful LDW flooding; 1.0 after failure of the
LDW flooding system.

In this feasibility study the reference large scale PSA model is modified to consider
the depth of the water pool and the mass flow of corium at vessel melt through (pa-
rameters identified in ROAAM+ among most influential). The containment event
trees for the plant damage states HS2-TH1 (high pressure) and HS2-TL4 (low pres-
sure) are modified to consider the depth of the water pool in lower drywell (LDW)
and the mass flow of corium at vessel melt through. The water depth alternatives are:
(i) Deep water pool in LDW; (ii) Shallow water pool in LDW; (iii) No water in LDW.
The melt flow alternatives are correspond to the diameter of the melt jet: djet < 0.075
m - Dripping flow; 0,075 < djer < 0.150 m - Medium Flow; djec > 0.150 m - Large
Flow. For each combination of water depth and melt flow there is a unique probability
for steam explosion and not coolable debris bed in LDW. This is explicitly modeled
in the CET Figure 3-97. ROAAM+ provides probability distributions for containment
damage by steam explosion and coolability given a certain combination of tempera-
ture, water depth and diameter of the melt jet. For steam explosion the non-reinforced
door (6 kPa*s) fragilities are used. This gives the highest probabilities for the steam
explosion damage of the containment structures. For coolability the 90 % agglomer-
ation is used as a fragility limit, which might be an optimistic assumption. If LDW
flooding fails completely the following probabilities are assumed: Steam explosion
0.0; Debris bed not coolable 1.0. At present there is no probability distribution for the
different melt flow sizes so uniform distribution is used.

The probabilities for steam explosion and non-coolability is calculated as the average
value of different melt flows in each size respectively, given the depth and the tem-
perature described above. This results in the following probabilities for steam explo-
sion and non coolable debris bed in LDW:
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Figure 3-97: Containment Event Tree with explicit modeling of steam explosion and coola-
bility [50].

In the PSA model it is not the average values that are given, instead the distributions
of the containment damage probabilities obtained by the uncertainty analysis in
ROAAM+ for each of the phenomenon are used. A non-standard interface, allowing
use of externally developed simulation data, is used in RiskSpectrum to enable the
uncertainty distribution for the phenomena to be consistently treated.

All transients and CCls leading to the plant damage states HS2-TH1 and HS2-TL4
are analyzed for all analyzed Level 2 release categories. Release categories leading
to release frequencies over 0.1% of the core inventory of an 1800 MW BWR are
grouped as non-acceptable. The normalized result for non-acceptable release per type
of initiating event is shown in Figure 3-98 and Table 3-23. The result for Loss of
offsite power and non-acceptable release is set to 1.0 for the reference case and all
the other results are divided by the same scaling factor.

The analysis shows that the non-acceptable release frequency is doubled in the en-
hanced model. The release frequency related to the release category “ Penetration of
the LDW floor (basemat melt through)” is shown in Table 3-24. The frequency ap-
proximately increases with a factor of 42 due to the increased probability for non-
coolable debris bed. Note that basemat melt through is not grouped as a non-accepta-
ble release. If this release category would be included the frequency for non-accepta-
ble release would increase much more.

The release frequency related to the release category “Containment failure due to
phenomena (always early and no DW spray is credited)” is shown in Table 3-25. The
frequency approximately increases with a factor of 4 due to the increased probability
for steam explosion. The release frequency related to the release category “Filtered

117



release, Early opening, No DW spray” decreases to 50 % of the reference case. The
release frequency related to the remaining release categories changes only slightly
between the reference model and the enhanced model.

The results of the uncertainty analysis for non-acceptable release is shown in Table
3-26. The results show that the uncertainty ranges from roughly half the point esti-
mate frequency up to about 1.5 of the point estimate frequency. This is a reasonably
narrow interval, which is positive — as the uncertainty is an important factor in PSA-
L2. It could be relevant to further study the cases where the uncertainty range is
greater — to understand if the uncertainty can be reduced.

Table 3-24

B Enhanced Model m Reference Case
Turbine Trip

Spurious Scram

Spurious M Isolation

Spurious | Isolation

Loss of Feed Water

Loss of Offsite Power

CCI - Loss of busbar 400 V AC - Div B
CCl - Loss of busbar 110 V DC - Div D
CClI - Loss of busbar 110 V DC - Div C
CCl - Loss of busbar 110 V DC - Div B
CClI - Loss of busbar 110 V DC - Div A
CCl - Loss of sea water cooling

0,0 0,5 1,0 15 2,0

Figure 3-98: Comparison between the reference case and the modified model for non-ac-
ceptable release (normalized) [50].

Table 3-23: Comparison between the reference case and the modified model for non-acceptable release (nor-
malized) [50]

Initiating event Reference Case | Enhanced Model | Difference
CCI - Loss of sea water cooling 5,0E-03 3,2E-02 541%
CCI - Loss of busbar 110 V DC - Div A 8,7E-02 1,0E-01 19%
CCI - Loss of busbar 110 V DC - Div B 8,5E-02 1,0E-01 18%
CCI - Loss of busbar 110 V DC - DivC 4,7E-03 4,7E-03 0%
CCI - Loss of busbar 110 V DC - DivD 1,4E-03 1,2E-03 -16%
CCI - Loss of busbar 400 V AC - DivB 7,0E-02 1,0E-01 47%
Loss of Offsite Power 1, 0E+00 1 2E+00 15%
Loss of Feed Water 1,7E-01 2,0E-01 21%
Spurious I Isolation 7.9E-04 1,7E-03 118%
Spurious M Isolation 1,6E-01 1,8E+00 1014%
Spurious Scram 3,3E-01 3,6E-01 9%
Turbine Trip 4 9E-02 1,3E-01 158%

Total result 2,0E+00 3,9E+00 102%

The results of the uncertainty analysis for non-acceptable release is shown in Table
3-26. The results show that the uncertainty ranges from roughly half the point esti-
mate frequency up to about 1.5 of the point estimate frequency. This is a reasonably
narrow interval, which is positive — as the uncertainty is an important factor in PSA-
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L2. It could be relevant to further study the cases where the uncertainty range is
greater — to understand if the uncertainty can be reduced.

Table 3-24: Comparison between the reference case and the modified model for basemat melt through (normal-
ized) [50]

Initiating event Reference Case | Enhanced Model | Difference

CCI - Loss of sea water cooling 2,6E-02

CCI - Loss of busbar 110 V DC - Div A 2,6E-03 1,7E-02 540%

CCI - Loss of busbar 110 V DC - DivB 1,5E-02

CCI - Loss of busbar 110 V DC - Div C 2,7E-03 2,2E-03 -18%

CCI - Loss of busbar 110 V DC - DivD

CCI - Loss of busbar 400 V AC - DivB 3,0E-02

Loss of Offsite Power 1,4E-01

Loss of Feed Water 7,0E-05 2A4E-02 33661%

Spurious I Isolation 7,0E-05 6,8E-04 874%

Spurious M Isolation 3,0E-02 1,6E+00 5256%

Spurious Scram 5,5E-03 4 2E-02 656%

Turbine Trip 5,3E-03 8 4E-02 1489%
Total result 4,6E-02 2,0E+00 4179%

Table 3-25: Comparison between the reference case and the modified model for containment failure due to
phenomena (normalized) [50]

Initiating event Reference Case | Enhanced Model | Difference
CCI - Loss of sea water cooling 4,8E-03 3,2E-02 561%
CCI - Loss of busbar 110 V DC - Div A 4,1E-03 2,1E-02 406%
CCI - Loss of busbar 110 V DC - DivB 1,8E-03 1,8E-02 873%
CCI - Loss of busbar 110 V DC - DivC 3,2E-03 3,2E-03 0%
CCI - Loss of busbar 110 V DC - DivD 2 4E-04 -100%
CCI - Loss of busbar 400 V AC - DivB 1,5E-03 3 4E-02 2240%
Loss of Offsite Power 2,7E-01 42E-01 56%
Loss of Feed Water 6,6E-04 3,5E-02 5180%
Spurious I Isolation 6,6E-04 1,7E-03 150%
Spurious M Isolation 1,6E-01 1,8E+00 1035%
Spurious Scram 5,6E-02 8,8E-02 56%
Turbine Trip 4 4E-02 1,2E-01 178%

Total result 5,4E-01 2,5E+00 370%

Table 3-26: Uncertainty analysis for non-acceptable release (All the median values are normalized.) [50]

Initiating event 5% median 95%
CCI - Loss of sea water cooling 56% 100% 158%
CCI - Loss of busbar 110 V DC - Div A 91% 100% 112%
CCI - Loss of busbar 110 V DC - DivB 91% 100% 112%
CCI - Loss of busbar 110 V DC - DivC 95% 100% 107%
CCI - Loss of busbar 110 V DC - DivD 100% 100% 100%
CCI - Loss of busbar 400 V AC - DivB 84% 100% 123%
Loss of Offsite Power 93% 100% 109%
Loss of Feed Water 91% 100% 112%
Spurious I Isolation 58% 100% 163%
Spurious M Isolation 54% 100% 161%
Spurious Scram 95% 100% 107%
Turbine Trip 66% 100% 147%

There is a number of assumptions and limitations in the implementation in the en-
hanced PSA model that influence the result and are discussed in [50], [57]. There is
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a need to make the feasibility study more realistic regarding some of the related pa-
rameters discussed in [50], [57]. The quantitative results should therefore be seen as
indicative.

3.9 Summary of the ROAAM+ Development and Risk Analysis
Results

This report presents research results of APRI-9 project, namely development of risk
oriented accident analysis frameworks for quantifying conditional threats to contain-
ment integrity for a reference plant design of Nordic type BWRs. Further extension
of the Risk Oriented Accident Analysis Methodology (ROAAM+) has been proposed
and implemented in order to address the challenges presented by the Nordic BWR
severe accident management strategy, namely, the importance of uncertainty in both
scenarios and phenomena and the complex multistage accident progression.

The key element of ROAAM+ is a two-level coarse-fine adaptive iterative refinement
process of the development of risk assessment framework and necessary knowledge.
The top level of the risk assessment framework is based on computationally efficient
surrogate models (SMs) that can be used for extensive sensitivity and uncertainty
analysis in order to guide identification of the main sources of uncertainty, failure
domains in the space of uncertain scenarios and modeling parameters, and ultimate
risk assessment. The bottom layer of the framework consists of detailed computation-
ally expensive full models (FMs) and databases of their solutions as well as experi-
mental data and evidences, which are used in the development of the SMs.

In this project detailed mechanistic full models (FM) have been further developed for
deterministic analysis of steam explosion and coolability phenomena. When neces-
sary and feasible, new experimental data was produced in order to create new models
or reduce uncertainty in existing models. Databases of the full model solutions were
obtained. A set of computationally efficient surrogate models (SM) has been devel-
oped using the databases of FM solutions. The SMs were used in extensive sensitivity
and uncertainty analysis implemented in the ROAAM+ framework. The reverse anal-
ysis in the ROAAM+ helped to identify failure domains in the space of the accident
scenario parameters. Uncertainty in the containment failure probability has been
quantified according to the state-of-the-art knowledge using the forward analysis. An
approach has been developed and demonstrated for using obtained in ROAAM+ data
on the failure probability for different combinations of scenario parameters in a large
scale PSA model. Results of the pilot study show clear benefits for PSA improvement
in more realistic understanding and modeling of the risks.

Main highlights and findings from the development of ROAAM+ methodology, full
and surrogate models for different stages of the accident progression and phenomena
are summarized below.

ROAAM+ methodology: Methodological guidelines and approaches to development
of the full surrogate models, supporting experiments and risk assessment frameworks
have been developed, implemented and demonstrated. Advanced methods for quan-
tification of uncertainty in the assessment of the overall failure probability and iden-
tification of failure domains in the space of scenario parameters have been proven
crucial for adequate representation of uncertainty. A framework has been imple-
mented as a set of customizable tools and interfaces using MATLAB. Approaches to
consideration of the FM and SM uncertainty in the risk assessment have been imple-
mented. Connection of the ROAAM+ data to different decision making approaches
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and tools including PSA have been suggested. ROAAM+ provides a variety of tech-
niques, including expensive sensitivity analysis, that enable identification of the ma-
jor contributors to uncertainty both for risk assessment and for guiding research pro-
grams that aim to reduce the uncertainty in assessment of effectiveness of a severe
accident management strategy. Extensive analysis for quantification of risks of steam
explosion and formation of non-coolable debris has been carried out. It has been
shown that the major source of uncertainty is the melt release conditions. Results
suggest that the failure of containment due to steam explosion or formation of non-
coolable debris can be considered as physically unreasonable only if the melt is re-
leased in a dripping mode by a small size (<100 mm) jet. It has been also demon-
strated that system resilience with respect to steam explosion threat can be signifi-
cantly improved by reinforcing the week elements of the containment (e.g. hatch
doors) by increasing their fragility levels up to ~50 kPa*s. The major negative factor
for formation of non-coolable debris bed is agglomeration, which can be mitigated
by decreasing melt jet size below 100 mm.

Core degradation and relocation to the lower head: Extensive study of the scenarios
of core degradation and relocation to the reactor vessel lower head has been under-
taken. The goals were to quantify the properties of debris in the lower head and char-
acteristics of the vessel failure and melt release as an input to analysis of the ex-vessel
accident progression. Different version of the MELCOR code (1.86, 2.1, 2.2) were
employed. Sensitivity analysis suggests importance of the modeling uncertainty (be-
tween different codes that use different models and in the same code using different
values for the model closure parameters). An effort to quantify the uncertainty due to
modeling and scenario factors has been made and a large database of MELCOR sim-
ulations (~thousands scenarios) has been generated. Two major modes of core deg-
radation were observed depending on the timing of recovery of the core cooling sys-
tem: (i) retention of debris in the damaged core region with only small (up to ~20
tons) relocation of mostly metallic debris to the lower head; (ii) relocation of large
faction of the core (>150 tons). Significant effect due to the delay of vessel depres-
surization on the properties of the debris in the lower plenum was identified. Vessel
failure and melt release analysis was carried out using different assumptions (e.g.
about the possibility of ejection of solid/liquid debris upon vessel failure). The results
suggest that neither dripping nor massive release conditions cannot be positively ex-
cluded. A possibility of release of highly superheated metallic melt (up to ~1200 K)
was observed in significant fraction of scenarios. Failure of penetrations was ob-
served on average earlier than vessel wall.

In Vessel Debris Coolability and Vessel Failure: PECM-ANSYS model provides
means for coupled-thermo- mechanical analysis of debris melting and heat transfer
in a melt pool, and thermal creep in the vessel wall. The model addresses specific
case when debris represents a non-porous cake. A new database of simulations was
obtained using a 3D slice model in PECM-ANSYS, using data on the debris proper-
ties obtained from MELCOR. An interpolation of the database lookup table was pro-
posed as a surrogate modeling approach. The database of the FM solutions is in a
qualitative agreement with the previous results that indicated importance of thermal
conductivity and decay heat distribution on the location and timing of the vessel and
penetration failure. In most cases, failure is observed before formation of a large su-
perheated melt pool, for modeling of which PECM was initially developed. It is in-
structive to note that the ranges of possible vessel failure timing, melt mass and su-
perheat obtained in PECM-ANSYS are considerably narrower than those obtained in
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MELCOR. This can be explained by the fact that PECM currently doesn’t model
heterogeneous multicomponent debris remelting process (i.e. there is only one melt-
ing temperature for the debris material).

DECOSIM code was further developed in order to address in-vessel coolability phe-
nomena in case when debris bed is porous. Extensive parametric studies suggested
that it is not possible to exclude neither formation of a large melt pool (when water
present in the vessel can temporary protect vessel wall and penetration, in scenarios
with relatively large (> 2mm) debris size) neither early failure of the penetrations and
melt release in the dripping mode (in case when a dry hot zone is located near the
vessel wall, in scenarios with relatively small size of debris <1.5 mm).

Melt release: A set of models has been developed to study potential limiting mecha-
nisms in the melt release, breach ablation and plugging phenomena. Importance of
the multicomponent debris remelting phenomena and respective possibility of melt
accumulation have been demonstrated. Domains of melt release parameter were plug-
ging and ablation are expected have been quantified. It is demonstrated that neither
plugging (leading to formation of a melt pool) nor ablation (leading to increase of the
jet diameter and melt mass flow rate) cannot be positively excluded. Release of the
melt in the dripping mode (without plugging or significant ablation) cannot be ex-
cluded either according to the analysis results, however the range of melt release pa-
rameters where whole core can be released in a dripping mode is relatively narrow.

Ex-vessel debris bed formation and coolability: A comprehensive research program
has been carried out to address major phenomena that can affect formation of a non-
coolable debris bed. Full (DECOSIM) and surrogate model have been developed for
prediction of dryout and post-dryout debris bed behavior. Particulate debris spreading
and bed self-leveling phenomena have been studied experimental and a set of analyt-
ical models have been developed and validated. It has been shown that the debris bed
spreading mechanisms are quite effective in prevention of formation of a tall non-
coolable debris bed. Further validation of the codes and models would be necessary
in order to reduce uncertainty on predictions and extend the domain of model applica-
bility.

Debris agglomeration is currently the major factor that can lead to formation of non-
coolable debris bed. Full and surrogate models have been developed in order to quan-
tify the phenomena of agglomeration and the impact of these phenomena on the
coolability. DECOSIM model was further developed in order to adequately represent
domains in the bed with variable mass fraction of agglomerated debris. The
DECOSIM simulations were carried out using data on spatial distribution of agglom-
erates using the surrogate model for agglomeration. Results suggest that coolability
can be significantly impaired when fraction of agglomerated reaches >20~50% (de-
pending on the particle size). This corresponds to jet diameters of >100 mm. Further
model development and validation would be necessary in order to reduce and quan-
tify associated phenomenological uncertainty.

Steam explosion: A surrogate model has been developed using the database of
TEXAS-V code (FM) simulations (in total 455000 cases of premixing/explosion cal-
culations) for Nordic type BWRs. A statistical treatment for the chaotic response of
the explosion impulse to small variations in the triggering time has been proposed.
Most important parameters where identified using sensitivity analysis. The surrogate
model was implemented using different artificial neural network (ANN) approaches.
An approach for quantification of the SM uncertainty was implemented. We found
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that uncertainty in the containment failure is still dominated by the enthalpy rate of
the jet and jet diameter even if the SM uncertainty can be relatively large for single
comparisons of SM vs FM predictions. Consideration of SM uncertainty lead to in-
creased size of the failure domain. New approaches are currently under development
for improved SM for reduced error and faster performance. For more comprehensive
risk assessment there are several issues that can be addressed in the future such as
melt releases with multiple jets; multiple consecutive steam explosions; effect of crust
formation around melt particles on the energetics of the steam explosions; generation
of non-condensable gases during premixing etc.

Pilot application of the ROAAM+ generated data for improvement of a large scale
PSA model provided following insights. The feasibility study has shown an example
of coupling PSA with ROAAM-+. The results from the deterministic analysis are used
in the PSA to improve sequence definition as well as improve the estimation of fre-
quency of unacceptable release due to phenomena depending on the sequence. The
changes in the enhanced PSA-model are limited and easy to implement.

ROAAM+ results can be used to refine and improve the PSA in several ways. The
integrated approach requires improvement in scenario definition, which practically
leads to larger number of plant damage states (PDS). The PDS should consider all
necessary scenario parameters, that may affect the calculation of phenomena and
hence consider also the system availability normally represented within containment
event trees (CETs). One example is the analysis of recovery of core cooling, where
ROAAM+ has provided usable information regarding the timing and possibility of
core coolability (re-flooding). This information can be used as a basis material for the
HRA, to re-define the binning of plant damage states as well as provide probabilities
for failure of coolability.

The implementation in a large scale PSA model shows that the integration of the
ROAAM+ results and the PSA model is not only feasible, but could potentially lead
to a considerable change of the frequency for non-acceptable release. The results
show that the parameters indicated by the ROAAM+ approach as being of high im-
portance to the quantitative results. It also emphasizes the need to distinguish between
different probabilities of phenomena depending on different scenario, physical and
intangible parameters.

The approach has demonstrated that the vision, to develop the sequence from core
melting, and to understand what are the important factors, is possible to meet. The
integrated approach will have the ability to give a more comprehensive estimation of
the uncertainty compared to the standard approach. The uncertainty related to phe-
nomena will consider the interdependency between phenomena (all the way back to
relevant intangible and physical parameters, and of course scenario parameters).

3.10 Infrastructure development for high-temperature melt experi-
ments

In order to understand the micro interactions of fuel coolant interactions (FCI) and
mechanisms of steam explosion which may occur during a severe accident in light
water reactors (LWR), the MISTEE test facility was developed at KTH, and a series
of experiments have been successfully carried out to investigate fine fragmentation
mechanism during steam explosion and also to study the jet breakup and debris for-
mation mechanisms during FCI with low-temperature (<1500°C) simulant materials
[73],[128],[129],[130], [131],[133],[134], [135]. While the use of low-temperature
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simulant materials has been useful in pursuit of the physical mechanisms at well-
controlled experimental conditions, it is not difficult to address the mechanisms re-
lated to high temperatures. Therefore, the objectives of this work are: (i) Improve-
ment of the MISTEE infrastructure to work with high temperature materials
(>2000°C); (i) Separate effect analysis for clarification of mechanisms related to ma-
terial effects and oxidation during FCI.

Various upgraded designs of the MISTEE facility (called MISTEE-HT) have been
conducted for high-temperature melt preparation and molten droplet delivery. The
old furnace utilized in the previous MISTEE experiments was replaced with a com-
pletely new design. A new methodology for generation of single droplets of molten
materials at high temperature involves constant purge of inert gas through a hole of
the crucible’s bottom to aerodynamically plug the melt droplet in the crucible. The
methodology resolves the complexities associated with high temperatures, corrosion,
low melt mass (1~2g), controllable discharge of melt from the furnace. Various ma-
terials including high temperature melt mixtures (e.g. CeO2 — ZrOa: Tiq: 2400°C,
40:60 mol%) have been used. The MISTEE-HT facility is as shown in Figure 3-99.
For a detailed description of the facility and instrumentation see [138].

Figure 3-99: Hlustration of the MISTEE-HT facility.

3.10.1. MISTEE-HT tests with alumina

As the first campaign of tests of single droplet steam explosion on the MISTEE-HT
facility, alumina (melting point: 2072°C) was employed as the melt material (see Ta-
ble 3-27 for experimental conditions). The reason for such investigation is that in the
KROTOS experiment [132] where spontaneous steam explosions were observed with
alumina, giving rise to the issue of so-called “material effect” on steam explosion.
The focus of the tests is on the micro triggering mechanism. The effect of water sub-
cooling and melt superheat were studied. An example of the droplet and surrounding
vapour evolution during the experiment is shown in Figure 3-100. The droplet behav-
iour is similar to what was observed for other materials previously studied in MISTEE
(see [131]) and consistent with the observations of Nelson & Duda [136]. After meet-
ing the pressure wave, the droplet and surrounding vapour exhibit three successive
cycles of isotropic expansion and collapse. In what follows, time t=0 ms corresponds
to the beginning of the second cycle which is the most important and expected to be
the beginning of the fine fragmentation process. The main pieces of information that
include the droplet falling velocity, aspect ratio of the droplet surrounded by vapour
and the equivalent bubble diameter D (Figure 3-101) are acquired by image pro-
cessing. For a detailed description of the image processing technique, see [129].
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Water subcooling is a crucial parameter. Steam explosions are observed after trigger-
ing for cases with high (~80K) and moderate subcooling (~50K). For the low sub-
cooling, no steam explosion was observed, despite triggering. More vapour produc-
tion is expected when the subcooling is low. The pressure wave might be not strong
enough to destabilize the film and create liquid-liquid contact to start the fragmenta-
tion process. For all the exploding cases, a conversion ratio of up to 0.7% is evaluated.

Table 3-27: Experimental conditions (Al2Os).

Case type Water  temperature | Melt temperature | Number  of
range range tests
Wi High subcooling 16-21°C 2132-2217°C 10
W2 | Moderate subcooling 45°C 2211°C 1
W3 | Low subcooling 77-87°C 2071-2265°C 8
W5 | High superheat 19°C 2259°C 1
First cycle Second cycle Third cycle
<€ >€ > <€ -

-3.8ms -0.1 ms 0.8ms 1.5ms 2.3ms 4.9ms
Figure 3-100: Snapshots of alumina droplet dynamics in a steam explosion (A Tsubcooting=82K,
T;nelt:22] 7OC, Anltpe)'heatzl 60[()

Figure 3-101: Alumina tests with high and medium water subcooling.

The mass median fragment size acquired from the alumina tests that exploded and at
high subcooling conditions is between 100 and 200 m. Compared with the other ma-
terials previously studied in MISTEE, alumina gives the smallest fragment size.
Hansson et al. [129] showed for example that for eutectic WO3-CaO, D50 is around
0.25 mm while it is around 0.4 mm for the non-eutectic binary oxide. The reason why
alumina produces smaller fragments are not clear. A spontaneous steam explosion
was observed for a melt superheat of 215°C and a water temperature of 19°C. Figure
3-102 shows the visualization of the explosion given by the camera. This case con-
firms that alumina can exhibit spontaneous steam explosion under certain conditions.
More results of MISTEE-HT tests with alumina can be found in [138].
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-14.5ms -1.45ms Oms 3.4ms 5.75ms 7.8ms
Figure 3-102: Observation of a spontaneous steam explosion with alumina melt (ATsubcoor-

ingz(g]K Tmelt:2259 OC, A Tsuperheat :2]519

3.10.2. MISTEE oxidation tests

Oxidation is among the most uncertain phenomena in modelling of fuel-coolant in-
teraction [74]. Experimental data on oxidation during FCI is rather scarce. Therefore,
MISTEE-HT facility was employed to study the zirconium melt water interactions.
The Zr metal can react with water, producing zirconium oxide and hydrogen gas.
Experimental conditions for the series of tests conducted at the MISTEE-HT droplet
facility is summarized in Table 3-28. The quenched melt droplet is captured in a de-
bris catcher suspended inside the water pool. In the tests, interaction between the melt
and water are recorded visually at high speed. Scanning Electron Microscopy (SEM)
combined with Energy-Dispersive X-Ray Spectroscopy (EDS) were used to study
distribution of phases and oxygen content in the solid debris.

Table 3-28: Experimental conditions (Zr).

Case type Water subcooling Melt superheat Number of
range range tests

High subcooling (HSUB) 85K 150K 3

Moderate subcooling (MSUB) 45K 150K 2

Figure 3-103: Time sequence raw snapshots depicting interaction between single droplet of
zirconium melt and water at high water subcooling AT« =85K (above) and medium water
subcooling ATsu» =45K (below).

Single droplets of molten zirconium metal quenched in water depict a pattern of re-
petitive bubble growth and detachment along the zirconium melt droplet rear periph-
ery as shown in Figure 3-103. The trail of bubbles left behind the droplet trajectory
do not seem to condense even under the high subcooling conditions indicating that
the bubbles are mostly filled with non-condensable gas (hydrogen).
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(@) (b)
Figure 3-104: SEM micrographs of the metal oxide interfaces developed on a pure zirconium
melt droplet after quenching in water at (a) 15°C (b) 55°C showing stratified degrees of
oxygen (Labels A, B and C correspond to the stratified regions with varying oxidation levels;
Labels D and E show SEM and EDS mapping of the elemental species in the region near to
the center of the quenched droplet where D is O map and E is Zr map).

The SEM images that depict the interphases of the individual regions of metal and
oxide of a zirconium metal melt quenched in water are shown in Figure 3-104. Inter-
estingly, the analysis reveals layers where the oxygen content varies significantly.
The outermost surface (indicated as region A) shows the highest degree of oxygen
content. Further, concentric layers of varied levels of oxidation seem to have uniform
thickness. Under high subcooling conditions (A7s.»: 85K) and a nominal melt super-
heat (A Tsupernear: 150K), the thickness of the outermost layer with the highest degree
of oxidation is approximately 220 m. The thickness of the other inner layers is how-
ever comparatively larger than the outermost layer.

Figure 3-105 shows the radial stratification of oxygen content in the sample. The
oxygen content in the center of the droplet reduces by approximately 4 times the ox-
idation level on the outer surface following a linear trend. Figure 3-106 depicts the
morphology of a quenched particle with a hollow core. Formation of pores in rapidly
quenched particles can generally be related to hydrogen gas precipitation from the
solidifying melt. SEM analysis of the sample shows stratification in the degree of
oxidation from the external surface. Most interestingly the access to steam in the hol-
low pore seems to have resulted in formation of an oxygen rich layer near the pore
surface. The pattern of oxidation in the pore region is almost similar to that of the
oxidation of melt external layer.
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Figure 3-105: Measured O/Zr ratio in the quenched samples under a) high subcooling
(ATsub=85K; HSUB series), and b) medium subcooling (ATsub=45K,; MSUB series).

The observations show that only a limited extent of oxidation is possible under high
subcooling conditions while the oxidation capacity increases drastically with de-
creased degree of water subcooling. A simplified rationale to the observation is the
limit in vapor flow to the melt considering the combined effects of rapid solidification
of the melt and rapid condensation of water vapor. Furthermore, to study the influence
of oxidation on the hydrodynamic aspects of FCI and debris properties, experiments
with small jets of zirconium (see Figure 3-107) have been performed. The experi-
ments performed at a low melt superheat (AT superhear: 85K) has shown that the melt
solidifies in the form of the jet which can be attributed to the phase change character-
istic as a result of melt oxidation. However, microstructure analysis of the solidified
jet is yet to be performed. In addition to the aforementioned works, several experi-
ments at the scale of droplets and jets are still underway to attain necessary estimates
and an in-depth understanding of chemical augmentation during FCI.

Figure 3-106: SEM micrographs of the porous solid solution showing stratified degrees of
oxidation (Label I shows the morphology of the solid solution; Labels A, B, C, D and E cor-
respond to the different regions where A is the outer surface, B, C, D are the intermediate
regions and E is the pore surface).
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Figure 3-107: Time sequence raw snapshots depicting interaction between zirconium melt
jet (Djet:.smm, ATYuperheatzS.S[() and water (ATsub z831()

3.10.3. MISTEE tests with CeO2-ZrO2 melt

To further increase the operational temperature, the binary oxides of CeO»-ZrO:
(melting temperature~2400°C) was chosen to simulate corium (UO2-ZrO>), since the
equilibrium phase diagram of the binary composition of CeO;-ZrO; shows similarities
in structure comparative to that of UO,-ZrO,. Exploratory tests have been carried out
(see Table 3-29 for experimental conditions). The tests have not resulted in sponta-
neous triggering of steam explosion. The observations indicate non-condensable gas
release during the quench as shown in Figure 3-108. One possible explanation is that
oxygen over-stoichiometry may exist with CeO»-ZrO;-vapor system, resulting in pro-
duction of hydrogen during the melt-water interaction, as mentioned for corium
[137]. Another hypothesis is the thermal decomposition of water at such high tem-
peratures. Further analysis is required to verify these hypotheses.

Table 3-29: Experimental conditions (Ce02-Zr02).

Material Melting point Tiiq (°C) | Melt mass (8) | ATsuperheat (K) | ATsubeool(K) | No: of tests
Ce0,-Z1O, =2400°C =2 +100 =80 7

Figure 3-108: Raw snapshots depicting interaction between CeQ2-ZrO: (ATsuperhear: 100K)
and water (ATu» =80K).

3.10.4. MISTEE tests for steam explosion suppression

The intensity of a steam explosion is associated with the fine fragmentation of the
melt that increases the melt-coolant contact surface area thereby rapid heat transfer
rates and phase change of the cold liquid. The study is concerned with suppression of
steam explosion, through coolant conditioning, i.e., by adding chemical additives in
coolant (water) to form a solution which may mitigate steam explosion energetics.
For this purpose, an experimental study is performed on the MISTEE facility for
spontaneous steam explosion of a single molten droplet in a cold water pool with
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different chemical additives. The chemical substances chosen in the study are salt,
calcium stearate and sodium dodecyl sulphate (SDS), which are dissolved into the
water pool, respectively. The solution of salt is employed to simulate seawater. The
concentrations of the chemicals in the solutions are also varied to investigate their
impacts on steam explosion. Preliminary results suggest that simulated sea water en-
hances the occurrence probability of a spontaneous steam explosion. A further in-
depth analysis of the surfactant effect is under-way.

3.10.5. Summary of Infrastructure Development

The experimental infrastructure project is focused on the development of the
MISTEE-HT facility which can be used to perform fundamental investigation on
steam explosion energetics of corium simulant with high melting temperature or pro-
totypical corium. By testing various designs through proof of concept prototypes, a
new furnace has been developed with a capability to melt metallic/oxidic material
whose melting point is 2200 °C and above, as well as good instrumentation and well-
controlled mechanisms for melt preparation, and droplet levitation and delivery.

The unique experimental infrastructure and the team of reactor safety experts devel-
oped with APRI project support contributes to the retention and development of na-
tional expertise in analysis of severe accident phenomena and complex reactor safety
issues specific to the Nordic plants. KTH participation in the international activities
(EU, OECD, NKS, etc.) related to severe accident analysis brings the international
efforts and knowledge to Nordic context.
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4. CHALMERS FORSKNING INOM SVARA HAVERIER

4.1 Inledning pa svenska

En fortsatt utmaning inom haverikemi &r att forbéttra forstaelsen for vad som sker
med de radioaktiva @mnen som frigors fran hdrden i samband med ett svart haveri.
Gasformiga dmnen frigors redan da brianslekapslingen brister i haveriets inledning.
Andra dmnen frigors vartefter hirden smadlter till f6ljd av otillridcklig kylning. Det &r
viktigt att forsta den fortsatta processen som gor det mojligt for olika &mnen att sprida
sig i primdrsystemet och sedan transporteras vidare ut i inneslutningen. Omgivnings-
konsekvenser uppstar i det fall de radioaktiva @mnena som har frigjorts i inneslut-
ningen dven passerar inneslutningsbarridren, som &r det sista skyddet for att forhindra
spridning till omgivningen.

Filtrerad tryckavlastning via haverifilter dr en planerad atgédrd som utfors for att re-
ducera det Overtryck som uppstar under haveriet. Detta leder till att radioaktiva ut-
sldpp passerar inneslutningsbarridren, men atgiarden dr nodvindig for att minska de
pafrestningar som medfor risk for storre utslapp om inneslutningen brister. Radioak-
tivt utslapp forvintas dven fran det diffusa lickage som sker kontinuerligt, sa linge
det rader Overtryck i den isolerade inneslutningen. For att kunna gora en realistisk
bedomning av konsekvenserna av dessa utsldpp, sa ar det viktigt att skaffa sig kun-
skap om de radioaktiva @mnen som frigors i inneslutningen. Lika viktigt dr det att
forsta de processer som mojliggor transport av dessa d&mnen i inneslutningen och som
leder fram till att de blir tillgdngliga att folja med utsldppen, i den s.k. killtermen for
utsldppet.

Flyktigheten for ett @mne dr den egenskap som avgor hur vil @mnet sprids. Den be-
stims bl.a. av dmnets kemiska sammansittning och beror dven av den aktuella tem-
peraturen. Flyktigheten kan ocksé fordndras genom interaktion med andra &mnen un-
der transporten. Kemiska reaktioner mellan &mnen, eller radiolytiska reaktioner som
uppstar vid gammabestralning, kan leda till bildande av produkter med forandrade
egenskaper bl.a. vad giller flyktighet. Reaktioner kan ske bade i gasfas och i det vat-
ten som samlas i botten av inneslutningen. Liksom i gasfas paverkas kemin i vatten-
16sning av bade temperatur och stralningsnivaer, samt i vissa fall dven av vattnets
surhetsgrad, det s.k. pH-virdet. Interaktion mellan olika &mnen i vatten paverkar 16s-
lighetsforhallandena, vilket kan leda till att fillningar bildas. Detta medfor att den
fortsatta spridningen i inneslutningen begrinsas. I gasfas finns processer som leder
till bildande av luftburna partiklar, s.k. aerosoler, som har ett annat transportbeteende
an fria gaser. Interaktion kan dven ske med metallytor eller malade ytor da luftburet
material deponerar, vilket begrinsar vidare spridning. Deponerat material kan emel-
lertid frigoras pa nytt under vissa forhallanden. I vissa fall kan det deponerade materi-
alet dven reagera med den underliggande ytan. Radioaktivt sonderfall komplicerar
bilden ytterligare, nir det giller att bestimma killtermen i det utsldpp som till sist
lamnar inneslutningen. Kemiska processer och radioaktivt sonderfall fortsitter dess-
utom dven sedan dmnena har ldmnat inneslutningen och fortsitter spridas i omgiv-
ningen.

Adelgaser, som t.ex. xenon och krypton, dominerar i tidiga utslipp vid ett svart ha-
veri. Detta dr en grupp @mnen som inte kan filtreras eller kondenseras . Detta gor att
de inte reagerar med andra dmnen eller interagerar med ytor. Adelgasinventariet pa-
verkas 1 stort sett endast genom det radioaktiva sonderfall som de olika ddelgasnuk-
liderna genomgir, vilket leder till andra &mnen.
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Jod dr ett &amne som har betydligt mer komplexa egenskaper 4n ddelgaserna. Jod har
en synnerligen rik kemi och forekommer i ett stort antal kemiska foreningar med vitt
skilda egenskaper. Jod forekommer bade i gasform, som deponerad pa ytor och 10st i
vattenfasen. Vissa former &r stabila medan andra dr reaktiva. Kemiska reaktioner gor
att jod létt bildar produkter med andra @mnen som far nya egenskaper, bl.a. vad géller
flyktighet. Fortsatta kemiska reaktioner kan gora att flyktigheten forédndras genom att
gasformig jod deponerar pa olika ytor, eller att deponerat material frigors pa nytt. Jod
bidrar liksom ddelgaser ocksa till en betydande del av killtermen i utsldppet i borjan
av ett haveri, vilket vore problematiskt om inget gors for att reducera det radioaktiva
innehallet. Méngden jod i utsldppet kan dock reduceras betydligt genom att man later
det filtreras genom en skrubberlosning vid tryckavlastning. Genom denna metod
overfors flyktig elementir jod till en vattenldslig form som stannar i skrubbern, men
det finns dven s.k. organiska jodformer som inte reduceras i nimnvérd utstrickning
av filtreringen utan de behaller sin ddelgasliknande flyktighet.

Jodkemin har varit foremal for forskning i flera artionden dér syftet har varit att forsta
alla de processer ddr jod ingar, samt att samla data for att bygga berdkningsmodeller
som kan forutséga hur jod beter sig under ett haveri. Jod ingar ocksa i de studier som
alltjamt pagar inom OECD/NEA-projekten BIP, STEM och THAI (se avsnitt 2.2-
24).

Den forskning som Chalmers har bedrivit inom APRI-9 syftar till att kartligga kemin
hos andra viktiga fissionsprodukter, sisom rutenium och tellur, for att pa sa sétt oka
kunskapen bl.a. om hur dessa dmnen transporteras och interagerar med ytor av olika
material som forekommer 1 inneslutningen. Liksom forskningen om jod ror det sig
om att forsta vilka processer som paverkar flyktigheten fér dessa @mnen och hur de
paverkas av de betingelser som kan rada vid haveriforhallanden, t.ex. hga tempera-
turer, varierande anghalt eller oxidativ miljo. De experimentella resultaten utgor vik-
tig kunskap for mojligheten att bygga berikningsmodeller ocksé for dessa &mnen.

Efter olyckan i Fukushima Dai-ichi upptickte man vid métningar i de nirliggande
samhillena, att markstralningen den forsta tiden till stor del kom fran radioaktiv tellur
som hade deponerat. Radionukliden tellur-132 bidrog med nira 70 % av den totala
markdosen i det inledande skedet. Tellur-132 har en halveringstid pa ca 3 dagar och
omvandlas successivt till jod-132, som har en halveringstid pa ett par timmar. Det
drojde dock bortat tre veckor innan bidraget fran dessa bada nuklider hade klingat av.
Légg in ett diagram hir (fran Anders)??

Chalmers har utfort experiment for att studera tellurs uppforande under férhéallanden
som kan rada i samband med ett haveri. Experimenten har utforts i en forsoksupp-
stdllning med en roérugn, se Figur 4.1. I ena dnden av rorugnen placerar man ett litet
”skepp” med metallpulver av tellur. Provet upphettas sedan till temperaturer pa flera
hundra grader, vilket motsvarar de temperaturer som man kan forvénta sig under ett
haveri. Upphettningen gor att tellur forflyktigas, dvs. overgar i gasfas. Genom rérug-
nen har man sedan ett lagt pa ett gasflode som gor att den gasformiga telluren kan
transporteras i roret. Temperaturen avtar med avstandet till ”skeppet”. Efter en trans-
portstricka pa en dryg meter, sa deponerar telluren i den bortre dnden av rérugnen.
En stor del av telluren deponerar pa rorugnens viggar men deposition sker ocksa pa
den ”metallkupong” som &r utplacerad i rorets dnde. Metallkupongen analyseras se-
dan med olika tekniker for att ge indikation pa vilka olika tellurféreningar som har
bildats och transporterats i forsoket. Man vill dven undersoka om det forekommer
nagon kemisk interaktion mellan den deponerade telluren och metallytan. Metallytor
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av koppar, zink och aluminium har anvints i forsoken, vilka representerar de olika
ytor som &dr vanliga i en reaktorinneslutning.

Forsoken visar sa hér langt att tellur transporteras bade i form av tellurmetall och som
tellurdioxid (TeO., paratellurit). I motsats till de fall dd man later jod deponera pa
metallytor, sa har man inte sett nagon reaktion mellan tellur och de olika metallytorna.
Tellur forfaller darfor inte ha samma forméga som jod att binda till ytan. Upphettning
av ytan under et haveri skulle saledes fa den deponerade telluren att forflyktigas pa
nytt. Ett gasflode som uppstér t.ex. vid en tryckavlastning skulle ocksa kunna sitta
den deponerade telluren i rorelse. Kartliggning pagar ocksd med olika tekniker for
att bestimma strukturen pa de partiklar som deponerar.

I en annan forsoksserie soker man kunskap om hur metallernas flyktighet kan paver-
kas genom kemisk omvandling till andra &mnen sasom metallhalider eller sk. me-
talloxyhalider. Studien har sin bakgrund i att man anvénde sig av havsvatten i Fukus-
hima Dai-ichi for att uppritthilla kylning av hirden vid haveriet. Det medforde att
man fick in havssalt i anldggningen, vilket gor att det finns en misstanke om att ke-
misk interaktion mellan tellur och havssalt kan ha paverkat tellurs flyktighet.

Forsoken genomfors pa sa vis att man upphettar en fast blandning av tellurmetall och
koksalt for att se om man kan pavisa nagon kemisk reaktion som péaverkar flyktig-
heten, som t.ex. bildande av tellurklorid som é&r ett flyktigt amne. Forsok har ocksa
utforts under oxidativa betingelser (under luftatmosfir) med syfte att pavisa bildande
av telluroxyklorid, som ocksa har forhojd flyktighet jamfort med den rena tellurme-
tallen. Preliminira resultat visar att det dr mojligt att det kan uppsta betingelser i nir-
varo av havssalt som gynna kemiska processer som okar tellurs flyktighet.

Rutenium &r en annan fissionsprodukt som har studerats i1 samarbete med VTT 1 Fin-
kand. Med hjilp av en liknande rérugn som den om anvénds for tellurférsoken, har
man undersokt olika betingelser som kan paverka ruteniums flyktighet, se Figur 4.15.
Man har studerat hur utgdngsmaterialet ruteniumdioxid (RuQO2) paverkas under de
oxidativa betingelser som forvéintas uppsta under ett haveri som ett resultat av att det
da det kan bildas bl.a. nitrsa gaser (NOy) och ozon (O3) genom radiolys av atmosfi-
ren. Dessa @mnen visade sig 1 forsoken ge en signifikant 6kning av ruteniums flyk-
tighet vid forhojd temperatur. Okad flyktighet observerades ocks4 i nirvaro av aero-
soler av cesiumjodid (Csl). I studien har den kemiska sammansittningens bestdmts
av de dmnen som bildas och mitningar har gjorts for att bestimma vilka mingder
som transporteras. Bildandet av s k. oxyhalider av metaller bedoms vara en generell
process som underlittar metaller flyktighet. Exempelvis bildas littflyktig ruteni-
umoxyjodid da rutenium utsitts for oxidativa betingelser i nirvaro av jod. Okande
flyktighet har observerats ocksa for metallerna tellur och niob under liknande beting-
elser.

Resultaten fran Chalmers forskning under APRI-9 har bidragit med ny kunskap om
fissionsprodukters beteende i primérsystem och reaktorinneslutning under ett haveri.
Detta kan ge utokade mojligheter att forutsidga bidraget till killtermen fran nuklider
som inte tidigare har dgnats mycket uppméirksamhet. Det kan ocksa ge nya uppslag
till hur man skulle kunna begrinsa killtermsbidraget fran dessa &mnen i utsldppen
vid ett haveri.
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4.2 Tellurium Chemistry

Iodine is one of the fission products of greatest concern in the event of a nuclear
accident. Several different reasons for this concern exist, such as high fission yield,
accumulation in the thyroid gland [MEIO1] and volatility [HOU12]. Tellurium is an-
other fission product that could be a potential issue in the event of a nuclear accident.
It is directly problematic as it appears in highly volatile and very reactive forms.
There are also indirect issues with tellurium, as iodine is part of the decay chain and,
as such, tellurium contributes to the source term of radioactive iodine [ALO91]. Fur-
thermore, tellurium is likely to affect kidneys, skin, nervous system and foetal tissue
if taken up in the human body, and its chemical toxicity is on the level of selenium
and arsenic [TAY96].

From a radiological perspective, *!Te (ti2 = 25.0 min), '**Te (ti2 = 76.3 h), '33™Te
(ti2=55.4 min) and '*Te (t;» = 41.8 min) can be considered to be the most relevant
tellurium isotopes as these account for 60% of the total radioactivity of tellurium in
the fuel [ALO91]. The half-lives of these isotopes suggest that the most relevant stage
in the event of a nuclear accident for tellurium would be the early stage. The actual
releases of tellurium to the environment were considerable (in air at Takasaki) during
the Fukushima accident, as reported by Le Petit et. al. [LEP14].

The behaviour of tellurium in the core is well established. The form in the fuel, re-
leases to the fuel gap, interaction with zircaloy cladding and with stainless steel are
well known. However, less is known about tellurium transport, and knowledge of
when tellurium enters the containment is based mostly on modelling and on data from
other research fields (e.g. water chemistry based on geological information).

Regarding tellurium releases in general, one important specific limiting factor exists
that can delay significant releases of tellurium. The zircaloy cladding material can
acts as a trap for tellurium by forming zirconium telluride. The cladding needs to be
oxidized for tellurium to be released from the cladding. Tellurium is then released
either as tellurium or as SnTe [BOE97, COL87, JOH88, LEWO0S]. Thus, releases of
tellurium could be significant, not only in the early stage of an accident, but also later
in the accident sequence.

4.3 Tellurium, behavior and interaction in the containment of an
NPP

4.3.1. Background

The chemical speciation of the tellurium that enters the containment depends on e.g.
the prior conditions, other fission products and humidity. In essence, Te/Te>, H,Te,
TeO, Te2O,, Cs;Te and SnTe all have the potential to reach the containment
[MCF96]. As mentioned previously, tellurium is a reactive element. Metallic tellu-
rium is likely to react with surfaces found throughout the reactor containment, e.g.
metal surfaces (aluminium, zinc, copper) [GLA04] and epoxy painted surfaces. How-
ever, as the speciation of tellurium depends on the atmosphere (e.g. oxidizing or in-
ert), humidity [MAL70] and other species, it is relevant to study more than one tellu-
rium species.

Considering the reactive nature of tellurium, it is possible that it could react with these
surfaces and consequently enhance or diminish the source term of tellurium by form-
ing more volatile compounds or by being trapped at the surface. If no interaction takes
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place, the deposited tellurium would instead be prone to re-volatilization (due to e.g.
higher temperature or increasing flow). There is then a need to know the potential
morphology of the absorbed and the re-volatilized species.

A tubular furnace, where tellurium can be heated to the temperature needed to induce
volatilization, was used for the speciation investigations. The volatilized species were
transported in the furnace to different surfaces of interest for potential reaction or
deposition. The surfaces and the depositions were characterized using scanning elec-
tron microscopy (morphology), x-rad diffraction (speciation) and x-ray photoelectron
spectroscopy (speciation).

4.3.2. Method

Special furnaces have to be used in the investigations due to the high melting point
(725 K) and boiling point (1263 K) [JOH18] of tellurium. The experimental setup
had to be designed with the furnace as a base. The tellurium was heated (10 K/min)
to 1273 K using a tubular furnace (ETF 30-50/18-S, Entech). A high purity alumina
tube (ALLO3, 99.7%, Aliaxis) was used to contain the tellurium, which extended 96
cm outside the heating zone. The temperature at the end of the tube remained close
to room temperature during the whole experiment (verified by n-thermocouples). A
coupon consisting of the material investigated was positioned at the end. A gas flow
(1.5 I/min) was maintained inside the tube during the heating phase, to transport the
volatilized material to the surface. To be able to increase the humidity of the gas flow,
a bottle filled with MQ water (Millipore, 18 M€2) was connected to the system prior
to the furnace, through which the gas was bubbled. The experimental set-up is shown
schematically in Figure 4.1.

Figure 4.1: The experimental setup used for the experiments. (1) gas flow inlet, (2) the water
source, either an atomizer or a water bottle, (3) cylindrical formed inlet connector made
from stainless steel, (4) a tube made from Al20;3 with a length of 130 cm, (5) the source
material to be volatilized, (6) the metallic coupon, (7) a filter positioned at the end of the tube,
(8) cone formed outlet connector made from stainless steel, (9) one or several cold traps used
to prevent particles escaping, and (10) gas flow outlet. The furnace is divided into three heat
zones: in Heat Zone I the gas flow is heated to the programmed temperature, in Heat Zone
11 the gas flow maintains at least the programmed temperature and in Heat Zone Il the gas
flow starts to cool down.

The focus of the experiment was on the metal surfaces. Aluminium rods (99.5%, Alfa
Aesar), zinc rods (99.5%, Alfa Aesar) and a copper sheet (99.5%, Sigma Aldric) were
made into coupons. The aluminium and zinc rods were made into discs (3-4 mm
thickness) with diameters of 19 mm and 13 mm, respectively. The copper sheet was
cut into 10x10 mm square coupons (3 mm thickness). Prior to use, the surfaces were
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cleaned with ethanol, acetone and MQ-water (Millipore, 18 M€2), in that order, to
remove any organic impurities. The tellurium powder (99.8%, Sigma Aldrich) was
used as supplied. Both the tellurium and the coupon were located in or on an alumina
crucible (non-glazed porcelain boat, 85x13x8 mm, VWR). Three different carrier
gases were investigated, with and without increased humidity. Each carrier gas rep-
resents different conditions; oxidizing (dry air, compressed air), inert (Ar, 99.999%,
Air liquid) or reducing (Ar with 5% H>, AGA) conditions. Scanning electron micros-
copy (SEM), glancing angle x-ray diffraction spectroscopy (XRD) and x-ray photo-
electron spectroscopy (XPS) were utilized to determine the speciation, morphology
and possible interactions with the surface.

4.3.3. Results

In the long term plan a total of 18 different experiments were planned. Out of these
the results for the oxidizing and inert conditions are presented, as they are the most
complete from an analysis standpoint. An overview of the experimental results can
be found in Figures 4.2,4.3 and 4 4.

Figure 4.2: The results from exposing a copper coupon to tellurium in different atmospheres
at room temperature. (A) A generic image of the copper coupons used, prior to the experi-
ment. Image (B) shows the copper coupon after using air as the atmosphere during heating
of the tellurium to 1273 K and (C) shows the coupon heated as in B, but using an argon
atmosphere instead of air. The coupon in (D) is similar to (B), the difference is that the hu-
midity of the gas has been increased significantly in (D). During the experiment, the atmos-
phere was maintained by a flow corresponding to 1.5 l/min that also transported the volati-
lized material to the coupon.

Observing the surfaces of the copper coupons in Figure 4.2, after deposition (B, C
and D) in the different atmospheres, a significant deposition can be seen to have oc-
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curred. For oxidizing conditions with increased humidity (D) or without (B), the col-
our is white in both cases. For inert conditions (C) the colour remains black (similar
to the original tellurium powder colour).

Figure 4.3: The results from exposing an aluminium coupon to tellurium in different atmos-
pheres at room temperature. (A) A generic image of the aluminium coupons used, prior to
the experiment. Image (B) shows the aluminium coupon after using air as the atmosphere
during heating of the tellurium to 1273 K and (C) shows the coupon heated as in (B), but
using an argon atmosphere instead of air. The coupon in (D) is similar to (B), the difference
is that the humidity of the gas has been increased significantly. During the experiment, the
atmosphere was maintained by a flow corresponding to 1.5 [/min that also transported the
volatilized material to the coupon.

The deposition on the aluminium surfaces in Figure 4.3 is white for oxidizing condi-
tions, both with humidity (D) and without (B), which is similar to what is observed
from deposition on the copper coupons. For the inert experiment (C) the deposition
remains black (the slightly greyer tone due to the underlying aluminium surface).

Scanning electron microscopy studies

The first step in the identification of the deposition was made using a SEM (Quanta
200 FEG ESEM) analysis. An indication of the morphology of the deposition can be
observed in the micrographs produced.

The result from the SEM performed on the deposition made on the copper coupon
can be seen in Figure 4.5.

A micrograph of the depositions in oxidizing conditions is shown in the left part of
Figure 4.5 (A). Smooth spherical particles can be observed, with a wide range of
varying diameters. The micrograph of the deposition under inert conditions is shown
on the left side of Figure 4.5 (B). Here the smooth spherical particles are not present
anymore. Instead “knobby” particles can be seen, with the occasional rectangular
shaped particle. Furthermore, the micrographs indicate that there is no reaction with
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the copper surface. This is further indicated, as the deposition is easily scraped off
without any change to the copper surface.

Figure 4.4: The results from exposing a zinc coupon to tellurium in different atmospheres at
room temperature. (4) A generic image of the zinc coupons used, prior to the experiment.
Image (B) shows the zinc coupon after using air as the atmosphere during heating of the
tellurium to 1273 K and (C) shows the coupon heated as in (B), but using an argon atmos-
phere instead of air. The coupon in (D) is similar to (B), the difference is that the humidity
of the gas has been increased significantly. During the experiment, the atmosphere was main-
tained by a flow corresponding to 1.5 I/min that also transported the volatilized material to
the coupon.

humid and (B) inert non-humid conditions.

The micrographs of the depositions made on the aluminium coupon for oxidizing and
inert conditions can be seen in Figure 4.6.
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Figure 4.6: Micrographs of the depositions made on the aluminium coupon in (A) oxidizing
non-humid, and (B) inert non-humid conditions. In the micrograph for inert conditions (B),
the depositions were slightly damaged prior to the analysis.

From these micrographs it is observable for oxidizing conditions (A) that the main
shape of the particles are smooth spheres. Occasionally, square or rectangular parti-
cles can also be seen. For inert conditions (B), the main particle type is smooth
spheres. However, in this atmosphere considerably more rectangular objects can be
seen. As for the copper coupon, no reaction of tellurium with the surface can be ob-
served. This is supported by the fact that scraping away the deposition leaves the
aluminium surface unaffected.

Micrographs of the depositions made on the zinc coupon under oxidizing and inert
conditions can be seen in Figure 4.7.

Figure 4.7: Micrographs of the depositions made on the zinc coupon in (4) oxidizing non-
humid, and (B) inert non-humid conditions.

The first micrograph (A) shows the deposition made under oxidizing conditions. The
main shape of the particles is smooth spheres. For inert conditions (B) there is a mix-
ture of shapes, where the main format is a mix of non-spherical particle (e.g. rectan-
gular spikes). However, there is also a considerable amount of smooth spheres present
as well. As observed for the other two surfaces, no observable reaction has occurred.
This is also supported by the observation of an unaffected surface when removing the
deposition.
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The SEM investigation seems to concur with the ocular inspection that the surfaces
are similar, even though some smaller differences are observed.

X-ray diffraction spectroscopy studies

The depositions were also analysed using glancing angle XRD (Siemens Diffrak-
tometer D5000) and the spectra can be seen in Figures 4.8,4.9 and 4.10. These spectra
are obtained with a glancing angle of 5°. This was chosen based on the most promi-
nent surface signal. The black spectrum represents the coupon analysis without dep-
osition at a 5° angle (e.g. reference for the underlying surface). This means that when
peaks appear in the black spectrum these peaks belong to the bulk material. Thus, the
difference between the total spectra and this background represents the deposition
signal. All identifications of compounds were made using the software’s database
(DIFFRAC.SUITE EVA, Bruker AXS version 4.1.1.), used in conjunction with the
XRD equipment.

The results for the deposition on the copper coupons can be seen in Figure 4.8. The
deposition produced on the copper coupon under oxidizing conditions (blue, line
dots) can be seen in Figure 4.8. The appearance of a bulge can be seen between 20°
and 35° (20). As this bulge does not appear in the dotted spectrum, it can be concluded
that it belongs to the deposition. Furthermore, in this bulge two small peaks are visi-
ble. According to the software used, these peaks correspond to TeO» (paratellurite).
The other spectrum (pink dots) represents the experiment carried out under inert con-
ditions. By comparing this to the reference case, it can be seen that several new peaks
have appeared. These peaks were positively identified as Te (metallic). This again
supports the observation that no reaction has occurred, as no copper-tellurides can be
observed.
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Figure 4.8: The results from X-ray diffraction analysis of the depositions made on the copper
coupon under oxidizing (blue, line dots) and inert (pink, dots) conditions. The black spectrum
represents an analysis made on a clean copper coupon surface. Each peak has been anno-
tated with the identification made by the software used in conjunction with the XRD. Spectra
have been scaled to fit in the figure.

The XRD results for the deposition made on the aluminium coupons can be seen in
Figure 4.9.
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Figure 4.9109: The result from X-ray diffraction analysis of the depositions made on the
aluminium coupon under oxidizing (blue, line dots) and inert (pink, dots) conditions. The
black spectrum represents an analysis made on a clean aluminium coupon surface. Each
peak has been annotated with the identification made by the software used in conjunction
with the XRD. Spectra have been scaled to fit in the figure.

The XRD analysis (Figure 4.9) of the depositions on aluminium made in oxidizing
conditions produced a spectrum (blue, line dots) with a bulge between 20° and 35°
(20). As this bulge is lacking in the black spectrum (e.g. reference), this most likely
belongs to the deposition. What can be observed in this bulge are two small peaks.
These peaks correspond to TeO» (paratellurite). The spectrum (pink, dots) represent-
ing inert conditions shows that the main composition of the deposition is Te (metal-
lic). By comparing the number of tellurium peaks seen in the pink spectra in Figures
8 and 9, several more peaks can be found in Figure 9. This observation can be ex-
plained by a better levelled surface, as this is manually levelled before analysis.

Two spectra exist for the third metal surface, zinc, and these are shown in Figure
4.10. These correspond to oxidizing and inert conditions.
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Figure 4.10: The results from X-ray diffraction analysis of the depositions made on the zinc

coupon under oxidizing (blue, line dots) and inert (pink, dots) conditions. The black spectrum
represents an analysis made on a clean zinc coupon surface. Each peak has been annotated
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with the identification made by the software used in conjunction with the XRD. Spectra have
been scaled to fit in the figure.

The XRD spectrum in Figure 4.10 (blue, line dots) of the deposition on the zinc cou-
pon made during oxidizing conditions includes a bulge between 20° and 35° (20).
Unlike the results presented above, this bulge does not contain the two peaks that
were seen previously. As such, no positive indication of what this bulge could be is
gained. However, as this bulge has appeared before with positive identification, it
could be indicative of some sort of tellurium-oxide. The other spectrum (pink, dots)
shows the deposition made under inert conditions. In this spectrum several peaks are
present that do not appear in the reference spectrum. These peaks belong to Te (me-
tallic), as in the previous cases.

X-ray photoelectron spectroscopy studies

XPS analysis was performed on the depositions made under inert conditions. As XPS
uses high vacuum, the deposition had to be removed from the surface with a carbon
tape (carbon adhesive discs). As such, the bulk material does not appear in these
spectra. For each sample an overview scan and an in-focus scan is produced. The first
scan is to determine which ranges are relevant for the sample. Following this, a more
detailed scan over each range of interest is done. Herein, only the focused scans are
presented. The XPS spectra for the deposition made under inert conditions on the
copper coupon can be seen in Figure 4.11.

Figure 4.11: The spectra produced for the deposition made on the copper coupon under inert
conditions. Two pairs of peaks can be seen; pair one is at 586.6 eV and 576.3 eV (3ds. and
3dsn) and the second pair at 583.3 eV and 572.9 eV (3ds» and 3dssz). Each spectrum repre-
sents different levels of sputtering, e.g. removal of a layer of atoms. Thus, as more sputtering
is done, one pair decreases and the other pair increases. This change is indicated by arrows.

To gain a depth analysis of the deposition, a sputtering technique was used. This es-
sentially means that layers of atoms are removed, and another analysis is performed
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on the surface that emerges. The effect of the sputtering is indicated by arrows, show-
ing that two peaks are decreasing as the other two are increasing.

The main peaks related to tellurium observed for the deposition on the copper surface
obtained under inert conditions are at binding energies of 572.9, 576.3, 583.3, and
586.6 eV, respectively. According to what can be found in the literature [BAG77],
the peaks at 586.6 (3d32) and 576.3 (3dsp2) are closest to TeO» as this is reported to
have binding energies at 586.5 eV (+ 0.2 eV, 3d3,2) and 576.1 eV (x 0.2 eV, 3dsp).
Using the same literature, the other two peaks, at 583.3 (3d32) and 572.9 (3ds2) can
be positively matched as Te (metallic), as the reference peaks for this are 583.5 eV
(i 02 eV, 3d3/2) and 573.1 eV (i 02 eV, 3d5/2).

The binding energy peaks seen in the XPS spectrum correlate to the energy of the
photoelectron emitted during the XPS spectroscopy. Thus, one of these energies
would represent an electron having been emitted that originated in a specific atomic
orbital (e.g. s, p, d, f) of the atom. An example of the nomenclature used is 3d3/,. This
represents an electron emitted from atomic orbital 3d, and the 3/2 indicates what spin
it has (another spin would be 5/2). These energies are specific for each element and
therefore become a signature of an element. If the atom is in a molecule, this will
alter the energy (to which extent depends on the atom/molecule). Thus, it is possible
to use reference data to identify what the analysed material chemically consists of.
As the analysis is on an atomic scale, there is a restriction in the penetration of the
sample.

The XPS spectrum produced in Figure 4.12 is of the deposition made on the zinc
coupon.

Figure 4.12: The spectrum (black) produced for the deposition made on the zinc coupon
under oxidizing conditions. Two peaks can be seen, one located at the binding energy of
586.6 eV (3ds12) and the second at 576.3 eV (3dss). The other colour indications (blue, green)
represent the individual peaks.
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No sputtering was performed for this sample. Two peaks are observed in Figure 4.12.
These peaks are located at binding energies 586.6 eV and 576.3 eV, which according
to the literature [BAG77] is close to the values of TeO; at 586.5eV (=0.2 eV, 3d3p)
and 576.1 eV (x 0.2 eV, 3dsp).

4.3.4. Discussion and Conclusions

In the experiments so far no interaction between tellurium and the surfaces has been
observed for oxidizing or inert conditions at near room temperature.

For the depositions made under oxidizing conditions, the results were almost com-
pletely indifferent of the underlying surface. The particles found after oxidizing con-
ditions were smooth spheres of varying diameters. These seemingly deposited as
“strings” extending out from the surfaces. The particles on all surfaces were indicated
to be tellurium dioxide. However, only the deposition on the zinc coupon has been
sufficiently analysed, as it has been investigated using XPS. The others have only
been characterized by XRD, with minor peaks in the spectra indicating tellurium di-
oxide.

Under inert conditions the results are generally independent of the surface exposed.
Only the deposition made on the copper surface showed a slight deviation from the
other surfaces, as “knobby” particles could be observed. However, additional repli-
cates are needed to confirm this difference. These “knobby” particles did not appear
in the other depositions made on the other surface; instead smooth spherical particles
were observed. A common particle on all surfaces was a non-spherical particle shaped
as rectangular objects or spikes. For all surfaces the XRD spectra showed very dis-
tinct peaks indicating metallic tellurium. Only the XPS spectrum for the deposition
made on the copper coupon showed a possible indication of tellurium oxides. How-
ever, as the XPS works on depths of atom layers and the XRD on a few micrometres,
there is the possibility of tellurium self-oxidizing in air at the outermost layer of at-
oms. The latter requires verification with unused tellurium.

Another conclusion that can be made is that very small amounts of tellurium will be
retained by these surfaces if conditions are changed after the depositions occurs. As
there is no interaction with the surface, nothing would prevent tellurium from re-
volatilizing if a fast-moving gas volume sweeps over the surface. Alternatively, heat
could re-volatilize the deposit. This would then be limited to the melting point of the
chemical species of the tellurium. However, if the temperature is high enough, reac-
tions could take place between the surface and tellurium.

4.4 Investigation of the effects of seawater on the tellurium
source term

4.4 .1. Background

Seawater was used to maintain cooling of the reactor units 1-3 during the Fukushima
accident, and the possibility of longer times of an uncovered reactor core in unit 3
was even reported [IAE15]. The uncovering was reported to have occurred after the
use of seawater for cooling, thus possibly depositing sea-salt on the surfaces inside
the reactor. This could enable salt to react with the fission products on the surface of
the fuel, cladding or in the gas phase.

154



Furthermore, other more long-lived radionuclides were reported to have unexpected
behaviour [KAN15], i.e. monitoring the physical decay of released fission produced.
This monitoring showed that some of these long-lived radionuclides did not follow
the expected physical decay; instead of decreasing they were increasing. This was
suggested to be due to halide formation of these nuclides (as the relevant halide has
a lower boiling point), which would then continue to leak from the reactor. The latter
is feasible if the seawater used to maintain cooling of the reactors during the Fuku-
shima accident is considered, as the halide chloride is thus introduced to the reactor
core.

Tellurium was also included in this report [KAN15] and it was reported to be behav-
ing as expected. However, due to the short half-life of the tellurium isotopes meas-
ured, the effect due to possible halide formation could have been undetectable at the
time of the first measurement (20 days).

Considering the actions taken during Fukushima and what has been reported in the
literature [KAN15], experiments were designed to determine to which extent sodium
chloride could affect the volatilization of tellurium and if tellurium chloride species
are formed.

4.4.2. Method

To determine if any reaction can be determined between tellurium and sodium chlo-
ride, thermogravimetric analysis (TGA) studies were performed. These studies were
carried out with TGA (TGAQS500, TA instrument) using alumina pans (T A instru-
ment). The pans were cleaned prior to use with 1 M HNO3 (70%, ACS reagent, Sigma
Aldrich), MQ-water (Millipore, 18 M) and were dried in a heating cabinet. The
samples were prepared by mixing tellurium (99.8%, 200 mesh, Sigma Aldrich), as
supplied, with sodium chloride (99.5%, ACROS ORGANICS). To create a more ho-
mogenous mixture, the sodium chloride was ground down using a mortar and pestle
prior to mixing. Three ratios (by weight) of tellurium and sodium chloride were in-
vestigated (5:1,2:2, 1:5), as well as two reference cases containing only either tellu-
rium or sodium chloride. The samples (9 mg) were added to the pans and gentle tap-
ping was done on the side of the pan to spread out the sample.

Two atmospheres were investigated, inert conditions, using nitrogen (99.98%, in
house gas), and oxidizing conditions, using synthetic air (79%/21% nitrogen/oxygen,
AGA). During the experiment, two gas flows were maintained; one to establish the
atmosphere investigated and to transport away volatilized material (90 ml/min), and
the second, to support the pan (10 ml/min). The flow rates were monitored by the
equipment.

The method used for the TGA was as follows:

1. Heating (5 K/min) from ambient temperature to the isothermal temperature
(1137 K).
2. Maintaining the isothermal temperature (20 min).
3. Cooling of the system (10 K/min).
Cleaning was performed between all experiments by removing residues from all pip-
ing extending from the furnace. A “zero” experiment, under inert conditions, with the
same configuration as described for the TGA method was also made.
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4.4 3. Results

The results produced by the TGA can be found in Figures 4.13 and 4.14. These show
the three different ratios (black, pink and red lines), as well as the two reference cases
(blue and green), for each atmosphere. No replicates have been made, but will be
produced at a later stage. What each line represents is the temperature-dependence of
the normalized mass loss.

Figure 4.13: The thermogravimetric analysis results for the different Te:NaCl-ratios (weight
basis) heated under inert conditions. The different lines represent: 1:0 (Ref 1, green), 5:1
(S1, red dashes), 2:2 (S2, pink line dots), 1:5 (S3, black dots) and 0:1 (Ref 2, blue) of tellurium
and sodium chloride, respectively. The weight shown has been normalized towards the first
measured point by the thermogravimetric analysis.

The results for inert conditions can be seen in Figure 4.13. For the mixtures and tel-
lurium reference case, the mass starts to decrease at 700 K. This decrease continues
until 790-860 K (the temperature is slightly different for each case). At this tempera-
ture the mass change flattens out. After this the mass change starts to occur again.
However, depending on the tellurium content, mass change starts at a different tem-
perature. For pure tellurium and when the ratio between tellurium and sodium chlo-
ride is 5:1, mass decrease starts at 930 K. For the other two mixtures and the sodium
chloride reference case, the mass decrease starts above 980 K. For tellurium alone
there is a third gradient for the mass loss, starting at 1080 K.
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Figure 4.14: The thermogravimetric analysis results for the different Te:NaCl-ratios (weight
basis) heated in oxidizing conditions. The different lines represent: 1:0 (Ref 1, green), 5:1
(S1, red dashes), 2:2 (S2, pink line dots), 1:5 (S3, black dots) and 0:1 (Ref 2, blue) of tellurium
and sodium chloride, respectively. The weight shown has been normalized towards the first
measured point by the thermogravimetric analysis.

The results for oxidizing conditions can be seen in Figure 4.14. When sodium chlo-
ride is present in the sample the mass change is similar to the inert conditions (Figure
4.13). However, this is true only for the general behaviour, as the mass losses occur
to different degrees. Moreover, the flattening never becomes completely flat. It is
slightly decreasing for all mixtures. Similarly, to the inert conditions, there is a second
distinct mass decrease phase starting at 1040 K for the mixtures in oxidizing condi-
tions. The reference case with only sodium chloride shows no difference at all from
the inert conditions and follows the same trend. However, the reference case with
only tellurium is considerably different. Instead of flattening out, there is an increase
in mass. This increase continues until roughly 970 K, and then the mass starts to
decrease again. This mass decreasing phase consists of two slightly different gradi-
ents.

4.4 4. Conclusions

The results from the inert conditions (Figure 4.13), showed no indication of interac-
tion between tellurium and sodium chloride. Considering the difference in melting
point of the two, 722.66 K and 1075.168 K, respectively [JOH18] it is likely that most
of the tellurium would have volatilized at this point, potentially preventing a reaction
from occurring. Furthermore, comparing the reference cases seen in Figure 4.13, it
can be observed that at the time when the sodium chloride starts to melt, roughly 20%
of the tellurium remains. Thus, the amount of tellurium left could become a limiting
factor for a possible reaction between tellurium and sodium chloride.

Observing the result for oxidizing conditions, a significant change can be seen when
sodium chloride is mixed with tellurium, as the mass increase observed in the tellu-
rium reference case is completely gone when sodium chloride is present, even in
small amounts. Instead a slight decrease occurs, which at 1040 K starts to be signifi-
cant. This could be explained by sodium chloride interacting with oxygen and form-
ing more volatile species. However, as can be seen in the sodium chloride reference
case, oxygen alone does not seemingly affect the sodium chloride. Thus, something
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is occurring between either tellurium and sodium chloride or tellurium, sodium chlo-
ride and oxygen that induces a mass decrease that overtakes the mass increase caused
by possible oxidation. Alternatively, it prevents the oxidation completely.

Thus, there is evidence that seawater used for reactor for cooling could have an im-
pact on the tellurium source term. However, it is still unclear which the formed spe-
cies are. It is also unclear if the formed species could further react with their sur-
roundings. Furthermore, other fission products could also be affected by halide for-
mation and thus increase their source terms. In this report the scenario envisaged is if
a dry-out of the reactor occurs, which supposedly occurred during the Fukushima
accident. If a dry-out occurs after the use of seawater for cooling, the salt present
would deposit on all possible surfaces.

4.5 Ruthenium chemistry in severe accident conditions

4.5 1. Introduction

Along with iodine and cesium, ruthenium is considered to be one of the important
elements released during a nuclear accident. This is due to the high radiological risk
ruthenium presents, as well as its semi-volatile properties. From the chemical point
of view a semi-volatile element can be characterized by high vapor pressure in metal
or oxide form but not in both [HUN94]. Several ruthenium oxides have a high vapor
pressure, thus ruthenium needs to be first oxidized from its metallic state to become
volatile. In the case of a nuclear accident several factors will affect the behavior of
ruthenium. The burn up, physical state of the fuel, reducing or oxidizing atmosphere
and temperature will influence the amount and the kinetics of the released ruthenium.
Once ruthenium is released from the fuel and the consistency of the reactor cooling
system (RCS) is lost, it can be transported through the RCS into the containment.
Previously under the Ruthenium Separate Effect Test (RUSET) experimental pro-
gram both release and transport of ruthenium under oxidizing conditions were exam-
ined. It was shown that ruthenium evaporation occurs mainly in the forms of RuO3
and RuO4 [NAGOS5, VERI10]. Partial pressure of RuO4 at the outlet of the experi-
mental facility was in the range of 107 bar, which is about 4 orders higher than ther-
modynamic equilibrium calculations predict [SCH63]. Experiments performed under
the APRIS project also revealed significant effect of silver seed particles as well as
nitrogen oxides on the partial pressure of gaseous ruthenium species in the reactor
cooling system-simulated conditions. In order to gain a deeper insight into ruthenium
chemistry with respect to interaction with air radiolysis products (NO2, N.O, HNO3),
as well as other fission products (Cs, I) released from the fuel matrix during severe
nuclear accident, several sets of experiments were designed and performed.

4.5.2. Experimental setup

Experiments on the ruthenium transport were performed in cooperation with VIT
Technical centre of Finland. This cooperation between Chalmers and VTT in the case
of severe nuclear accidents has been ongoing for almost a decade, partially under
NKS and SARNET financing. The basic set-up of the VI'T ruthenium transport fa-
cility is schematically described in Figure 4.15. The main component of the facility
was the horizontal, tubular flow furnace (Entech, ETF20/18-1I-L), which was used to
heat the anhydrous RuO; powder (99.95%, Alfa Aesar). The furnace was 110 cm long
with two heating sections, each 40 cm long. These zones were separated by a 38 mm
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layer of insulation. At both ends of the furnace there was 131 mm of thermal insula-
tion.

The furnace tube was made of high purity alumina (Al>2O3, 99.7%) and its inner di-
ameter was 22 mm. The alumina crucible with the RuO; powder (mass 1 or 2 g) was
placed over the second heated zone of the furnace, 25 cm from the outlet. The RuO»
powder was heated to the temperature desired for the experiment (1300 K-1700K) in
an oxidizing flow and the formation of gaseous ruthenium oxides took place. In ex-
periments with NO2, NoO and HNO3 precursors, a second alumina tube (Al,Os3,
99.7%, outer diameter 6 mm with a wall thickness of 1 mm) was inserted inside the
furnace tube, the outlet of which was located directly after the crucible to avoid the
effect of precursors on the ruthenium vaporization rate.

The total flow rate through the facility was 5 I/min (NTP; NTP conditions 0 °C,
101325 Pa).
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Figure 4.15. The basic set-up of the experimental facility for ruthenium tests[63].

After the gas flow passed through the outlet of the furnace, it was cooled in a stainless
steel (SS; AISI 316L) tube. The aerosol products from the possible reaction of ruthe-
nium oxides with the seed particles or the gaseous medium within the facility were
filtered out at a point 106 cm downstream of the furnace. The filter used was 90 mm
in diameter and it was made of Mitex® (pore size 5 ym, Millipore). The temperature
of the gas flow going through the filter was (30+2) °C. Downstream of the filter the
gaseous ruthenium was trapped in a 1 M NaOH solution of Milli-Q water with two
sequential liquid traps (400 ml of solution per trap) at ca. 25 °C. A NaOH solution
was previously found to be an efficient trap for gaseous RuO4 [129], in which RuO4
is reduced into the form of ruthenate and perruthenate salts. The flow rate through the
filter and traps was 4 I/min (NTP).

Aerosol gas-phase sampling was done at a point 74 cm downstream of the furnace
using a J-shaped probe (inner diameter 4.6 mm) pointing upstream in the flow. The
sample flow (1 1/min, NTP) was diluted and quenched to (25+2) °C with a porous
tube diluter in order to minimize losses. The dilution ratio was 11+0.1. The formed
particles were collected on a carbon/nickel grid (400 mesh, Agar Scientific) directly
from the gas phase by directing a flow of 0.3 1/min [NTP] through the grid. The sam-
pling flow rate was controlled using a critical orifice connected to a vacuum pump.
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Particles were also collected on an analysis filter (pore size 5 ym, diameter 47 mm,
Mitex®, Millipore). The sampling flow rate (2 1/min, NTP) through the analysis filter
was also controlled with a critical orifice.

All gases fed into the facility were controlled with mass flow controllers (Brooks
S5851). Pressure (Druck pressure meter, model DPI 145) and temperature (K-type
thermocouple with a tip diameter of 1.5 mm) measurements were conducted upstream
of the aerosol filter and at locations downstream of both the diluter and the analysis
filter.

4.5.3. Experimental procedures and matrix

The experiments were started by placing a crucible filled with RuO, powder (99.9%,
Sigma-Aldrich), (1 g or 2 g depending on the experiment) into the furnace and then
heating up the system (heating rate of 10 degrees per minute) under a nitrogen atmos-
phere. The gas flow through the facility was started when the set-point of the experi-
ment (1300/1500/1700 K) was reached. The duration of the experiments was from 20
to 60 minutes. Particulate and gaseous reaction products in the experiments were col-
lected on a filter and trapped in a 1M NaOH solution, respectively. At the same time,
particles in the gas phase were analysed online and additional samples of the particles
were collected for analyses to be conducted later. After the experiment the gas flow
was stopped and the facility was cooled down (cooling rate of 10 degrees per minute)
before the collected samples were removed.

The experimental matrix with the details of the experiments is presented in Table 4.1.
Experiments with air atmosphere were reference experiments, in which RuO» powder
was oxidized and transported. The release and transport results for vaporized ruthe-
nium oxides were then compared with the other experiments.

The release rates of ruthenium from the crucible in the furnace were determined by
weighing the mass of the crucible containing RuO; before and after the experiments.
The mass of released RuO, was converted to the corresponding mass of metallic ru-
thenium for the evaluation of results.

In experiments with nitrogen oxides and HNO3 an experimental setup with an inner
tube was used. A flow of N>O, NO; or HNOs3 gases (2.5+0.1 I/min, NTP) was fed
through the inner furnace tube. NO; and N>O were diluted with N> to obtain a desired
concentration of precursor in the gas. As HNO3 was fed with an additional atomizer
(located at that time before the inlet of inner furnace tube, not shown in Figure 8), a
carrier gas of nitrogen was used to transport HNO3 droplets (solution of HNO3 and
Milli-Q water) via the heated line (120 °C) into the inlet of the inner furnace tube.
After the outlet of the inner tube the precursors were mixed with the ruthenium vol-
atile oxides in the gas stream, thus the overall flow rate at the outlet of the furnace
was again 5 1/min, NTP.

The effect of seed Csl particles on the transport of ruthenium was investigated as
follows. Air (flow rate of 5 1/min, NTP) was used to transport the droplets containing
a 4% w/w Csl solution in the atomizer to the furnace by the main alumina tube. Water
evaporated from the droplets inside the heated furnace and solid particles were
formed. A low concentration of steam was therefore generated into the airflow.

The steam concentration in all experiments was dependant on the flow rate through
the atomizer.
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Ruthenium in the sodium hydroxide liquid traps was quantitatively precipitated with
injection of EtOH (96%, Sigma-Aldrich). Samples were then centrifuged and precip-
itates of ruthenium were filtered from the solution. The filters used for trapping aer-
osols in the gas stream at the sampling point of the facility were used as they were,
without additional manipulation. Both precipitates from the sodium hydroxide traps
and aerosol filters were afterwards used for neutron activation and consequent quan-

tification of transported elements.

Table 4.1. Experimental matrix for ruthenium transport experiments

Flow rate
T over the Additive | Humidity®
[K] Gas crucible Precursor? precursor | [ppmV] Other
[1/min]
conc.
130012 Atomizer
. 2.14E+04+ | with water
150012 Air 5/2.5 RuO, - 2 1E3 only
1700+12
1500+12 Air 5/2.5 RuO, - <60 -
1300+12 NO Atomizer
, .
1500£12 | Air#NO, | 2.5 RuO»+NO, 2.14E+04x | with water
50 ppmV 2.1E3 only
1700+12
130012 RuO+ N,O Atomizer
. 2.14E+04+ | with water
150012 Air+N,O | 25 N,O SOppmV | 353 only
1700+12
130012 RuO,+ HNO; Atomizer
Air+HN 2.14E+04+ | with HNO;
1500412 o, 25 HNO; 5 ppmV 5 1E3 solution
1700x12
130012 RuO»+ Csl AFOhmize(r: |
Wit S
1500412 | Air+CsI | 5 Csl 0.4 mg/l air %:}4]3?04* 4% (wiw)
1700+12 solution

% The mass of RuO: powder in the crucible was 1 g for temperatures 1300 K and 1500 K, and 2 g for
temperature 1700 K.

b The humidity in the gas flow came from the water-based precursor solution of the atomizer.

Chemical speciation of the transported aerosols was determined using a variety of
techniques including X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), and Transition Electron Microscopy
(TEM). Speciation of the gaseous compounds trapped in the liquid sodium hydroxide
traps was performed with UV/VIS spectrometry. Quantification of both transported
gaseous and aerosol fractions was done by neutron activation connected to measure-
ments by gamma spectrometry or, in the case of cesium and iodine, with ICP-MS.

4.5.4. Results and discussion

Ruthenium release
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It was assumed that the release rate of ruthenium from the crucible was constant dur-
ing the course of each experiment, as has been shown previously [KARO7]. In addi-
tion, ruthenium was assumed to be released only when air was introduced into the
gas flow, i.e. when the furnace was heated to the set-point temperature (1300 K-1700
K). The ruthenium release rate results are presented in Figure 4.16.

Figure 4.16. Dependence on temperature of ruthenium release rates from the crucible. The
results are given as 2 standard deviations. Points for flow of 5 l/min in the humid air at 1300
K and 1700 K are taken from Kdrkeld et al.[KARO7].

As can be seen from Figure 4.16 the release rates were fairly similar when the sample
temperature and airflow over the crucible were kept constant. Increase of temperature
led to significant increase of ruthenium release rate from RuO> powder. When the
airflow over the sample was decreased to 2.5 I/min the release rate of ruthenium from
the crucible was decreased to approximately half when compared to 5 I/min. Humid-
ity in the atmosphere or Csl aerosols did not seem to have a significant effect on the
release rate of ruthenium from the crucible.

Ruthenium transport

The amount of ruthenium transported as aerosol particles on the filter and as gaseous
RuOy4 to the liquid traps of 1 M NaOH solution was quantified with the use of instru-
mental neutron activation analysis. In the experiments with Csl aerosols in the air-
flow, liquid traps were also analysed using ICP-MS in order to evaluate the content
of cesium and iodine in the traps. Based on these measurements the quantities of
ruthenium in the form of aerosols and gas could be determined. Effects of different
precursors, temperatures and flow rates are discussed in the following sections.

The effect of temperature on ruthenium transport in air

The masses of ruthenium transported in gaseous and aerosol form in an air atmos-
phere under different temperatures and humidity are summarized in Table 4.2.

From the results it can be concluded that both increased humidity and increased tem-
perature significantly increased the transport of ruthenium through the facility. The
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increased transport due to humidity in the atmosphere mainly took place in the form
of RuO> aerosol, with a decreased RuOg4 fraction when compared to dry air condi-
tions. The proposed explanation is that steam passivizes the surfaces of the outlet
tube, which is made of stainless steel, and thus decreases the catalytic decomposition
of RuOs3 to RuO; and the deposition of RuO; taking place on the surface when the
temperature decreases to below 1000 K. Therefore, the gas phase formation of RuO»
particles is increased and the transport of particles is enhanced. The temperature had
similar effects on the increase of RuO, and the decrease of the RuO4 transported frac-
tion. An explanation of this behaviour is that according to the thermodynamic calcu-
lations a higher fraction of RuQj3 is released from the RuO; in the crucible with in-
creased temperature. Additionally, at 1700 K the non-negligible volatilization of
RuO:; itself and consequent condensation when the temperature decreases contribute
to the transport of ruthenium in the form of aerosols.

Table 4.2. The fractions of ruthenium transported as RuO2 aerosol particles and RuOs gas through the model
primary circuit, as well as the fraction of ruthenium deposited inside the circuit. All values are given as % of the
released Ru. The uncertainties are given as 1 standard deviation.

Exp. Total Ru | RuO2 trans- | RuOs4 trans- | Ru deposited

[#] transported | ported ported (%)
(%0) (%) (%)

11500 K dry | 3.40+0.30 3.30+0.30 0.13+0.01 96.6+£1.0

5 1/min

21300 Khu- | 11.6x1.2 6.5+0.7 52+0.5 88.4+1.3

mid 5 I/min?

31500 Khu- | 21.3+£2.1 212421 0.20+0.02 78728

mid 5 I/min

41700 Khu- | 25.0+2.5 24 842 .5 0.18+0.02 75.0+3.1

mid 5 I/min?

51300 K hu- | 9.3+0.9 9.1+0.5 0.024+0.012 90.7+14

mid 2.5

I/min

61500 K hu- | 12.841.3 12.8+0.6 0.010+0.005 87.2+19

mid 2.5

I/min

71700 K hu- | 14.3+14 14.3+0.7 0.001+0.005 85.7+20

mid 25

I/min

a) data taken from [KARO7].

The airflow seems to affect both the absolute amount of transported ruthenium and
the RuOy transported fraction. This behaviour can be explained due to the longer res-
idence time of the RuOy in the facility, therefore resulting in more time for the de-
composition on the surfaces within the facility.

In all experiments the major part of the released ruthenium was deposited inside the
facility, as can be seen in Table 4.2. The highest retention of ruthenium in the facility
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was observed at the outlet of the furnace, where the temperature decreased rapidly.
This behaviour was attributed to the decomposition of RuO3 into solid ruthenium de-
posits. Similar effects were observed in the previous experiments with the same fa-
cility.

The effect of temperature on ruthenium transport in air with 50ppmV NO >

The results of the transported ruthenium in the form of aerosols and gaseous form
under the humid air atmosphere with addition of 50 ppmV of NO: are presented in
Figures 4.17 and 4.18. Introduction of NO; into the airflow strongly affected the re-
sulting composition of transported ruthenium. As a result a higher transport of gase-
ous RuOy4 through the facility was observed when compared to the pure humid air
atmosphere at temperatures of 1300 K and 1500 K.

Figure 4.17. The fraction of ruthenium transported as RuQ: aerosol particles through the
model primary circuit. The values are given as % of the released ruthenium. The uncertain-
ties are given as 2 standard deviations.

Figure 4.18. The fraction of ruthenium transported as RuQOq gas through the model primary
circuit. The values are given as % of the released ruthenium. The uncertainties are given as
2 standard deviations.
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The increased gaseous fraction of transported ruthenium was attributed to reaction

(D).

RuO3(g)+NO2(g) « RuO4(g)+NO(g) (D

The temperature used during the experiments showed a strong effect on the form of
transported ruthenium. A decreasing trend of transported gaseous fraction was ob-
served from 1300 K to 1700 K. This behavior was attributed to the thermal decom-
position of NO» according to reactions (29) and (30). A second reason is the decreas-
ing equilibrium constant for the oxidation of RuO3 over the temperature interval, as
presented in Table 4.3 [HSCO02].

3NO2(g)« NO2(g)+02(2)+2NO(g) 2)
2NO2(g)e O2(g) + 2NO(g) 3)

Table 4.3. Equilibrium constants for the oxidation of RuOs by NO2 to RuOs at different temperatures[HSC02].

Temperature Keg
1300 K 28.55
1500 K 16.85
1700 K 11.3

As a result of these two factors the ratios between the aerosol and gaseous fractions
of transported ruthenium are lower than the thermodynamic equilibrium calculations
predict.

As can be seen from Figures 4.17 and 4.18, the absolute amount of transported ruthe-
nium was increased at temperatures of 1300 K and 1700 K when compared to the
humid air atmosphere, with nearly 92% and 49% increase, respectively.

The effect of temperature on ruthenium transport in air with 50ppmV N>O
The effect of N2O on the transport of ruthenium is presented in Figures 4.19 and 4.20.

The injection of N>O significantly increased the aerosol fraction of ruthenium trans-
ported through the facility when compared with the humid air experiment at 1500 K.
This behavior was attributed to reactions (4) and (5) and the subsequent decomposi-
tion of RuOs3 into a RuO;> solid at the outlet of the furnace, where the temperature
decreased below 1000 K. The equilibrium constants for reactions (31) and (32) over
the temperature interval used in the experiments are presented in Tables 4.4 and 4.5
[HSCO02].
RuO4(2)+N20(g) < RuO3(g)+2NO(g) “4)

RuO4(g)+2N20(g) < RuOx(s)+4NO(g) 5)
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Figure 4.19. The fraction of ruthenium transported as RuQ: aerosol particles through the
model primary circuit and the fraction of ruthenium deposited inside the circuit. The values
are given as % of the released ruthenium. The uncertainties are given as 1standard deviation.

Figure 4.20. The fraction of ruthenium transported as RuQOq gas through the model primary
circuit and the fraction of ruthenium deposited inside the circuit. The values are given as %
of the released ruthenium. The uncertainties are given as 1 standard deviation.
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Table 4.4. Equilibrium constants for the reduction of RuO4 by N20 to RuOs at different temperatures. [HSC02]

Temperature Keq

1300 K 19.03
1500 K 2179
1700 K 137.6

Table 4.5. Equilibrium constants for the reduction of RuO4 by N2O to Ru02 at different temperatures. [HSC02]

Temperature Keq

1300 K 1.48 E6
1500 K 4.79 E6
1700 K 1.21 E7

The overall transport of ruthenium through the facility was increased by a factor of 2
at 1500 K when compared to the humid air atmosphere. The opposite effect was de-
tected at 1300 K when the overall transport was decreased by ca. 16%. A modest
increase in ruthenium transport was observed at 1700 K.

The effect of temperature on ruthenium transport in air with SppmV HNOj;
The results for ruthenium transport under the humid air atmosphere with 5 ppmV of
HNO:s; are presented in Figures 4.21 and 4.22.

Figure 4.21. The fraction of ruthenium transported as RuQ: aerosol particles through the
model primary circuit and the fraction of ruthenium deposited inside the circuit. The values
are given as % of the released ruthenium. The uncertainties are given as 1 standard devia-
tion.
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Figure 4.22. The fraction of ruthenium transported as RuQq gas through the model primary
circuit and the fraction of ruthenium deposited inside the circuit. The values are given as %
of the released ruthenium. The uncertainties are given as I standard deviation.

The introduction of HNO3 feed into the airflow affected the composition of trans-
ported ruthenium, resulting in a higher transport of gaseous RuO4 through the facility
when compared to the pure humid air atmosphere at all experimental temperatures.
The effect of nitric acid injection was not as prominent as could be expected from the
thermodynamic calculations, as presented in Table 4.6 [HSCO02].

3Ru03(g)+2HNOs(g) — 3RuO4(g)+H20(2)+2NO(g) (6)
Table 4.6. Stability constants for the oxidation of RuOs by HNOs to RuQx at different temperatures [HSC02].
Temperature Keq
1300 K 1.65 El1
1500 K 457 E10
1700 K 1.66 E10

An explanation for the decreased transport of gaseous ruthenium fraction, when com-
pared to the thermodynamic calculations could be the thermal decomposition of
HNO:s to the lower nitrogen oxides, leading to the lower amount of precursor in the
gas phase [ELL53, HAR62].

The effect of temperature on ruthenium transport in air with a feed of Csl aerosols

The results of transported ruthenium under the humid air atmosphere with the addi-
tion of Csl aerosols (ca. 0.8 mg/l air) into the airflow are presented in Figures 4.23
and 4.24.
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Figure 4.23. The fraction of ruthenium transported as RuQ: aerosol particles through the
model primary circuit, as well as the fraction of ruthenium deposited inside the circuit. All
values are given as % of the released Ru. The uncertainties are given as 1 standard deviation.

Figure 4.23. The fraction of ruthenium transported in gaseous form through the model pri-
mary circuit, as well as the fraction of ruthenium deposited inside the circuit. All values are
given as % of the released Ru. The uncertainties are given as 1 standard deviation.

An introduction of Csl aerosols fed into the airflow led to the decrease of overall
ruthenium transport through the facility at temperatures of 1300 K and 1700 K. Dur-
ing the experiment conducted at 1500 K the overall ruthenium transport was the same
as in the pure humid air atmosphere. The fraction of transported gaseous ruthenium
was increased significantly at temperatures of 1500 K and 1700 K. This effect was
most prominent at 1500 K where about 16.5% of the transported ruthenium was in
the form of a gas when compared to the 0.2% in humid air atmosphere at the same
temperature.
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The transport of cesium and iodine in the experiments on ruthenium transport with

Csl feed

The amounts of cesium and iodine transported through the primary circuit simulat-
ing facility during the experiments conducted at temperatures of 1300 K-1700 K
were quantified using NAA and ICP-MS. The results are summarized in Tables 4.7-
4.9. The quantification of iodine collected on the main filter was not possible due to
iodine evaporation during the neutron activation. Data is therefore available only for
iodine collected in the liquid 1 M NaOH trap.

Table 4.7. Masses of cesium and iodine transported as aerosol particles and gas through the model primary

circuit. The uncertainties are given as 1 standard deviation.

Exp Csl in | Csl concentra-| lodine as | Cs aerosol | Cs gas
feed (m tion as
(mg) | g (mg) (mg)
(mg/l air) (mg)
1300 K | 1269+3.1 | 0.81+0.02 1.1+£0.005 | 0.25£001 | 1.2E-3+1.2E-5
Csl
1500 K| 123.4+3.1 | 0.79+0.02 1.7£0.008 | 042+0.02 | 9.2E-3+9.2E-5
Csl
1700 K| 120.1+£3.1 | 0.77£0.02 2.8+0.01 0.45+0.02 | 1.0E-2+1.0E-4
Csl

Table 4.8. The fractions of cesium transported as aerosol particles and gas through the model primary circutt,
as well as the fraction of cesium deposited inside the circuit. All values are given as % of the injected cesium in
the form of Csl. The uncertainties are given as 1 standard deviation.

Exp. Total Cs Cs aerosol Csgas Cs deposited
transported | transported | transported (%)
(%) (%) (%)
1300 K Csl 0.39+0.02 0.39+0.02 1.9E-3+1.9E-5 | 99.6+0.02
1500 K Csl 0.68+0.03 0.67+£0.03 1.2E-2+1.2E-4 | 99.3+0.03
1700 K Csl 0.74+0.04 0.74+0.04 2.6E-3+2 6E-5 | 99.3+0.04

Table 4.9. The fractions of iodine transported as aerosol particles and gas through the model primary circuit, as
well as the fraction of iodine deposited inside the circuit. All values are given as % of the injected iodine in the

form of Csl. The uncertainties are given as 1 standard deviation.

Exp. Total I I aerosol I gas I deposited
transported | transported | transported (%)
(%) (%) (%)
1300 K Csl 1.72+0.01 - 1.72+0.01 98.28+0.01
1500 K Csl 2.76x0.01 - 2.76x0.01 97.24+0.01
1700 K Csl 4.75+0.02 - 4.75+0.02 95.26+0.02
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As can be seen from Tables 4.7-4.9 iodine was partly volatilized from the feed of Csl
and transferred in the form of gas to the liquid traps. The detected volatile fraction of
cesium was very minor. As discussed further, some iodine was detected on the aero-
sol filter measured by XPS. The overall quantification of transported of iodine is
therefore underestimated.

From the measured data it is obvious that the overall transport of both cesium and
iodine through the facility was very small in all the performed experiments. The frac-
tion of transported iodine increased when the temperature increased, whereas the in-
crease of the transported cesium fraction was only minor.

4.5.5. Characterization of the gaseous ruthenium fraction from all ruthenium
transport experiments

Characterization of the gaseous ruthenium speciation was not possible due to the high
temperatures inside the hot zone of the facility online. However, as the thermody-
namic calculations and previously published results indicate, RuOjs is the only gase-
ous ruthenium species that is relatively stable at temperatures lower than 1000 K.
As it is known that RuO4 forms ruthenate and perruthenate salts of sodium in solu-
tions of NaOH, the liquid traps were examined by spectrophotometry in order to de-
termine the formation of these compounds in the solutions. A representative UV-VIS
spectrum of the liquid traps is presented in Figure 4.16.

Figure 4.24. UV-VIS spectrum obtained from the measured 1 M NaOH liquid trap.

The two distinctive peaks originating from RuY™ and Ru¥™ could be identified in the
obtained spectra from the experiments [CONS52]. The spectra obtained from all the
ruthenium transport experiments showed the same behavior. This, along with the data
from the previous studies, was interpreted as a strong indication that the gaseous frac-
tion of ruthenium collected in the 1 M NaOH traps was in the form of RuO4. How-
ever, it should be stated that if ruthenium in oxidation states (VI-VIII) formed volatile
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oxyhalides with iodine and if those would be retained in the liquid traps, ruthenium
absorption spectra would look very similar to spectra obtained during the experi-
ments. Thus the possibility of gaseous ruthenium transport in the form of oxyhalides
could not be disregarded in the experiments with Csl feed.

SEM/EDX characterization of aerosols collected on the filters from ruthenium
transport experiments

The ruthenium particle samples collected during the experiments were analysed with
a scanning electron microscope. The SEM micrographs of the particles collected from
some of the experiments are presented in Figure 17. Depending on the reaction con-
ditions, the morphology (particle size and shape) of ruthenium aerosol particles var-
ied greatly between the samples. In experiments with humid air atmosphere the typi-
cal crystalline needle-shaped form of RuO; was clearly evident and was the predom-
inant form of ruthenium in the samples.

The feed of NO» gas into the flow of Ru oxides seemed to have an effect on the shape
and quantity of the ruthenium particles. A variety of different sized cuboid crystals
were formed instead of needle shaped crystals. However, the concentration of the
formed particles was very low due to the high formation of gaseous ruthenium and
therefore only a few particles were observed on the grid for the analysis (see Figure
4.25b). In the other experiments the particle concentration was high inside the Ru
transport facility and this led to an agglomeration of particles in the gas phase before
these particles were collected on the grid, as can be seen in Figures 4.25a and 4.25c.

The Energy-dispersive X-ray spectroscopy (EDX) analysis of two spots on the sam-
ple from the experiment conducted in air verified that the particles that were formed
contained ruthenium (Figure 18). The identified characteristic X-ray line energies for
Ru were for example 2.558 keV (Lq1) and 2.683 keV (Lp1). In addition to Ru, signals
of other elements were also observed at both analysis locations. Nickel originated
from the grid and carbon from the foil, whereas the signal of aluminium was from the
sample holder. Oxygen originated mainly from the oxidized Ru and the grid.

XPS

The chemical speciation of the particles transported through the facility that were
collected directly from the gas phase on a quartz glass surface was analysed by XPS
technique. As a result of the analysis the binding energies of ruthenium (3d5/2 peak),
cesium (3d5/2 peak) and iodine (3d5/2 peak) (if used in the experiments) were ob-
tained. The identification was based on the comparison between the identified bind-
ing energies of elements on the samples with the reference binding energy values
found in the literature. The reference samples of commercial ruthenium dioxide pow-
ders, both anhydrous and hydrated (purity of 99.5%, Alfa Aesar), were analyzed and
the obtained spectra were then compared with the spectra of ruthenium-containing
samples. The reference values of the binding energies used in the evaluation of the
data are presented in Table 4.10. As can be seen from Table 4.10, the binding energies
are not only dependent on the oxidation state of ruthenium but also on its chemical
environment, e.g. the hydration of RuO». Thus, the comparison of all obtained spectra
in the region of the Ru 3d5/2 peak gives better insight into the chemical characteri-
zation of the measured ruthenium compound.

172



b)

Figure 4.25. SEM micrographs of ruthenium particles on a nickel/carbon grid in experiments
(a) with humid air, (b) with NO: gas injection, and (c) with feed of Csl.

XPS measurements of samples from experiments with air, N>O, NO,, and HNO3 at-
mospheres

The binding energies for the Ru 3d5/2 peak in all samples were within the region of
280.4 eV-280.5 eV, regardless of the atmosphere used, as can be seen in Figure 4.27.
This provides a strong indication that the transported ruthenium aerosols were in the
form of anhydrous RuO in all experimental conditions. The overall characteristics of
the spectra are very similar to each other, which strengthens the assumption that all
spectra originate from the same compound.

During the XPS measurements no nitrogen was detected in the collected samples.
The possible formation of ruthenium nitrosyl compounds was therefore ruled out dur-
ing the data evaluation process.

XPS measurements of samples from experiments with Csl aerosols

The results obtained from XPS analysis of aerosols collected during the experiment
conducted under temperatures of 1300 K, 1500 K and 1700 K with CsI aerosol injec-
tion are presented in Table 4.11. As can be seen from Table 4.11, ruthenium in the
aerosols was in the form of RuO.. The binding energy of the Ru 3d5/2 peak was
slightly higher than the reference binding energy for anhydrous RuO2 in all experi-
ments. Additionally the hydration of RuO» decreased with the increased temperature
used in the experiments. Therefore it can be assumed that RuO; was in a partially
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hydrated form, where the amount of adsorbed moisture was lower than the stoichi-
ometry of the RuO,2.3H,0 used as a reference sample. The determined binding en-
ergies were also significantly lower than for the ruthenium in its perruthenate form.

Figure 4.26. EDX spectra of spots #1 and #2 of Ru particles. The recorded true counts of
spot #2 are multiplied by two.

The binding energies for the iodine species were dependent on the temperature. At a
temperature of 1300 K both iodide (62%) (BE 618.9+0.1 eV) and periodate (104)
(38%) (BE 624+0.1 eV) forms were detected (where the iodide form originated most
probably from the CsI compound). At a temperature of 1500 K the iodine in the col-
lected aerosols was found to be in 2 different oxidation states. The most dominant
form was iodide (I') (42%), with a determined binding energy for the I3d 5/2 peak of
618.5+0.1eV (60%). The second identified form of iodine was iodate (I037), with a
binding energy of 623.0+0.1eV (40%). At a temperature of 1700 K iodine was iden-
tified to be in 3 different chemical forms. The most prominent was the iodide form
(I) (60%) (BE 618.4+0.1 eV), followed by adsorbed elemental iodine (I2) (30%) (BE
620.4+0.1 eV), and iodate (I03") (10%) (BE 622.9+0.1 ¢V). The content of iodine on
the filter was very low in this sample (<0.5 mass %), thus analysis of iodine species
partitioning was less reliable even after long acquisition times.

Cesium was detected only in one oxidation state with a binding energy for the Cs
3d5/2 peak of 724.2-724.0 eV under all experimental conditions. This binding energy
corresponds to the form of cesium as Cs* ion.

XRD measurements of samples from experiments with air, N>O, NO>, and HNOj3 at-
mospheres

The results from the qualitative crystallographic X-ray diffraction analysis of the
samples are shown in Figure 4.28. The recorded XRD spectra in experiments with
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air, NoO, NO; and HNO3 show the same diffraction pattern, which corresponds to the
rutile structure of RuO,. This is in good agreement with the XPS analysis, leading to
the conclusion that aerosols collected from the gas flow were in the form of anhy-

drous ruthenium dioxide.

Table 4.10. The reference binding energies (eV) for Ru 3d5/2, 13d/52, O 1s and Cs 3d5/2 peaks in various

compounds.

Compound | Ru 3d5/2 1 3d5/2 Cs 3d5/2 O1s

Ru metal 280.0[ZIM90] - - .

RuO; 280.5[KAJ16] | - _ -

RuO,2.3H, | 282.1[KAJI6] | - - -

0]

BaRuO4 2842[OHY80] | - _ -

RuOy4 283.3[ZIM90] - B ;

Rul; 281.5% 619.0* - N

CH;sl - 620.5[ZHO89] - _

CHzl» - 620.6 [SOL93] - -

CyHsl 620.7[ZHO89b] - -

I - 620 2[WAG79] | - -

619.9[SHE76]

[,Os - 623.3[SHE76] - 529.9[157]

HIO3 - 623.1[SHE76] - _

NalO4 - 624[SHE76] - -

Csl - 618 4[MOR73] 724.1[MOR73] -

CsOH - - 724.15[WAG79] | 530.6[WAG79]

OH - - - ~530.5-
531.7[WAGT79]

H0 - - - ~532.1-
533.3[WAGS0]]

Values obtained from measurements with commercial Ruls (98% Sigma Aldrich). (b) Esti-

mated value.
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Figure 4.27. The XPS spectra obtained from the analysis of collected aerosols on filters.

Spectra were scaled to fit the figure.

Table 4.11. Obtained binding energies and identified compounds from the collected aerosols from experiments

with Csl aerosol injection.

Temperature | Peak Ru 3d5/2 1 3d5/2 Cs 3d5/2
1300 K Binding energies | 281.3+0.1 618.9+0.1 | 724.240.1
624.0+0.1
1300 K Chemical state | RuO: I Cs*
of element 10/
1500 K Binding energies | 281.0+0.1 618.5+0.1 | 724.0+0.1
623.0+0.1
1500 K Chemical state | RuO: r Cs*
of element 105
1700 K Binding energies | 280.8+0.1 618.4+0.1 | 724.0+0.1
620.4+0.1
622.9+0.1
1700 K Chemical state | RuO: I Cs*
of element I
105
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4.5.6. Conclusions

It was shown that the air-radiolysis products (NO2, N2O, HNO3) and aerosols (CsI)
formed during a severe nuclear accident have a significant effect on the transport of
ruthenium through the primary circuit of a NPP. These effects were determined at
different temperatures (1300 K, 1500 K, and 1700 K). It was shown that even the
very low concentrations (50-5 ppmV) of air radiolysis products in a gas stream will
affect the chemical composition of transported ruthenium and can decrease or in-
crease the gaseous and aerosol fractions thereof. Additionally, these precursors will
affect the absolute amount of ruthenium transported through the primary circuit of
the power plant. By means of neutron activation analysis of collected ruthenium sam-
ples, these amounts could be quantified. The chemical compositions of the collected
aerosol fractions were identified by means of SEM/EDX, XPS and XRD techniques.
Additionally it was shown that there was a strong effect of temperature and air flow
(2.5 I/min, 5 1/min) on both the release rates of ruthenium and also the amount and
chemical composition of ruthenium transported through the primary circuit of a NPP.
It was also shown that the transport of ruthenium does not correspond to the thermo-
dynamic equilibrium calculations, and therefore chemical kinetics will play an im-
portant role during a severe nuclear accident.

Figure 4.28. The obtained XRD spectra from the samples from experiments with air, N:O,
NO: and HNO:s. The height of the peaks was scaled in order to fit in the figure.

4.6 Tellurium, niobium and ruthenium interaction with iodine

4.6.1. Introduction

During an accident when radionuclides are released from the fuel, chemical interac-
tions between these radionuclides will take the place during the transport through the
reactor coolant system (RCS). These interactions are currently poorly examined when
compared to the release of radionuclides from fuel itself and their containment chem-
istry. It is known that volatility of particular elements during a nuclear accident is
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strongly dependent on their chemical form. Thus, during transport through a RCS
new and potentially more volatile chemical forms of radionuclides can be formed as
a result of chemical interactions. It was shown previously that interaction of ruthe-
nium with cesium-iodide increases the volatile fraction of ruthenium transported into
the containment within two orders of magnitude when compared to the pure air at-
mosphere. This effect was attributed to the formation of volatile ruthenium oxy-io-
dides. Oxyhalides and halides were shown to significantly increase the volatility of
noble metals, even at low temperatures, and thus their formation would significantly
affect the source term during an accident within the nuclear power plant. A similar
effect can be expected also with other metals, resulting in a higher release of radio-
nuclides to the containment then predicted by the severe accident codes nowadays.
Effects of the formation of halides can be demonstrated on tellurium and niobium,
which were both released during the Fukushima accident where seawater containing
sodium chloride was used for the emergency cooling of the fuel.

Tellurium in its metallic and dioxide forms has boiling points of 988°C and 1245°C,
respectively [GRE97], in comparison to the boiling point of tellurium tetrachloride
(380°C, sublimation point 200°C). Similar behaviour can be expected from the tellu-
rium tetraiodide that has a melting point of 280°C [GRE97]. The effect of halides
formation can also be seen on niobium. Metallic niobium has a boiling point of
4741°C [GRE97], whereas in the form of niobium pentachloride its boiling point is
247°C [GRE97].

It is therefore necessary to obtain deeper knowledge of the properties of halides and
oxyhalides of metals that can be released from the nuclear fuel. Iodine is the most
important halogen produced by fission during the operation of a nuclear power plant.
The isotope I-131 is one of the main concerns in such an accident, as iodine is readily
released from the fuel when the consistency of fuel elements is lost, and it will interact
with other released fission products within the RCS. These interactions can possibly
lead to the formation of new chemical species where several radionuclides will be
transported in one compound to the containment.

The effect of air atmosphere and air with iodine vapour on the transport quantities
and chemical forms of particular metals was investigated. This report shows the ini-
tial experiments carried out to determine if anything occurs at all when iodine is
added to the oxidizing gas.

4.6.2. Experimental

Tellurium, niobium and ruthenium in their metallic forms were used in separate ex-
periments. Metal powder was placed in a ceramic crucible positioned inside the tub-
ular furnace and heated to the temperature desired for the experiment under an inert
atmosphere. At the desired temperature, a gas flow was initiated into the furnace to
simulate oxidizing conditions during an accident. The release of metals was deter-
mined by measuring the lost fraction of metal from the ceramic crucible after the
experiment. Furthermore, an aerosol filter was situated at the outlet to catch any aer-
osols of the elements transported by the gas flow. Sodium hydroxide and water traps
were placed after the filter, the latter to trap any gaseous species.

An overview of the setup can be seen in Figure 4.1. However, some minor modifica-
tions were made, with the iodine introduced to the gas prior to entering the furnace.
This was achieved by channelling the gas through a gas trap containing iodine. To
ensure enough iodine throughout the experiment, the iodine was constantly heated
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This was done by adding an excessive amount of solid iodine inside the gas trap and
then placing the gas trap on a heating plate, allowing constant volatilization of iodine.

4.6.3. Results

The results obtained in the furnace experiments are presented in Figures 4.21, 4.22
and 4.23. These show what the samples and filters looked like after the experiments.
By comparing the results in Figure 4.21 to how these looked before the experiments,
significant changes can be observed. Part [A] shows the crucible that contained the
niobium (metallic powder of niobium is black/dark grey). It is now a white solid with
a slight yellow tone to it. This indicates that something has happened to the source.
Niobium(V) iodide solid has a characteristic yellow colour, which could mean that
this could have formed. Alternatively, it could also be iodine, as it is also yellow.
However, as iodine easily sublimes it should disappear given enough time. Yet, after
several months the yellow colour remains. Observing the filter, it was also changed
to yellow/black areas. This could be niobium(V) iodide (yellow parts). However, af-
ter roughly a week the deposition on the filter has disappeared, indicating iodine.
However, as oxyhalides are very unstable it could possibly be some sort of niobium
oxyhalide.

Figure 4.21. [A] shows the crucible where the niobium was located initially, before possible
volatilization. [B] shows the filter located at room temperature at the outlet of the system.
[C] shows the outlet, where the filter was located.

Figure 4.22. [A] shows the crucible where the tellurium was located initially, before possible
volatilization. [B] shows the filter at room temperature located at the outlet of the system.
[C] shows the inlet, close where the crucible was located.

The tellurium powder after exposure is shown in Figure 4.22, [A]. This has drastically
changed from the “initial state” (black/grey powder). Small “drops” can be seen to
have formed, seemingly with a white coating surrounding a grey mass. Moreover, the
filter in [B] has turned brown, which neither metallic tellurium nor tellurium dioxide
exhibits as a colour. The latter results indicate that something has occurred between
tellurium and iodine under oxidizing conditions.
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Figure 4.23. [A] shows the crucible where the ruthenium was located initially, before possi-
ble volatilization. [B] shows the filter at room temperature located at the outlet of the system.
The colour spot on the bottom part of the filter comes from dirt on the outlet.

The ruthenium part (Figure 4.23) is still inconclusive and further experiments are
required for a definite answer about whether there is oxyhalide formation of ruthe-
nium.

As seen for the niobium experiments, the end product can be very unstable, which
may interfere with the final analysis. As such, the current setup will require a slight
adjustment to ensure that these compounds are trapped and remain stable long enough
for proper analysis. This could be achieved by low temperatures or online measure-
ments.

4.6.4. Conclusions

For both the niobium and tellurium experiments positive indications of the interaction
between these and iodine in oxidizing conditions have been produced. For ruthenium,
no evidence was found during these experiments. However, further experiments to
fully determine this is required, as previous, nonpublished experiments have indi-
cated that something actually does happen as the filter was completely blackened. It
is still unclear what this reaction is and it will require further analysis to determine
the reaction routes.

These results indicate that under RCS conditions, tellurium and niobium will interact
with iodine. This interaction consequently increases the source term of both of these,
as the melting/boiling point of iodine compounds with tellurium and niobium is lower
than when these are not in an iodine compound.
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5. UPPFOLJNING AV KARNKRAFTSOLYCKAN |
FUKUSHIMA DAIICHI

Ett viktigt syfte med uppfoljningen inom APRI é&r att undersoka om de insikter som
utvecklats efter olyckan i Fukushima kan leda till dndrad strategi for den svenska
haverihanteringen. Viktiga element i den svenska strategin dr att kunna kyla en hérd-
smdlta i inneslutningen genom att lata den falla i vatten och att skydda inneslutning-
ens integritet genom tryckavlastning. Efter olyckan har dessa element fatt 6kad inter-
nationell acceptans och nagon omvirdering av den svenska strategin grundad pa nu-
varande insikter &r inte aktuell.

I rapporten fran APRI-8 [1] behandlades forloppen i reaktorerna vid Fukushima
Daiichi och mgjliga tekniska orsaker. Den analysverksamhet som har bedrivits efter
APRI-8 har inte lett till nagra avgorande dndrade slutsatser. Darmed anses de slutsat-
ser om forloppen som drogs i APRI-8 fortfarande gélla.

Det kan konstateras att hardsmaltor har dgt rum i tre reaktorer. Olyckan i Fukushima
ger en unik mojlighet till att forbdttra kunskapen om hiardsméiltor i BWR och vara
mojligheter att kunna simulera hirdsmaltforlopp. Ambitionen &r att genom analyser
av sluttillstanden kunna fa en klarare uppfattning om dominerande fenomen. Det
finns fragor kring bildandet av hiardsméltan och hur den har relokerats. Det &r viktigt
att spara hur sméltan har ansamlats i nedre plenum, hur den tog sig genom reaktor-
tanken och hur den reagerade med vatten och betong i piedestalen.

Det har tills nu (februari 2018) inte varit mojligt att klarstidlla vart hdardsméltorna
finns. Morfologi och kemiska egenskaper har dérfor inte kunnat faststéllas. Detta &r
fragestéllningar som har prioriterats for att forbdttra vara kunskaper.

I avsnitt 5.1 beskrivs nuvarande status for reaktorerna och de sidkerhetsforbéttringar
som har genomforts och planeras, och dven nagra fragestillningar med kvarstaende
betydande osédkerheter. En mer detaljerad beskrivning finns i [2]. I avsnitt 5.2 ges en
oversikt over arbetet som pagar for att klarligga skador i inneslutningen och vart
héirdarna har tagit vigen. Detta géller visuella undersokningar med robotteknik och
identifikation av ledtrddar grundade pa andra mitningar. En mer detaljerad beskriv-
ning finns i [3].

I avsnitt 5.3 ges en 6versikt Over vad som hdnde med bassidngerna for anvént brénsle.
En fullstindig 6verraskande explosion intrdffade i Block 4. Denna ledde till obefo-
gade farhagor om stora utsldapp och ett i det ndrmsta katastrofalt informationslége.
Aven SSM:s respons beskrivs. Det kan i efterhand konstateras att briinslet i bassing-
erna inte hade visentliga skador som hirrérde fran olyckan. En mer detaljerad be-
skrivning finns i [4].

5.1 Status for karnkraftsreaktorerna i Fukushima Daiichi 1-3

Nuvarande situation (februari 2018) for kidrnkraftsreaktorerna i Fukushima Daiichi
1-3 dr att dessa kyls genom inpumpning av ca 200 m*/dygn vatten genom hérdstril
och i fallspalt. Da reaktortankar och inneslutningar dr skadade rinner vattnet vidare
till turbinbyggnaden varifran det pumpas ut och behandlas. Pa grund av betydande
infloden av grundvatten till reaktorbyggnaderna har det utpumpade flodet tidvis varit
dubbelt sa stort som inflodet, och verskottet har fatt lagras i ett 6kande antal upp-
forda lagringstankar. I februari 2018 fanns ca 1,1 miljoner m® ("1100 tankar & 1000
m?>”) vatten lagrat pd kraftverk somradet.
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Liget for arbetet med att begrédnsa intrdngning av grundvatten och begrinsa spridning
av kontaminerat vatten till grundvatten och havet har fatt viss framgéng. Man har
frusit en vigg runt anldggningen som blivit operativ hosten 2017 for att begridnsa
savil in- som utlickage. Olika observationer gors for att se om viggen har avsedd
effekt.

Forberedelser pagar for att kunna flytta brinslet fran brinslebassingerna. Ett antal
omraden har identifierats dér det fortfarande finns visentliga osidkerheter och frage-
stillningar om slutsatserna.

Nar det giller sdkerhetsforbdttringar maste samtliga anlaggningar visa att man upp-
fyller de nya kirnkraftsregler som triadde i kraft i juli 2013. Dessa regler innehaller
langtgaende krav pa talighet mot yttre hiandelser (jordbavning, tsunami), diversifie-
rade system for insprutning och tryckkontroll under haveriforhallanden samt kapabi-
litet att hantera vitgas.

I januari 2018 hade 14 reaktorer (12 PWR och 2 BWR) fatt godkénnande av sina
uppgraderingsplaner av NRA (den japanska kérnkraftsmyndigheten), och av dessa
har 5 hunnit aterstarta, se linken http://www.genanshin.jp/english/ for senaste status.
Ytterligare 12 reaktorer (8 BWR och 4 PWR) har ansokt om godkédnnande av sina
uppgraderingsplaner. For de tva ABWR (TEPCO:s Kashiwazaki-Kariwa 6/7) som
har fatt godkdnnande har en reviderad ansokan ldmnats in i augusti 2017. Uppstart av
dessa kommer att senareldggas nagra ar. Trots att Kashiwazaki-Kariwa 6/7 har fatt
godkidnnande av myndigheten hosten 2017, avser TEPCO att infora ett nytt system
for kylning av inneslutningen for att reducera behovet for tryckavlastning som det &r
svart att fa acceptans for i den japanska befolkningen. Tryckavlastning skulle i dags-
laget krdava godkdnnande av lokala myndigheter [5].

5.1.1. Nuvarande situation vid anlaggningen i Fukushima

Block 1 Block 2 Block 3

Figur 5.1 Oversiktsbild 6ver sluttillstanden héimtat fran [11] (Hérdarnas ligen dir spekula-
tiva)

Mitdata fran anldggningen finns i [6] - [8]. Det kan konstateras att virdena fluktuerar
fran dag till dag. I samtliga block sker inpumpning av vatten genom stril 6ver ur-
sprungligt hirdomrade och genom matarvattensstutsarna i fallspalten. I Block 1 och
3 &r torusen helt fylld med vatten. I Block 2 &r det samma vattenniva innanfér och
utanfor torusen. Vattennivan i inneslutningen varierar nagot. I januari 2017 var nivan
i Block 1 ungefir 1,9 m fran botten, i Block 2 ungefir 0,3 m fran botten och i Block
3 ungefir 6.4 m fran botten. Skillnaderna beror pa varierande skadeomfattning i inn-
neslutningarna.
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For Block 1 dr temperaturerna i reaktortank och inneslutning runt 20 °C. Méngden
inpumpat vatten ér ca. 3 m*/timme. Temperaturerna varierar i reaktortank och innes-
lutning mellan 24 °C och 27 °C och det pumpas in ungefir 2.8 m*/timme i Block 2.1
Block 3 ér det ungefir 25°C i reaktortank och inneslutning och méngden inpumpat
vatten ér 2,8 m3/timme. Det pumpas sdledes in drygt 200 m*/dygn till de tre reakto-
rerna. Vattnet som pumpas in har gatt igenom en reningsprocess dir framfor allt klo-
rider och Cs har tagits bort.

Man har satsat pa att frysa en viagg runt anldiggningen. Den sista delen av vdggen mot
vist (mot landsidan) borjade frysas i augusti 2017. Erfarenheterna sa lange tycks peka
pa att viaggen fungerar. Det har observerats en 6kande nivaskillnad mellan insidan
och utsidan av viggen. Temperaturer pa grundvatten och i marken Gvervakas ocksa.

I Block 1 har man tagit bort holjet kring reaktorn och har borjat forbereda ett vind-
skydd for att skydda omgivningen under arbetet med att ta bort skripet i reaktor-
byggnaden. Skréipet skannas for att planera for borttagningen utan att kontaminera
omgivningen. Bortforslande av brinsle planeras att paborja under 2023.

I Block 2 har man som forberedelse for att ta bort brinslet fran brinslebasséingen tagit
upp ett hal i viggen i reaktorbyggnaden mot landsidan. Man kommer sa smaningom
att ta bort hela ovre delen av byggnaden for att underlétta hantering av brinslet. Ar-
betet med att ta bort brinslet planeras att paborja 2023.

I Block 3 har skripet i reaktorbyggnaden efter explosionen nu tagits bort. For att
forbereda borttagande av brinslet 1 brinslebassingen har man installerat skenor som
maskinen for hantering av brénslet kan mandvreras lings. For ndrvarande installeras
kupoltak 6ver reaktorn. Kupoltaket installeras i sektioner och de forsta tva har instal-
lerats. Bortforslingen av brinsle planeras att paborjas 2018.

5.1.2. Sakerhetsforbattringar

Maénga erfarenheter har gjorts som har lett till nytt regelverk och ett stort antal séker-
hetsforbattringar. I december 2017 hade 12 reaktorer fatt godkénnande av sina upp-
graderingsplaner och tillstand av NRA att starta upp. Fem reaktorer har hunnit starta.
Samtliga av dessa 4r PWR [5].

For BWR dr TEPCO ledande i processen med att infora forbéttringar i sédkerhetssy-
stemen. For BWR krivs bland annat att ett system for filtrerad tryckavlastning eller
utrustning med motsvarande eller bittre prestanda installeras. Det finns bland den
japanska befolkningen en stor misstinksamhet mot BWR och ett stort motstand mot
att medvetet sldppa ut radioaktiva &mnen. Det pagar diskussioner om att det skulle
behovas tillstand fran lokala myndigheter for att aktivera systemet och eventuellt en
samordning med evakueringsplaner [9]. P4 grund av detta kommer TEPCO att instal-
lera ett nytt extra kylsystem for inneslutningen i Kashiwazaki-Kariwa [10].

I [1] konstaterades att en grundorsak till kdrnkraftsolyckan dr att man inte korrekt
hade identifierat vilka hidndelser som kunde intrdffa vid anldggningen vilket ledde till
helt oforutsedda konsekvenser. Det var brister 1 utbildning och tridning for att kunna
ta hand om ett svart haveri.

Ett stort antal sdkerhetsforbattringar har inforts. Detta géller givetvis skydd mot jord-
bavningar och tsunamis genom installation av vdaggar mot sjon, forstiarkning och tét-
ning av byggnader och sékerstillning av vattenkéllor ndr tsunami-vagen drar sig till-
baka.
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Extra utrustning installerades i form av mobila system, forstiarkning av reaktorns vér-
mesédnkor och skydd mot terroristanfall och flygplanskrascher.

For forstarkning av elsystemen installeras diversifierade, redundanta och distribue-
rade faciliteter som till exempel mobila fordon med gasturbiner och andra alternativa
mojligheter for viaxelstromsforsorjning. Batterikapaciteten kas och fordelas pa olika
stillen.

Bland de tekniska faktorerna som bidrog till hdrdsméltorna verkar komponentskyd-
den ha spelat en vésentlig roll. Det fanns inbyggda trippvillkor som inte pa ett enkelt
sitt kunde hivas eller 6verridas. Detta innebar 1 flera fall att viktiga komponenter av
betydelse for sikerheten inte var tillgingliga som forutsatt. Detta diskuteras vidare 1
avsnitt 5.1.3. Det gjordes vid flera tillfillen upprepade forsok att fa i gang kritisk
utrusning. I Block 2 som var mest utsatt for el-bortfall och som didrmed inte hade
skydden och trippvillkoren aktiverade tog det ldngst tid innan hirden smailte.

Strategin att anvinda brandutrustning for att forse reaktorerna med vatten medforde
vissa problem. Nir inpumpningen kom igang kom bara en mindre del av vattnet dit
det skulle. I stillet fanns det alternativa flodesvagar pa grund av felmonterade eller
lackande ventiler. Enligt TEPCO dér det troligt att man hade kunnat kyla hirden om
allt vatten hade gatt dit det skulle. Ett annat problem med brandvattnet var att trycket
inte var tillrickligt for att pumpa in vatten mot reaktortrycket. Man var séledes helt
beroende av att avblasningen genom sidkerhetsventilerna fungerade. Detta diskuteras
vidare i avsnitt 5.1.3.

Det var dven problem med tryckavlastningen som endast kunde aktiveras med extra-
ordindra atgirder ndr trycket i inneslutningen vésentligt Gversteg konstruktions-
trycket. I de nya sidkerhetsbestimmelserna krivs att filtrerad tryckavlastning ska fin-
nas. I TEPCO:s anldggning i Kashiwazaki-Kariwa hade man satsat pa ett system med
avblasning fran “wetwell” som kan 6ppnas manuellt fran en skyddad plats.

Aven om den japanska myndigheten har varit positiv till de atgirder som TEPCO
foreslagit, har foretaget dragit tillbaka sin ansokan om uppstart. TEPCO kommer att
ga vidare med konstruktion och installation av ett nytt extra sikerhetssystem, se figur
5.2. Systemet tar vatten fran kondensationsbasséngen. Vattnet leds genom virmevéx-
lare som dven kan forses med vatten fran mobila system pa sekundirsidan. Fran ett
bunkrat utrymme pumpas vattnet, eventuellt kompletterat med vatten fran brandpum-
par eller mobila system, in till inneslutningen genom strilning i primédrutrymmet, till
reaktortanken och till piedestalen under reaktortanken. Fran reaktortanken ska vatten
kunna avbordas till kondensationsbassidngen.

For de tva aktuella TEPCO-reaktorerna av ABWR-typ, Blocken 6 och 7 i
Kashiwazaki-Kariwa, godkinde myndigheterna de foreslagna uppgraderingspla-
nerna. TEPCO drog tillbaka sin anskan om uppstart och det planeras nu for uppstart
12020. De andra foretagen med BWR avvaktar TEPCO:s dtgérder.
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Figur 5.2. Nytt kylsystem for inneslutningen i Kashiwazaki-Kariwa.(Hdmtad fran [10]).

TEPCO hivdar att systemet ger bittre skydd mot dvertryckning av inneslutningen
och didrmed eliminerar behovet for filtrerad tryckavlastning av inneslutningen.

5.1.3. Omraden med aterstaende fragor eller stora osakerheter

Ett omfattande analysarbete har gjorts for att forklara forloppen. TEPCO har tillsam-
mans med andra analysgrupper arbetat med ett stort antal fragestédllningar. De flesta
av dessa har fatt en nagot sa nir slutgiltig forklaring. Det aterstar dock en del fragor
dér resultaten inte helt kan bekriftas och en del olosta fragor. Analysrapporten num-
mer fyra [11] blir ddrfor den sista 1 denna serie och slutsatserna nedan dr for en del
hiamtade fran denna.

Det framhalls som speciellt viktigt att forsta varfor utrustning av sikerhetsméssig be-
tydelse fick funktionsstorningar eller visade ovintad respons. Det kan ocksé finnas
fysikaliska fenomen av sidkerhetsmissig betydelse som har paverkat forloppen. Ett
huvudsyfte med analysarbetet dr att komma fram till slutsatser om funktionen av ex-
isterande sidkerhetssystem.

En fragestillning som &terstar beror drift av tryckavlastningsventiler efter hirdska-
dorna. Tryckavlastningsventilerna fungerar dels som sdkerhetsventiler som aktiveras
oberoende av operatorsingrepp; dels som ventiler for kontrollerad tryckavlastning.
Den kontrollerade tryckavlastningen behover tillgang till likstrom och kvavgastryck
for att kunna anvindas. For kvdavgassystemen fanns uppbackning i form av trycksatta
ackumulatorer. I vissa fall fungerade inte dessa, ovisst dock av vilka orsaker. Brand-
pumpar och mobila system anvindes for att pumpa in vatten i blocken 1-3. Det be-
hovdes att trycket i systemen var lagt vilket innebar att avlastningsventilerna behovde
kunna dppnas. TEPCO efterlyser bittre kunskaper om funktionaliteten for sdkerhets-
ventiler och avlastningsventiler under svéra haverier.

En annan fragestdllning som aterstar berdr méangden inpumpat vatten. Det &r oklart
vart det inpumpade vattnet verkligt hamnade. Detta har tidigare papekades som ett
problem for Block 1 [1] dér det kunde visas att bara en mindre del (20-50%) av vattnet
1 verkligheten kom in till reaktorn. I stdllet upptéicktes lickagen och felvinda ventiler
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som gjorde att det inpumpade vattnet tog helt andra vigar. For Block 1 hittades till
exempel inpumpat vatten i turbinkondensorn. Dessa erfarenheter ledde till omfat-
tande prov och modifikationer i andra verk.

Mingderna som pumpades in baserades pa flodesmétningar som gjordes pa den an-
vinda utrustningen. Det visade sig snart att forviantad respons pa till exempel tryck
och niva i manga fall uteblev. Detta ledde till analyser som dven omfattade de andra
reaktorerna. Det visade sig att problemen kring omkoppling och bypass av flodesvi-
garna in till reaktorn i storre eller mindre grad géllde samtliga reaktorer.

Ett gemensamt problem var nivamétsystem med dp-métning pa referensben i reakto-
rerna som till exempel inledningsvis for Block 1 felaktigt indikerade hog niva, vilket
vilseledde operatorerna att tro att harden atminstone delvis var kyld. Nivamétning-
arna gav inte heller ndgon respons pa olika atgidrder som till exempel intermittent
tillforsel av vatten. Aven om klarhet inte finns i alla detaljer kan det konkluderas att
vattnet i referensbenet for samtliga reaktorer antingen hade forangats eller liackt ut
och orsakat hog indikerad niva. Det &r dven troligt att vattennivan hade sjunkit under
nedre tryckuttag vilket gor att métningarna frikopplas fran den verkliga nivan.

En tredje fragestillning som aterstar berdr hiardarnas relokering till nedre plenum. De
analyser som har gjorts har som utgangpunkt forloppet i TMI-2. Det dr mojligt att en
mer kontinuerlig relokering av sméilt material kan vara mer trolig for en BWR. Denna
hypotes diskuteras ndrmare i avsnitt 5.2.11.

Baserat pa experiment har TEPCO identifierat och analyserat 5 lickagevigar fran
hirden till nedre plenum. Dessa dr genom inloppstrypningarna till brinslet, genom
styrstavsledroren, genom instrumentledningar, genom brott pa harduppstéllnings-
plattan och genom brott pa hiardholjet. Bada hypoteserna for relokering har analyse-
rats dock utan att sidkra konklusioner kan dras.

En fjarde fragestillning som aterstar beror 6kning av dos runt reaktorn den 20 mars,
2011. Denna fragestillning dr med eftersom det skapades speciell uppstandelse pa
grund av rekommendationen om att inte sma barn skulle dricka kranvatten. TEPCO:s
analyser pekar pa att det var en dndring av vindriktning som orsakade dkningen av
uppmiitt dos.

5.1.4. Aterstdende fragor som berér Block 1

Driften av IC (Isolation Condensor) i Block 1 dr en fraga som inte har fatt nagot rik-
tigt svar. En bra beskrivning av sdkerhetssystemen finnsi [12].

Tsunamin ledde till fullstdndigt bortfall av el och innebar att signaler fran reaktorn
inte ldngre var tillgéngliga. Det noterades att bada ventilerna utanfor inneslutningen
visade stingt. Detta dr normalt eftersom ventilerna ska ga till stingt lige vid el-bort-
fall. Det dr dock oklart om ventilerna verkligen stingde eftersom de behover tillgang
till el for att stinga. Senare undersokningar pekar pa att ventilerna utanfor inneslut-
ningen helt eller delvis kan ha stingt.

Operatorerna gjorde upprepade forsok att Oppna ventilerna men drog slutsatserna att
systemen inte fungerade. De kunde hora att det strommade ut anga och att flodet strax
dérefter avstannade. En huvudhypotes dr att virmedverforingen kan ha forsdmrats
genom ackumulering av vitgas i tuberna pa varmevixlaren. Analyser visade dock att
nagon storre miangd vitgas inte hade hunnit genereras atminstone under de forsta for-
soken.
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Fornyade analyser har gjorts med antaganden om att IC hade fungerat. Resultatet vi-
sade att driften av IC inte hade gjort nagon storre skillnad pa forloppet. Visserligen
hade tidpunkten for tankgenomsméltning fordrojts nagot med IC:n i drift, men tem-
peraturerna i reaktorn skulle ha blivit hogre. Det dr sannolikt att forloppet redan hade
kommit sa langt nédr IC:n aktiverades att den inte fick nimnvérd betydelse for de vi-
dare hiindelserna.

Vittnesmalen dr ganska entydiga om att andringen av ventilliget hade viss effekt ef-
tersom man fick en reaktion pa flodet ut frdn varmevéxlaren. Klart dr dock att IC:n
inte fungerade som virmesdnka som den skulle. Det bedoms som om forloppet i
Block 1 representerar en typisk respons pa ett totalt elbortfall utan ingripanden fran
operatorerna.

En skillnad jamfort med Block 2 och 3 ér att det i Block 1 uppmittes mycket hoga
straldoser i komponentkylsystemet pa olika nivéer i reaktorbyggnaden over lang tid.
TEPCO:s analyser pekar pa att det sannolikt har varit en genomsméltning av kompo-
nentkylsystemet i piedestalen under reaktorn.

5.1.5. Aterstaende fragor som berdr Block 2

Under forloppet i Block 2 observerades det kraftiga tryckspikar i reaktortanken efter
trycknedtagningen som skedde ungefidr klockan 18 14 mars, 2011. Tryckforloppet
visas i figur 5.3. Klockan 13:25 kunde det konstateras att hogtrycksinpumpningssy-
stemet RCIC (Reactor Core Isolation Cooling) definitivt var borta och trycket var
kring det nominella. Det uppskattas att hdardavtickningen borjade strax efter tryck-
nedtagningen och att hela hirden var avtickt ungefar 18:55.

Figur 5.3 Tryckforloppet i reaktortanken i Block 2 (Bilden dr hdimtad fran [11]).

Situationen har analyserats vilket pekar pa foljande scenario: Nir trycket hade sjunkit
kunde vatten pumpas in fran brandvattenspumparna. Tryckspikarna kan ha orsakats
av angproduktion pa grund av hog vattenniva, genom interaktion med hdrdsmailtan
och genom metall-vattenreaktion. Vid varje tryckhdjning 6ppnades avlastningsventi-
lerna vilket tog ned trycket. Vid det ldgre trycket kunde inpumpningen aterupptas och
ge fart at 6kad viarme- och angproduktion.
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En annan aterstdende fraga for Block 2 ér spriangblecket i avblasningssystemet for
inneslutningen. Vid Block 2 behovde man tryckavlasta inneslutningen och da be-
hovde ventilerna i ledningen vara 6ppna och springblecket i ledningen ha utldsts.
Tryckavlastningen fick inte ndgon inverkan pa inneslutningstrycket. Detta kan ha in-
neburit att spriangblecket inte hade 16st ut och att den efterfoljande reduktionen av
trycket orsakades av lickage. Innslutningstrycket oversteg visentligt spriangbleckets
utlosningstryck. Det gjordes i efterhand flera forsok att bestimma laget for spriang-
blecket utan att nagon konklusion kunde nas.

Det kan konstateras att situationen under denna period (00:00-12:00 den 15 mars) var
ganska oOverblickbar. Tryckmaétningen i inneslutningen visade plotsligt noll dver-
tryck och en explosion hordes. Detta tolkades som att det fanns en stor ldcka pa inn-
neslutningen. Det dr sannolikt att detta var en felmétning och att den explosion som
hordes orsakades av att reaktorbyggnaden i Block 4 exploderade.

5.1.6. Aterstaende fragor som berdr Block 3

Under forloppet i Block 3 fran tsunamin till 11:36 12 mars 2011 da RCIC trippas var
likstrom tillgéinglig och RCIC reglerades pa tryck och vattennivén i reaktortanken.
Under perioden var trycket i reaktortanken hogt och anga avbordades genom séker-
hetsventilerna till kondensationsbassingen. Ocksa den angdrivna RCIC avbordade
angan till kondensationsbassidngen. Detta dr normal drift av sdkerhetssystemen under
haverier.

Den tillférda &ngan ledde till att trycket i inneslutningen okade. Analyser visade att
okningstakten var hogre dn forvintat med ett antaget angflode som motsvarade rest-
effekten. En trolig forklaring &dr en lokal uppvdrmning av ytvattnet i kondensations-
bassdngen runt utloppet fran RCIC som sprider sig lings vattenytan. Det blir en stra-
tifiering i kondensationsbassdngen med hogre temperatur nira ytan. Den sdkerhets-
méssiga betydelsen &r en farhaga att trycknedtagningsfunktionen for inneslutningen
genom kondensation inte skulle fungera dven nir sidkerhetssystemen fungerar som
avsett.

En aterstdende fraga dr att forklara varfor RCIC slutade att fungera i Block 3. RCIC
kan trippas antingen genom en elektrisk signal som stanger angtillférseln eller genom
mekaniskt stopp pa grund av Overvarvning. Operatorerna provade flera ganger att
aterstilla trippvillkoren och aterstarta RCIC utan att lyckas. Det var det elektriska
stoppet av angflodet som varje gang aktiverades. Analyser av data visade att det san-
nolikt var trippvillkoret pd pumpens utloppstryck som orsakade stoppen.

Efter ungefir en timme startades hogtrycksinpumpningen (HPCI) automatiskt. Da
blev det problem med nivamétningen i reaktortanken och trycket i reaktortanken
sjonk snabbt vilket ledde till att drivtrycket for pumpen och HPCI avbrots manuellt
den 13 mars klockan 02:42. Analyser pekar pa att hirden borjar avtickas ungefir vid
denna tidpunkt. Efter detta borjade trycket i reaktortanken att stiga och stabiliserades
pa 7 MPa. Det gjordes upprepade forsok att starta RCIC och HPCI utan att lyckas

En efterfoljande undersokning visade att under de aterkommande forsoken att starta
RCIC kan et mekaniskt fel ha intréffat och lett till stingning av angventilen till RCIC.

5.2 Status for reaktorhardarna i Fukushima Daiichi 1-3

For nidrvarande (november 2017) har man inte visuellt kunnat sékert bestimma vart
hédrdarna i de tre reaktorerna har tagit vigen. Sddan information dr givetvis mycket
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viktigt for var kunskap om hiardsmailtférlopp och att undersokningar av hiardsméltorna
kan goras.

Det ir klart att det finns individuella skillnader i forloppen for de olika blocken. Det
var olikheter nér det géller driften av ndodkylningssystemen. I Block 1 bedoms det
vara ett mer renodlat totalt bortfall av el utan nagra ingripanden. I de andra tva reak-
torerna var det tidvis drift av olika sidkerhetssystem.

Det har gjorts en hel del analyser for att identifiera ledtradar nir det giller forlopp
och lokalisering av hdardsméiltorna. I detta avsnitt ges en dversikt over observationer
som gjorts och som kan tjana som ledtradar nir det giller forlopp och lokalisering.

Viktiga referenser for denna sammanstéillning har varit [13] som é&r ett arbete av en
arbetsgrupp fran USA och Japan, och det bildmaterial som har gjorts tillgéngligt av
TEPCO. En viktig referens dr ocksa Attachment 4 i [11] dér viktiga resultat har sam-
manstéllts. For den senaste uppfoljningen har rapporteringen i form av Nucelar Safety
Reform Plan Progress Reports varit av stor betydelse [9], [10] och [14].

5.2.1. Hypoteser om hardsmaltférlopp

Det kan finnas orsaker till skillnader mellan hirdsmiltférlopp i BWR och PWR. M6j-
liga skillnader illustreras i figur 5.4. I det ovre scenariot illustreras forloppet i TMI-
2. Det smiilta bréinslet samlas i en degel i hdrden. Relokering av sméiltan sker genom
att krustan runt degeln brister och en storre eller mindre del av degelns innehall
relokeras till nedre plenum under en relativt kort period.
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Figur 5.4 Hypotetiska hdvdsmdltforiopp (Bild himtad fran [15]).

Det bedoms (se t. ex [15]) att en kontinuerlig relokering av smilt material som visats
i det undre forloppet i figur 5.4, kan vara mer trolig for en BWR. Denna bedomning
baseras pa att foreningar kan bildas med 1ag sméilttemperatur. Drivande f6r tempera-
turdkningen i1 hédrden dr givetvis resteffekten och oxidationsprocesser. Styrstavarna
berdknas smalta redan runt 1250 °C. Det som bidrar till degraderingen av materialen
i hdrden vid relativt 1dga temperaturer dr reaktioner mellan borkarbid och rostfritt stal,
oxidering av stdl samt reaktioner mellan zirkonium och rostfritt stal. Dessa reaktioner
leder sannolikt till tidig relokering av hérden.

Scenariot dr att materialet fran hiarden snarare &@n att bilda en degel som i TMI-2,
rinner ner till hdarduppstillningsplattan och dven ner till nedre plenum. Delar av det
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smilta materialet fragmenteras och kyls i vattnet i nedre plenum [15]. Méngden
material i nedre plenum fylls pa genom kontinuerlig relokering av hiardmaterial och
vattnet forangas. Detta leder till att storre mdngder material hinner ackumuleras i
nedre plenum innan hdrdfragmenten igen smaélter och tar sig genom reaktortankbot-
ten. Det dr troligt att sméltorna foll ner i vatten i1 piedestalerna och i varierande grad
fragmenterades och kyldes dr.

5.2.2. Observationer och ledtradar

Pa samma sétt som TMI-2 undersoktes och gav viktiga ledtradar nér det géller bete-
ende av hirdsmilta i en PWR, kan olyckan i Fukushima ge viktig information om
vad som hédnder vid en hirdsmilta i en BWR.

En viktig fraga dr att ta reda pa lickagevagar mellan reaktortank och inneslutning och
fran inneslutning till reaktorbyggnad. En aterstaende fraga for reaktortanken ir till
exempel paverkan pa sikerhetsventiler och angledningar fran heta gaser efter uppre-
pade tryckavlastningar. For reaktorinneslutningarna dr det viktigt att titta efter ge-
nomforingarna for att se vart det licker. Metodiken som anvénds for reaktorerna dr
att identifiera omraden med hog lokal reaktivitet som tecken pa ldckage.

5.2.3. Temperaturerna i reaktor och inneslutning

Det finns temperaturmétningar pa olika nivaer i reaktorn, se figur 5.5. Temperaturen
miittes 1 ovre delen av tanken kring reaktortankens fldnsforband (A) och vid bélgtit-
ningen av sidkerhetsventilerna (B). Dessutom mittes temperaturen ndra matarvattens-
munstycket (C) och botten av reaktortanken (D). Temperaturen mittes dven i innes-
lutningen (E).

Temperaturmitningarna foljdes upp i flera manader. Den forsta tiden efter haveriet
kyldes reaktorerna genom inpumpat vatten fran brandpumpar och brandbilar. Detta
var mojligt genom det befintliga restvirmekylsystemet (RHR) [16]. Systemet anslu-
ter till cirkulationsledningen for jet-pumparna. I normala fall kan vatten pumpas in
genom munstycken till jetpumpen och tas ut i fallspalten utanfor diffusorn.

I tidperioden april-maj 2011 gjordes omkopplingar sa att vatten kunde pumpas in
genom det normala matarvattensystemet. Tanken var att fd en mer stabil och effektiv
kylning genom det befintliga systemet. Matarvattenstutsen ligger pa en hogre niva i
fallspalten och tanken var sannolikt att vattnet skulle kunna kyla en storre del av re-
aktorn.

Temperaturerna i Block 1 visade viss Overhettning till att borja med men foll snart
till laga vidrden som indikerade god kylning. Det blev en tryckutjamning mellan pri-
méirsystem och inneslutning redan efter ungefir 10 timmar. Detta har tolkats som att
ett brott pa reaktortanken har skett vid denna tidpunkt. De laga temperaturerna i 6vre
delen av reaktortanken indikerar en god kylning. Tolkningen ir att en vésentlig del
av hirden har lamnat reaktortanken och att det som dr kvar gér att kyla.

En intressant observation &r att temperaturen 1 ndrheten av matarvattensstutsen visar
overhettning fram till omkopplingen. Detta kan vara en indikation pa att Gverhettat
material kan ha tagit sig igenom viggen pa moderatortanken och ut i fallspalten.
TEPCO har analyserat fallet vilket skulle kunna vara tecken pa ett mer TMI-2-likt
forlopp.
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Nar det giller Block 2 och 3 sd hade inte omkopplingen av kylvattnet nagon effekt.
Temperaturerna visade 6verhettning hogt inuti reaktortanken och att kylningen fort-
farande var otillriacklig. Detta har tolkats som att det finns en betydande del av hirden
kvar i reaktortanken utan tillrdcklig kylning. Det har ocksa tolkats som att det finns
hal i botten av reaktortankarna dér kylvattnet rinner ut i inneslutningen i stillet for att
kyla brénslet.

Figur 5.5 Temperaturforioppen i reaktortankarna i Blocken 1-3 (Bilden dr himtad fran [13])

Det finns dven skillnader i temperaturmétningarna for Block 2 och 3. Detta kan ha
orsakats av skillnader i férhallandet mellan méngden kylvatten som kommer in till
hdrden och méngden kvarvarande brinsle. Det kan ocksa ha orsakats av fordelningen
av smilta inuti reaktortanken.

I september 2011 kunde man boérja tillféra vatten genom strilning over hédrdarna i
Block 2 och 3. Detta ledde till en mer effektiv kylning av hédrdresterna och etablering
av underkylt tillstdnd i reaktortankarna. I Block 1 gjordes omkopplingen till stril i
december 2011. Detta fick ingen betydelse eftersom underkylda forhallanden redan
existerade dir.

Slutsatsen dr att en betydande del av hiarden finns kvar i reaktortanken for Block 2
och 3 medan en storre dela av hdrden har fallit ner i inneslutningen i Block 1.

5.2.4. Anvandning av myoner

Myon-teknologi anvénds for att kvalitativt bestimma tdtheten av material. Eftersom
myoner har en svag interaktion med annat material tranger myonerna genom tjocka
véiggar av solid material. I princip dr metodiken vil dgnad for att detektera omraden
med hog tithet. De bilder som har tagits fram dr ganska otydliga och har ganska dalig
upplosning. Metodiken beskrivs i [17]. Nagra resultat visas i [10].

Undersokningen i Block 1 som gjordes under 2015 pekade pa att det inte var kvar
material med hog densitet i hairdomradet. Nedre delen av reaktortanken har dock inte
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undersokts. Det kan antas att storsta delen av det smaélta branslet relokerades till inn-
neslutningen.

Undersokningen av Block 2 som gjordes 2016 pekade pa att det kan finnas material
med hog tithet nédra botten av reaktortanken. Detta tolkas som att det kan vara rester
av hdrden som har fastnat dir.

I Block 3 gjordes undersokningen sommaren 2017 [17]. Médngden material i hdrdom-
radet verkar ha reducerats visentligt jamfort med utgangslaget. Det finns indikationer
pa att det kan finnas material med hog téithet ndra botten av tanken Detta kan tolkas
sa att nagra hérdrester har stannat kvar i tanken.

5.2.5. Visuella observationer och anvandning av robotar

I Block 1 pumpas vatten in genom matarvattensystemet och genom strilning dver
hirden. Storsta delen av hirdsmaéltan relokerades till nedre plenum och tog sig sedan
vidare till piedestalen dér det blev reaktioner mellan smélta och betong.

Léget niira botten av inneslutningen i Block 1 illustreras i figur 5.6. Undersokningen
gjordes i oktober 2012. Det kunde da konstateras att vattennivan da var 2,8 m over
golvet pa primiarutrymmet. Nagra hardrester kunde inte identifieras. Hela torusen &r
nu vattenfylld vilket illustreras i figur 5.6.

De flesta analyser pekar pa att sméltan borde ha varit utspridd pa botten av piedesta-
len och varit kylbar dir. Punktvisa undersokningar har inte kunnat bekrifta detta.

Omrédet utanfor torusen blev undersokt med bét. Det observerades en liten vatten-
strom ldngs torusen sannolikt fran bilgtitningen kring vakuumbrytarna mellan to-
rusen och primédrutrymmet (Se ring 4 i figur 5.6). Viktigare var att det observerades
lackage i dréneringen fran sandkudden, se figur 5.6. Eftersom denna ligger utanfor
inneslutningens tatplat ar detta en indikation pa att sméltan kan ha tagit sig igenom
denna genom reaktioner mellan sméilta och betong. Brott pa titplaten diskuteras dven
i [13] som inte utesluter att titplatens hallfasthet kan ha forsdmrats pa grund av hoga
temperaturer i kombination med hog belastning pa grund av det hoga trycket i innes-
lutningen.

Undersokningar pagar med hjilp av robotar for att fa en uppfattning om ldget. I mars
2017 gjordes en kartldggning av stralningsnivan i vattnet utanfor piedestalen.

Mitningarna under vatten visade att stralningsnivaerna 6kade ju ndrmare golvet av
inneslutningen man kom. Det var hoga straldoser nédra 6ppningen av piedestalen. Ob-
servationer i nidrheten av tétplaten visade att det fanns material dir med hog téthet.
Ingen av dessa observationer motsédger slutsatserna att en stor del av hdrden har lam-
nat reaktortanken och att verhettat material kan ha tagit sig ut till titplaten. Det iden-
tifierades nedfallet skrip med hog densitet i vattnet utanfor piedestalen.

I Block 2 gjordes visuella observationer [18]. I undersokningen som utfordes under
januari och februari 2017 tog man sig in genom kanalen for utbyte av drivdon. Det
visade sig att denna inneh6ll mycket skrédp. En robot anvindes for att rensa bort skri-
pet for att sedan undersoka piedestalen. Extremt hoga straldoser uppméittes just utan-
for viggen pa piedestalen.
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Figur 5.6. Lickagevigar i block 1 (Bilden dr himtad firdn [11], Attachment 4)

Det har observerats att en del av det 6vre gritingplanet i drivdonsgropen har defor-
merats, se nedre foton i figur 5.7. Som referens har en bild fran en oskadad reaktor,
Block 5, lagts in i bilden har. Omradet som har fotograferats dr markerat med blatt i
bilden fran Block 5. Undersokningen i Block 2 som planerades med den sa kallade
”scorpion” misslyckades eftersom den fastnade redan i kanalen for byte av drivdon.

I 6vre delen av bilden ses stoden for drivdonskapor och kablar frain LPRM -métningar
eller positionssystemet for styrstavarna. Det verkar som om hirdrester har fastnat pa
TIP-systemet. I nedre delen av bilden kan den nedsjunkna gritingen skonjas.

Slutsatsen dr att det finns stora skador dven pa reaktortanken och att en visentlig del
av hirdresterna kan ha tagit sig ut 1 inneslutningen. Detta verkar styrka de slutsatser
som drogs i myon-undersokningen att en stor del av hirden har relokerats dven i
Block 2.

Bilder fran bottensedimentet i piedestalen i Block 2 visas i Figur 5.8. Konsistensen
av bottensedimentet dr som sand eller lera. I fotot till hoger kan en lyftbygel till en
brinslepatron identifieras.

Under sommaren 2017 genomfordes undersokningar av botten av reaktortanken i
Block 3 [20]. Eftersom vattennivan dr hog i piedestalen gjordes undersokningen med
en fjdrrstyrd robot under vatten. Den var forsedd med ljuskéllor och kameror for att
fotografera botten av reaktortanken.
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Figur 5.7 Vertikalt snitt frdan drivdonen ned till gritingplanet (Bilden dr himtad fran [18])

Figur 5.8 Bilder fran bottensediment i piedestalen i Block 2 (Bilden hdimtad frdn
[19].

Exempel pa bilder som togs visasi figur 5.9. Syftet med undersokningen var att borja
klarldgga betingelserna innanfor piedestalen. Motsvarande bild i en oskadad reaktor
(Block 5) ses overst till hoger i figur 5.9. Bilden visar att det &dr stora skador i reak-
tortankens botten. Det verkar som om stoden for kaporna runt nagra drivdon har loss-
nat och ramlat ner. Roboten rérde upp en del damm som gjorde bilderna otydliga.
Det vore intressant att studera skadorna pa till exempel 6vre gritingplanet i piedesta-
len men nagra sadana fotografier &r @nnu inte tillgdngliga.
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Undersokningen ledde fram till de forsta bilderna av patriaffade héardrester [10]. Bil-
derna indikerar att en del av smiltan har fallit ner och stelnat i piedestalen. Aven om
inte hidrdresterna dnnu har analyserats ger dessa ett stod for att storre eller mindre
delar av hiardsmiltan har tagit sig igenom botten av reaktortanken och ut i piedesta-
len dér de har stelnat.

Figur 5.9 Bilder frdn undersokningen av botten av reaktortanken i Block 3 (Bild dr himtad

frdn [10]).

5.2.6. Slutsatser

Det ir klart att det finns individuella skillnader i forloppen for de olika blocken. Det
var visentliga skillnader nér det giller driften av nodkylningssystemen vilket medfor
osidkerheter nér det géller hdardkylningen. Det finns begridnsat med handfasta data att
forlita sig pa nir det géller sjélva forloppen. Forslag till vidare forskningsinsatser fran
OECD:s sida ges i [21]. Sammanfattningar ges i [15] och [22].

Vissa undersokningar dr hogprioriterade fran bade forsknings- och avvecklingssyn-
punkt. Detta giller forloppen i reaktortanken, fragor kring bildandet av hardsméltan
och hur den relokeras.

Av hogprioriterade omraden dr beteendet av hdrdsméltan i inneslutningen och vart
hiardsméltorna tog vigen. Det framhalls i [15] att observationer kring morfologin av
hirdsmiltorna i inneslutningen dr av stor betydelse. Det ir troligt att sméltorna foll i
vatten i piedestalen och i varierande grad fragmenterades och kyldes dér.

Det podngteras i [15] att en kartldggning av det som finns kvar av hérden i olika
positioner skulle vara av stort virde. Visuella observationer av skadorna pa reaktor-
tankbotten skulle kunna ge viktig information om genomsmaéltningsforloppet. Det
skulle dven vara av vikt att kartldgga skador pa grund av hoga gastemperaturer i re-
aktortanken.

Av omraden med hog prioritet for forskningen pa svéra haverier, men mindre bety-
delse for avvecklingen, tas dven i [21] upp skrubbning i kondensationsbassidngen,
funktion av elektriska kablar och olika typer av genomf&ringar i inneslutningen.
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5.3 Status for branslebassangerna i Fukushima Daiichi

Fragan kring vad som hénder med brénslet i brinslebassidngerna vid ett haveri dr en
aterkommande fraga. Fragan fick avgorande betydelse for bedomningen av konse-
kvenser och insatser for att kunna ta hand om utsldppet i Fukushima. Bristfillig in-
formation om vad som hinde i brinslebassidngerna ledde till felaktiga beslut nér det
giller uppskattning av utsldpp och vilka dtgiarder som vidtogs for att kyla brénslet.
Bristande instrumentering medférde att man under langa perioder var ovetande om
vad som hénde i bassdngerna.

Man kan konstatera att gemensamt for samtliga block var att brinslebassingernas
integritet inte forlorades. Det forlorades dock en del vatten pa grund skvalpet vid
jordbdvningen och explosionerna. Mingden vatten minskade ocksd pa grund av
forangning som orsakades av resteffekten i det anvinda brénslet.

Explosionen i Block 4 kom som en fullstdndig 6verraskning. Denna behandlas senare
i detta avsnitt. Ndr den amerikanska sikerhetsmyndigheten NRC gick ut med uppgif-
ten om att en vitgasexplosion pa grund av oxiderande brinsle hade dgt rum, befarades
ett skriackscenario med brénslebrand i brinslebassingen och med mycket stora ut-
slipp som foljd. NRC hidvdade ocksa att bassingen for anvint brinsle var tom pa
vatten. Pa grund av detta uppstod en extrem oro och forvirring i media och bland
berérda myndigheter och regeringstjinstemén. Fran informationssynpunkt blev situ-
ationen i det nirmsta katastrofal.

5.3.1. Branslebassangerna i Fukushima Daiichi fore olyckan

En principskiss av de geometriska forhallande pa femte vaningen i de block som var
i drift innan olyckan i Fukushima Daiichi visas i figur 5.10. Overkanten av det an-
vinda brénslet dr lokaliserat ungefdr 7 m under vattenytan i bréanslebassidngen. Under
drift 4r det bara vatten i brinslebassidngen. Under avstédllning &dr dven volymen for
lagring av dngseparatorer och angtorkar och omradet kring reaktorn fylld med vatten.

Briénslebassidngerna ér rektangulira i horisontell riktning. I Block 1 dr dimensionen
12mx7.2m och i Blocken 2-4 12,2mx9,9m. Brinslebassingen och omradet 6ver re-
aktorn dr forbundet med en kanal med tva portar (0,9 m breda och 6.4 m hoga. Vid
overtryck i brinslebassingen, vilket dr det normala och visas i figur 5.10, halls porten
nidrmast bassidngen tit genom vattentrycket. Nér portarna dr stingda dr bassingen och
omradet kring reaktorn hydrauliskt isolerade fran varandra.

Geometrin for Block 4 visas i figur 5.11. Skillnaden fran blocken i drift dr att locken
pa inneslutning och reaktortank ir borttagna och att omradet kring reaktortanken och
bassdngen for forvaring av aktiva komponenter dr vattenfyllda. Dessa bassidnger
kommunicerar hydrauliskt genom en kanal.

Portarna till brinslebassédngen ér stingda men eftersom vattennivan nédstan dr den
samma pa bada sidorna blir tdtningen forsvagat. Ett lickage i tdtningen, vilket var
sannolik fram till 22 april bidrog till osdkerhet i berdkning av nivén i brénslebas-
singen. Detta diskuteras vidare i avsnitt 5.3.2.
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Figur 5.10 Principskiss over femte vaningen for de verk som var i drift vid olyckan (Bild
hdamtad fran [23] (National Academies Press Open Book)

Figur 5.11. Den geometriska konfigurationen i block 4 (Bilden himtad frdan [24])

Overloppstanken (Skimmer surge tank p4 bilden) spelade en viss roll under forloppet.
Liknande 6verloppstankar finns pa alla blocken. Slutsatsen drogs att nir nivan i denna
tank okade sa var detta en indikation pa att brianslebassingen var full av vatten. Detta
ar givetvis korrekt med konfigurationen i Blocken 1 till 3. Med den situationen som
fanns i Block 4, dvs. med vatten som sprutades ovanifran, dr inte denna slutsats sjilv-
klar eftersom insprutat vatten dven kunde floda till 6verloppstanken fran omradet
kring reaktorn.
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Stora insatser gjordes for att halla brénslet i brinslebassingen tickt med vatten. For
blocken 1-3 hade brénslet statt sa linge i bassdngen att konvektiv kylning i luft san-
nolikt hade varit tillracklig for att kyla dessa. Block 4 var avstilld och brinslet fran
senaste hdrdladdning hade saledes statt 101 dygn i brinslebassingen. Detta brinsle
stod for 82 % av restvdrmen i brinslebassidngen vid olyckan.

Temperaturen méttes 30 cm under den nominella vattennivan. Niar man tappade vat-
ten fran bassingerna mittes i stéllet viggtemperaturen. For att uppskatta nivaforlop-
pen efter olyckan anvéndes en forenklad berdkning av massa och energibalans dir till
exempel temperaturen i bassidngen antogs vara uniform Detta varade ungefir en ma-
nad efter olyckan da nivan kunde verifieras genom videokameror fistade pa betong-
pumparna.

Gemensamt for samtliga block ir att brinslebassidngernas integritet inte forlorades.
Bidragande till osidkerheten i nivan var uppskattningen av skvalpet vid jordbévning
och explosioner. For Block 4 var det ocksa osédkerhet kring miangden vatten som med-
verkade i forangningsprocessen.

5.3.2. Forloppen i branslebassangerna for Blocken 1-3 och den gemen-
samma bassangen

Viktiga kéllor for att beskriva forloppen i brinslebassidngerna vid Fukushima Daiichi
ar bilagorna (Attachment 9-2 —9-5) som finns till TEPCO:s rapport [31] fran olyckan
och den utredning som publicerades av den amerikanska National Academies Press
Open Book [23]. I den senare kunde oberoende erfarenheter av de egna brénslebas-
sdngerna vigas in.

Forlusten av vixelspdnning efter tsunamin medforde att bassidngen inte kunde kylas
eller pafyllas vatten for samtliga block. Det antogs allmént att vattennivan var hog i
bassidngerna vilket baserades pa att det fanns varierande vattennivaer i 6verstrom-
ningstanken. Det kan i efterhand konstateras att forloppen 1 bassdngen for de reakto-
rerna som var i drift vid olyckan (Block 1-3) inte innebar nagra storre sikerhetsrisker.

Innan jordbidvningen inneholl brinslebassingen i Block 1 292 patroner med anvént
brinsle som utvecklade 0.18 MW restvdrme. Klockan 15:36 den 12 mars 2011 ska-
dades reaktorbyggnaden av en vitgasexplosion och taket pa byggnaden f6ll in. Taket
fastnade dock delvis pa en kran och nadde inte helt ned till brinslebassingen.

Med borjan den 31 mars 2011 anvédndes betongpumpar for sprinkling av farskvatten
over byggnaden. Inpumpningen med betongpumparna fortsatta intermittent fram till
28 maj dd man kopplade sig pa det befintliga rorsystemet for kylning av brénslebas-
singen. Ett forstiarkt kylsystem togs i bruk den 10 augusti 2011. Brénslet var vél tickt
av vatten under hela férloppet och minimum berdknad niva var drygt 4 m 6ver brins-
let. I slutet av maj 2011 var nivan aterstélld.

Den 11 mars 2011 fanns det 587 patroner med anvént brinsle och 28 patroner med
farskt brinsle i bassidngen for Block 2. Effektutvecklingen var 0,62 MW. Vid explos-
ionen i Block 2 blastes nigra utblasningsluckor ut i reaktorbyggnaden. Senare i for-
loppet observerades att vit dimma, som befarades komma fran brinslebassidngen,
kom ut. Det kunde senare bekriftas att sa inte var fallet. Det dr sannolikt att dimman
hérrorde fran kondenserande dngan som ldckte fran inneslutningen. Man anvinde ett
existerande kylsystem fran en nirliggande byggnad dér sjovatten borjade pumpas in
20 mars 2011 fran en brandbil. Som mest berdknades vattenforlusten till ungefir 1
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m. Efter 29 mars 2011 borjade man pumpa in farskvatten. Den 31 maj kunde ett for-
starkt alternativt kylsystem kopplas in och efter nagra dagar hade temperaturen i vatt-
net stabiliserats till kring 30 °C.

Da jordbdvningen intriffade fanns det 514 patroner anvént brénsle i bassidngen i
Block 3. Dessa alstrade 0.54 MW vid tiden for olyckan. Vid jordbdvningen blev det
en hel del skvalp som gjorde att nivan sjonk. Nivan sjonk ytterligare vid explosionen
den 14 mars 2011 och det bedomdes att vattennivan i brianslebassidngen hade sjunkit
2-3 m. Med hinsyn till osidkerheter kan nivén ha varit si lag som 3 m Gver brénslet.

Vitgasexplosionen intriffade den 14 mars 2011 klockan 11:01. Denna bléste ut re-
aktorbyggnaden och mycket skrip genom kollaps av stal och betongstrukturer och
utrustning, f6ll ned pa toppen av bassingen. Redan den 16 mars 2011 gjordes forsok
att dumpa vatten fran helikopter. Fran kvillen den 17 mars 2011 anvidndes brandfor-
don for att sprinkla vatten. Fram till 25 mars 2011 anvéndes dven mobila vattenpum-
par. Det var mest sjovatten som pumpades in. Vit dimma observerades fran reaktor-
byggnaden efter explosionen vilket befarades komma fran oxidation av brénsle eller
kondenserad dnga fran brinslebassingen. Det mest troliga dr dock att denna hérror
fran inpumpat vatten som triaffade toppen av inneslutningen.

Insatserna pa Block 3 prioriterades och operatorerna forsokte att tillféra vatten med
hjdlp av helikopter och brandfordonspumpar. och fran 27 mars till 22 april 2011 an-
vinde man mobila betongpumpar for att pumpa in vatten. Man vixlade till farskvat-
ten 29 mars. Man kunde fran 26 april pumpa in vatten pa vanligt sdtt. Ett forstarkt
kylsystem kunde tas i bruk den 29 juni 2011. Brénslet i brdnslebasingen har inte
skadats. Skridpet Over brinslebassingen har tagits bort och brinslet kommer att tas
bort med borjan 2018.

Den gemensamma bassidngen (som fungerar som ett mellanlager) som inneholl an-
vént brinsle utvecklade en effekt pa 1,13 MW da olyckan intriffade. Byggnaden var
intakt och det kunde verifieras att bréinslet var tickt med vatten.

5.3.3. Forloppet i branslebassangen for Block 4

Da jordbdvningen intriffade fanns 1331 patroner anvént bridnsle i bassidngen i
Block 4. Det beriknas att dessa vid tiden for olyckan alstrade 2.26 MW. Av dessa
hade 548 patroner tagits ut den 29 november 2010 och hade statt 101 dygn i bas-
sdngen. Dessa patroner alstrade 82 % av restvirmen i brinslebassdngen. Vid jordbédv-
ningen och explosionen blev det en hel del skvalp som gjorde att nivan sjonk. Till att
borja med prioriterades inte arbetet med Block 4.

Explosionen i Block 4 som intrdffade den 15 mars 2011 klockan 06:10 orsakade en
extrem oro och forvirring i media och bland berérda myndigheter och regeringstjans-
temén. Explosionen var en av de mest Overraskande hindelserna under olyckan. Det
var ként att blocket var nere for revision och byte av moderatortank och att allt brinsle
hade flyttats till branslebassidngen. Ingen kamera fangade hindelsen och det var dér-
for svart att i efterhand rekonstruera forloppet. Explosionen forstorde taket och slog
ut viggarna pa de tva Overste vaningarna. Explosionen gjorde att fokus dndrades.
Spekulationer kring orsaken till explosionerna ledde till felaktiga utgangspunkter for
vidare atgirder och obefogade farhagor.

Flera gjorde bedomningen att brénslebassdngen var tom pa vatten med bara brénsle
kvar. Ordférande for NRC, Gregory Jaczko, rapporterade till kongressen den 16 mars
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2011 att en vitgasexplosion hade intrdffat pa grund av avtickning av briénslet i bas-
singen [23]. Med skadad reaktorbyggnad och utan vatten i brinslebassingen befara-
des ett mardromslikt scenario med Overhettning av bréinslet och med brinslebrand
och mycket stora utsldpp.

Det kan noteras att det redan den 16 mars 2011 gjordes observationer fran de heli-
kopter som sldppte kylvatten over Block 3, att det fanns vatten i brinslebassdngen i
Block 4. Nagra direkta métningar av vattennivan gjordes forst tre veckor senare.

I avsaknad av bittre forklaring pa vad som orsakade explosionen, fick observation-
erna inte nagot genomslag och dven den japanska myndigheten och regeringstjianste-
mén delade bedomningen att ett mycket stort utslapp var pa gang. Man kom dock
med olika bud om zoner med begrinsat tilltrdde runt reaktorn vilket var forvirrande
for press och allmidnhet. Det framgar av senare dokument [26] att det amerikanska
utsldppsscenariot baserades pa berdkningar med antagande om 100 % utslédpp fran
brénslet 1 bassidngen i Block 4.

Uppgiften om att det var vitgasproduktion fran brinslet i brinslebassingen kom att
dominera informationen i dagarna som foljde. Det kan i efterhand konstateras att en
sddan process skulle innebira att brinslet i bassdngen hade oxiderats i en dngatmo-
sfar. Oxidation i luft, vilket skulle vara fallet, skulle inte ge ndgon vitgas. NRC:s
slutsats var saledes felaktig.

Det var problem med hypotesen om en vitgasexplosion pa grund av oxiderande
brinsle i bassidngen. Efter ndgra dagar kom TEPCO med en hypotes om att vitgasen
kom fran Block 3 genom avgasningssystemet som ledde till skorstenen som var ge-
mensam for Block 3 och 4. Hypotesen om overstromning fran Block 3 anses numera
vara styrkt.

Det aterstar dock en fraga. Det gick 19 timmar mellan explosionen i Block 3 och
Block 4. Under denna tid skedde givetvis ingen dverstromning och koncentrationen
av vitgas 1 Block 4 bor ha minskat. Att ha en brinnbar blandning av vitgas och luft
utan antdndning under sa lang tid verkar mindre troligt. Det dr mer troligt att det finns
en kélla som genererar vitgas dven i Block 4. Analyser visar att det inte dr uteslutet
at radiolys i brinslebassidngen kan ha bidragit till médngden vitgas.

Pa SSM den 16 mars 2011 spekulerades om vad som kunde ha lett till explosionen.
Pa kvillen naddes SSM av meddelandet frain NRC genom nyhetsmedia efter att
Jaczko hade avlagt sin rapport till kongressen. SSM tog nyheten pa stort allvar och
gjorde bedomningen att ett mardromsscenario med ett mycket stort utsliapp fran oxi-
derande brinsle i brinslebassingen var mojlig. SSM noterade att oxidation 1 luft
skulle ge mycket hogre effektutveckling &n i anga; dock skulle bildande av vitgas
under sadana forhéllanden vara mer begriansad. SSM hade édven tillgang till viderdata
som visade att luften 6ver Fukushima nagot dygn senare kunde na Tokyo. Detta ledde
till beslut om att skicka jod-tabletter till svenska ambassaden i Tokyo; i forsta hand
till svenskar pa kortare vistelse dér.

En mycket viktig fraga for SSM, och andra, var hur mycket rutenium som kunde
frigoras fran brinslet. Vid oxidation i luft kan stora mangder rutenium frigoras vil-
ket har studerats i samband med sa kallad “air ingression” scenario i PWR. SSM
forsokte under Fukushima-olyckan uppskatta frigorelse av ruteniumoxid baserat pa
experimentella data. Uppskattningen var svar pa grund av bristande information om
tillstandet i bassdngen men det gjordes en bedomning som senare anviandes. Det
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blev en rekommendation att inte vistas narmare Fukushima dn 80 km. Det senare
var ungefidr samma avstdnd som NRC hade kommit fram till.

Figur 5.12: Nivdforloppet i Block 4 (Bild himtat fran [25] Attachment 9-5)

I figur 5.12 visas beriknad och uppmitt niva i brinslebassidngen. Till att borja med
sjonk nivan pa grund av skvalp efter jordbdvningen. Skvalpet bedomdes ge en niva-
sankning pa ungefir 0.5 m. Nivan bedomdes sjunka ytterligare 1 m pa grund av ex-
plosionen. Efterat var det avdunstningen pa grund av restvirmen som dominerade.
Uppmiitt temperatur i bassdngen steg till ungefdr 88 °C. Vid denna temperatur foras
hela restvirmen i bassdngen bort genom avdunstning.

Den 20 mars 2011 paborjades sprinkling med farskvatten fran brandfordon. Den 22
mars 2011 paborjades sprinkling med sjovatten med betongpumpar. Under perioden
fran mitten av mars till mitten av april da métningar kunde goras, bedomdes att brians-
lebassidngen var fylld med vatten eftersom nivan i 6verstromningstanken fluktuerade.

Denna bedomning var felaktig och orsakades troligen av att en del av det insprinklade
vattnet direkt hamnade i 6verstromningstanken. En nivamétning som hade installerats
pa en betongpump anvindes for att mita vattennivan for forsta gangen den 12 april
2011.Da var nivan 2,1 m over brinslet.

Man lyckades inte att pumpa in vatten i tillricklig omfattning vilket innebar att vat-
tennivan sjonk till 1,5 m 6ver brinslet vilket observerades runt den 20 april 2011.
Under den hir tiden ldckte portarna mellan brénslebassidngen och omréadet runt reak-
torn vilket ledde till en 6verstromning som kan ha bidragit till att vattennivan inte
sjonk under brénslets ovre kant. Mellan den 22 april och 27 april 2011 var portarna
tita och man kunde fylla pa vatten.

Frén den 16 juni 2011 kyldes bassdngen med det installerade systemet for kylning av
branslebassdngen. Ett troligt forlopp illustreras i figur 5.13. Innan olyckan var det
oppet mellan komponentbassidngen och omradet dver reaktorn [1], se figur 5.13. Ka-
nalen mellan omradet kring reaktorn och bréinslebassidngen var stingd och férangning
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av vatten i brinslebassingen far nivan att sjunka [2]. Det bildas saledes en tryckskill-
nad med ldgre tryck i brinslebassdngen och lackage [3] och ddrefter nivautjamning i
bassdngerna vid en liagre niva. Den 22 april var nivan som lagst, ungefir 1,5 m over
bréanslets ovre kant. Dérefter kunde titheten av portarna sédkerstéllas och brinslebas-
singen kunde fyllas upp [4].

Figur 5.13: Forloppet i brinslebasséingen i Block 4 (Himtad fran [25] Attachment 9-5)

Overforingen av briinsle till den gemensamma bassingen slutfordes den 22 december
2014. Inga skador pa brinslet som hdrror fran olyckan har identifierats.

5.3.4. Viktiga resultat

Referens [27] ger en Oversikt Over status for forskningen och speciellt vilken kunskap
som har utvecklats vad giller forloppen i brinslebassidnger. Speciellt har det fokuse-
rats pa antindning av och utbredning av en brinslebrand, se [28] - [30]. I ref. [31]
finns en diskussion av vad som kan hiinda i brinslebassingen vid en jordbdvning.

Generellt dr det s att brinsle som &r tdckt av vatten i branslebasséngen ar vil kylt.
fall att vatten inte kan fyllas pa kommer nivan att sjunka pa grund av forangning
vilket dr ett relativt langt utdragit forlopp. Vid en sddan avtickning kan den konvek-
tiva kylningen med luft vara otillrdcklig for brinsle som nyss har tagits ut ur reaktor-
tanken.

Internationella forskningsprojekt har genomforts med mitning av tid till antdndning
1 olika konfigurationer. En slutsats som dragits av NRC [29] dr att {Or brinsle som
har tagits ut mindre dn 30 dygn innan hindelsen med hirdavtickning, behovs kylning
med vatten, antingen genom pafyllnad eller genom sprinkling. Vid lidngre tider kan
forloppet paverkas genom att omfordela brinslet sé att brinsle med hog resteffekt star
i en omgivning av bréinsle med lidgre effekt. I USA har en regel inforts [32] om att en
omfordelning av brinsle bor ske inom 60 dygn. Luftkylning &r inte ir tillridcklig for
visst briansle dven efter 60 dygn sa den tekniska bakgrunden for regeln dr nagot oklar.
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I Block 4 hade brinslet inte omfordelats och brinsle med hog effekt hade lagrats i en
begrinsad del av brinslebassidngen. De insatser som gjordes for att undvika avtick-
ning av brinslet i Block 4 kan dérfor ha varit motiverade. For Blocken 1-3 var den
utvecklade effekten sa lag att konvektiv kylning med luft hade varit tillrdcklig.

En Oversikt over vad som kan forvéntas under ett forlopp med avtdckning av brénsle
med relativt hog effekt ges i [32]. [ avsaknad av kylning kommer brénslet att virmas
upp. Kemiska processer mellan zirkonium och omgivande gas paverkar forloppet.
Det intressanta temperaturspannet dr mellan 500 °C och 1400 °C. De exoterma ke-
miska processerna beskrivs nidrmare i Appendix B i [21] och kan summeras enligt
foljande:

o Oxidering av zirkonium i luft: Zr + O>— ZrO: (1094.8 kJ/mol Zr) (3.1)

o  Oxidering av zirkonium i anga: Zr + 2H>0 — ZrO; + 2H, (529.1 kJ/mol Zr)
(3.2)

e Bildande av zirkonium nitrid: Zr + Y%:N>— ZrN (365.4 kJ/mol Zr)
(3.3)

e Oxidation av zirkonium nitrid: ZrIN+QO:>— ZrO>+%N, (729.4.4 kJ/mol Zr)
(3.4)

Den angivna energiutvecklingen for processerna dr vid ungefir 1200 °C.

Vid hoga temperaturer reagerar zirkonium med syre och bildar zirkoniumdioxid un-
der stor varmeutveckling enligt ekv.3.1. En firsk metallyta oxideras snabbt. Eftersom
oxidskiktet vixer kontrolleras fenomenet av diffusionen av syre genom oxidskiktet
och oxidationshastigheten minskar. En motsvarande process med diffusion av anga
sker vid oxidation i en angatmosfir enligt ekv. 3.2, och ett ndstan identiskt oxidskikt
bildas.

Vid kapslingstemperaturer under 1050 °C blir det en fasdvergang i zirkoniumdioxi-
den som okar oxidskiktets volym. Detta leder till uppsprickning av oxidskiktet och
exponerar hela tiden farsk metallyta till gasen vilket i sin tur 6kar oxidationen. Feno-
menet betecknas som “breakaway”. For att uppna en realistisk simulering av oxidat-
ionen maste breakaway inkluderas. Vid temperaturer 6ver 1100 °C forsvinner denna
effekt. Den fysikaliska forklaringen till fenomenet “breakaway” ér inte helt klarlagt
och det finns flera hypoteser. Forskningen pa omradet fokuseras pa att klarligga vilka
parametrar som paverkar fenomenet.

Forekomsten av kvéve leder till bildande av zirkonium nitrid enligt ekv. 3.3. En ténk-
bar orsak ir att oxidationen lokalt leder till brist pa syre och dirmed en anrikning av
kvéve. Detta leder till en kraftig 6kning av breakaway. Vid 800 °C och 900 °C okar
breakaway med en storleksordning nér det finns kvéve tillgdnglig. Vid oxidationen
av zirkonium nitrid enligt ekv. 3.4 behover nytt syre tillféras. Volymen dkar med 46
% vilket gor att nitridskiktet ldtt krackelerar.

Experimenten i Sandia med antéindning av en brinslebrand pekar pa foljande scenario
vid en 6verhettning [29]. Antdndningen sker ndra utloppet av briansleknippet och spri-
der sig transversellt till ndrliggande brédnslepatroner. Den primira oxidationen (Ekv
3.1) sker i timskala och reaktionen med zirkonium konsumerar allt syre och en vé-
sentlig del av kvivet bildar zirkonium nitrid (Ekv 3.3).Under en ldngre fas som kan
vara i flera dygn oxideras zirkonium nitrid.
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5.3.5. Slutsatser

I Fukushima fanns brister i instrumentering som gjorde att det var svart att bilda sig
en uppfattning om det verkliga ldget.

Nir det géller bortfallet av elektrisk kraft har man olika metoder vérderats for att forse
bassdngerna med vatten. Till exempel for Kashiwazaki-Kariwa har brinslebassiang-
erna, i tilldgg till det vanliga kylsystemet som har forstirkts, forsetts med dysor som
kan sprinkla vatten [33]. Nivamitningen har forbattrats for att ticka in hela bas-
sdngen.

For amerikanska verk har portarna mellan brénslebassingen och omradet kring reak-
torn identifierats som svaga punkter. Det har upprepade ganger varit ndra kylmedels-
forlust fran bréinslebassdngen pa grund av defekter i portarna pa likadant sitt som
intridffade i Fukushima.

I OECD/NEA:s rapport [27] konstateras att inga olyckor med stora utslédpp har fore-
kommit fran brianslebassinger. Det konstateras att de viktigaste fenomenen som fo-
rekommer i samband med kylning av brinslebassing i stort dr kéinda. Forslag till vi-
dare forskningsinsatser frain OECD:s sida ges i [21]. I detta graderas sidkerhetsintres-
set for ytterligare forskning kring fenomen i brénslebassiangen som lagt.

Den analysverksamhet som har bedrivits efter APRI-8 har inte lett till nagra avgo-
rande dndrade slutsatser. Darmed anses de slutsatser om férloppen som drogs i APRI-
8 fortfarande gilla d.v.s. att inga avgorande okinda fenomen har identifierats som
skulle paverka den svenska strategin for haverihantering och utférandet av de kon-
sekvenslindrande systemen.
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6. SAMMANFATTNING, SLUTSATSER OCH
REKOMMENDATIONER

6.1 Sammanfattning av projektet

APRI-9 har foljt den internationella forskningen och utvérderat resultaten. Det fort-
satta stodet till KTH har gett 6kad grundldggande kunskap om mdjligheten att kyla
den smilta hédrden 1 reaktortanken och om processer i samband med kylbarheten 1
inneslutningen samt vid angexplosioner. Stodet till Chalmers har gett 6kad grundlag-
gande kunskap om haverikemi, frimst rutenium och tellurs uppforande i inneslut-
ningen efter ett haveri.

6.1.1. Internationella forskningsprojekt

Deltagande i CSARP ger tillgang till en mingd information om olika fenomen av
betydelse for hiandelseforlopp vid svara haverier som kommer fram fran internationell
forskning. Informationsutbytet sker huvudsakligen vid en arlig konferens. Deltagan-
det ger ocksa tillgang till berikningskoder utfirdade av NRC, varav MELCOR an-
véinds i flera projekt.

OECD-projektet STEM syftar till att forbittra kunskapen om komplexa fenomen
som paverkar den s.k. killtermen vid en radiologisk olycka, dvs. de radioaktiva 4m-
nen som forvéntas sldppas ut till omgivningen i samband ett haveri. Projektets hu-
vudsakliga fokus ligger pa forstaelse for fenomen kopplade till radioaktiv jod och
dess interaktion med andra @mnen, samt ocksa transportfenomen kopplade till ru-
tenium som dr en annan viktig fissionsprodukt. Det studeras aldringseffekter pa ma-
lade ytor, radiolytiskt och kemiskt inducerat sonderfall av jodoxider, radiolytisk ox-
idation av jodaerosoler i multikomponentblandning och transport av rutenium fran
primérsystemet.

OECD-projektet THAI3 pagar med forsok inom flera omraden:

— Kartldggning hur PAR-enheternas uppstartsbeteende och prestanda paverkas
av motstromsflode, samt hur prestandan paverkas av PAR-enhetens skor-
stenshojd.

— Undersoka hur forbrianningsforloppet for vitgas paverkas av stromningsfor-
héallanden under naturlig konvektion och vitgaskoncentrationsgradienter.

— Kartldggning av hur fissionsprodukter (aerosoler och jod) kan aterforas till
inneslutningsatmosfiren fran en kondensationsbassing/sump vid foérhojda
temperaturer eller vid kokning.

— Undersokning av frigorelse av fordeponerade aerosoler och olika former av
jod fran ytor i samband med vitgasdeflagration.

OECD-projektet BIP 3 syftar till studier av olika aspekter av jodkemin. Studier av
aldringseffekter pa malade ytor visar att firska fargytor ger den storsta produktionen
av metyljodid vid gammabestralning. Denna formaga minskar med provets alder.
Dock édr fordndringen mattlig.

Lakning av organiska foreningar fran malade ytor har studerats. Resultaten kan tolkas
som att aldring forstor den polymera fiargstrukturen, vilket leder till en fragmentering
som underlittar urlakning. Detta kan forklara hur aldring paverkar ytans formaga till
bildning av organiska jodforeningar, som t.ex. metyljodid.
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Vid forsok med aldringseffekter pa malade ytor dr trenden att adsorptionshastigheten
ar oberoende av hur proverna har aldrats (pa naturlig vdag, genom virmepaverkan eller
genom gammabestralning), men att aldring gor att adsorptionshastigheten sjunker na-
got.

Forsoken inom OECD-projekten STEM-2, THAI-3 och BIP-3 ger goda forutsitt-
ningar att forbéttra berdkningskoder for fissionsprodukters beteende, genom en dkad
forstaelse for olika komplexa fenomen och processer och hur de paverkar innehéllet
i de radioaktiva utslapp som forvintas vid ett haveri.

6.1.2. ROAAM-projektet

Utvecklingen av ROAAM+ -metodiken har resulterat i att ett ramverk har utvecklats
med en uppsittning berikningsverktyg. I dessa ingar olika berdkningsmodeller i form
av bade full- och surrogatmodeller for hardnedsmiltning, genomsméltning av reak-
tortanken, sméltstralens flode, ablation av reaktortanken, angexplosioner och kylbar-
het. Syftet dr att identifiera stora bidrag till osikerheter i riskbeddmningarna. Omfat-
tande analyser for att kvantifiera risker i samband angexplosion och icke-kylbar hérd-
smilta har utforts. Det har visats att den storsta killan till osdkerhet dr hur genom-
smiltning av reaktortanken sker. Resultaten tyder pa att risken for inneslutningsbrott
pa grund av angexplosion eller icke-kylbar hardsmilta dr mycket liten om genom-
smiltningen sker genom ett hal i tanken som &dr mindre @n 10 cm i diameter.

Utvecklingen av ROAAM+ metodiken under APRI 9 har bland annat innefattat:

— En omfattande studie av hirdsmélteforlopp och nedrinning till nedre plenum
i reaktortanken har gjorts. Malet var att studera egenskaperna hos hiardgrus i
tankens nedre plenum och hur genomsmaéltning av reaktortanken sker. Olika
versioner av MELCOR-koden har anvénts.

— En metodik med kopplad termo-mekanisk analys med programmen
PECM/FLUENT (CFD-analys) och ANSY S (FEM-analys) har utvecklats och
tillimpats. Analysen simulerar stromningsforlopp och védrmedverforing i
hiardsmiltan, samt elastisk och plastisk (termisk krypning) deformation och
kollaps av reaktortank.

— Enuppsittning modeller har utvecklats for att studera potentiella begransande
mekanismer vid tankgenomsméltningen bl.a. pluggning och ablation.

— Ett omfattande forskningsprogram har genomforts for att studera fenomen
som kan paverka bildandet av en icke-kylbar biadd av hirdgrus. Spridning av
partikelformigt hdrdgrus och nivan pa grusbiddden har undersokts experimen-
tellt och en uppsittning analytiska modeller har utvecklats och validerats.
DECOSIM-koden har utvecklades vidare for att studera fenomen i pordsa ho-
gar av hardgrus pa inneslutningens golv.

— Agglomeration av hidrdgrus dr for ndrvarande den storsta faktorn som kan leda
till bildandet av icke-kylbar bidd av hiardgrus. Full- och surrogatmodeller har
utvecklats for att kvantifiera fenomenet agglomerering och effekterna av
dessa fenomen péd kylbarheten. DECOSIM-simuleringarna tyder pa att kyl-
barheten kan forsiamras visentligt ndr agglomererade partiklar nir > 20 ~
50 % (beroende pa partikelstorleken) vilket motsvarar straldiametrar pa
> 100 mm. Ytterligare modellutveckling och validering 4r nddvindig for att
minska och kvantifiera fenomenologisk osikerhet i detta sammanhang.

— Surrogatmodellen for angexplosioner har utvecklats med hjélp av en databas
genererad med TEXAS-V som betraktas som en FM - Full Model. Totalt har
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455000 simuleringar av pre-mixing/explosionsforlopp har genomforts for en
typisk BWR-reaktor.

Resultaten frain ROAAM+ har visats kunna anvindas for att forfina och forbittra
PSA-analyser pa flera sitt. Studier med en storskalig PSA-modell visar att integration
av ROAAM+ -resultatet med PSA-modellen inte bara dr mojlig utan kan ocksé leda
till en dndring av den beridknade frekvensen for inneslutningsbrott.

6.1.3. MISTEE-projektet

MISTEE-HT experimentutrustningen har uppgraderats sd att angexplosioner med
hogtemperartursmélta kan studeras. Foljande material med hog temperatur har un-
dersokts:

— Aluminiumoxid (Smaélttemperatur 2050°C) for att studera energiutvecklingen
vid angexplosioner.

— Metalliskt zirkonium (Smélttemperatur 1870°C) for att studera oxidation vid
sméltans vixelverkan med vatten.

— Ce02-ZrO2 (Smilttemperatur 2400°C) for att identifiera potentiella simu-
lantmaterial for studium av hur en smélta av corium vixelverkar med vatten.

— En preliminir test med ZrO2-smélta (Smélttemperatur 2715°C) har gjorts.
Man lyckades att smilta materialet, men det kvarstar utvecklingsarbete for att
kunna sldppa sméltdroppen pa onskat sitt.

Maximal temperaur i ugnen i den uppgraderade MISTEE-utrustningen dr 2800°C.
Fortsatt utveckling av denna utrustning kommer att ge mojligheter att studera viktiga
fenomen i samband med fragmentering av hirdsméilta och dngexplosioner.

6.1.4. Tellurkemi vid svara haverier

Forskningen av fissionsprodukten tellur vid svara kdrnkraftshaverier har givit kun-
skaper om tellurs aerosolkemi. Mer specifikt har studier gjorts av hur tellur i aerosol-
form beter sig vid kontakt med olika ytor som finns i reaktorinneslutningen, vilket pa-
verkar flyktigheten hos tellur-féreningarna. Vidare har studier gjorts av tinkbar paverkan
pa fissionsprodukter vid kylning med havsvatten. Det finns antydningar om att frigjord
méngd av vissa fissionsprodukter, bl.a. tellur, kan 6ka vid kontakt med havsvatten..

6.1.5. Ruteniumkemi vid svara haverier

Ruteniumstudierna inkluderade effekter av temperatur, radiolysprodukter i luft och
cesiumjodidaerosoler pa de kemiska formerna av rutenium som kan transporteras i
reaktorinneslutningen vid ett svart reaktorhaveri. Det noterades att temperaturen hade
en mycket stor effekt pa bade utsldpp och transport av rutenium. Radiolysprodukter i
luft sdsom dem innehallande kviveoxider och salpetersyra paverkade badde mingden
och den kemiska formen av det rorliga ruteniumet. Cesiumjodiden visade sig ha en
stor inverkan pa mobiliteten av rutenium i primérkretsen.

Med dessa data finns det nu en béttre mojlighet att kunna forutse och skapa barridrer
for utslapp av rutenium vid svérare reaktorhaverier

6.1.6. Oxyhalider

For att utvédrdera en potentiell effekt av fissionsprodukten jod pa andra fissionspro-
dukter, har studier gjorts av ett luftflode dér jod fatt interagera med niobium, rutenium
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och tellur vid hoga temperaturer. Forsoken tyder pa majlig interaktion, dir termody-
namiska beridkningar indikerar oxyhalider som en tdnkbar reaktionsprodukt. Oxyhali-
der kan vara betydelsefulla for transporten av fisssionsprodukter fran primérsystemet
till inneslutningen.

6.1.7. Uppfdljning av karnkraftsolyckan i Fukushima Daiichi

Ett viktigt syfte med uppfoljningen av kéirnkraftsolyckan i Fukushima &r att under-
soka om de insikter som utvecklats efter olyckan i1 Fukushima kan leda till &ndrad
strategi for den svenska haverihanteringen. I rapporten fran APRI-8 [1] behandlades
forloppen 1 reaktorerna vid Fukushima Daiichi och mgjliga tekniska orsaker. Den
analysverksamhet som har bedrivits efter APRI-8 har inte lett till nagra avgorande
dndrade slutsatser. Ddrmed anses de slutsatser om forloppen som drogs i APRI-8
fortfarande gilla d.v.s. att inga avgdrande okédnda fenomen har identifierats som
skulle paverka den svenska strategin for haverihantering och utformningen av de
konsekvenslindrande systemen.

6.2 Slutsatser
Fran projektet APRI-9 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 STEM, THAI och BIP -projekten har givit okade kunskaper om
fissionsprodukters beteende i inneslutningen under ett haveri.

— Uppfdljning av Fukushimahdndelsen har inte uppdagat nagra nya fenomen
som skulle paverka den svenska strategin for haverihantering.

— Genom tillférsel av medel till KTH och Chalmers fran SSM och industrin har
kontinuiteten avseende forskning om svéara haverier kunnat sékras.

— Tillimpningen av ROAAM och utvecklingen av ROAAM+ vid KTH har bi-
dragit till en 6kad forstaelse och 6kade mojligheter att analysera fenomenen
och forloppen under ett svart haveri.

— Utvecklingen av ROAAM+ har ocksa forbittrat mojligheten att beskriva och
kvantifiera beroenden mellan haverifenomen.

— ROAAM+ har gett kunskap om vilka experiment som behover prioriteras.

— Forskningen pa Chalmers har resulterat i 6kade kunskaper om tellurs och ru-
teniums kemi i haverisammanhang.

6.3 Rekommendationer
Foljande rekommendationer limnas infor fortsittningen av APRI-projektet:

— Fortsatt deltagande 1 internationella projekt som CSARP, STEM, THAI-3,
och BIP-3.

— Fortsatt uppfoljning av kirnkraftshaveriet i Fukushima.

— Fortsatt utveckling av ROAAM+-metodiken.

— Fortsatta studier av de olika fenomenens inbdrdes beroende.

— Fortsatta studier av haveriforloppet i reaktortanken.

— Fortsatta studier av sméltans kylbarhet i1 reaktortankens botten.

— Fortsatta studier av forlopp vid tankgenomsméltning.

— Fortsatta studier av smaltans kylbarhet i reaktorinneslutningen.
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— Fortsatta studier av de mekanismer som styr &ngexplosioner.
— Fortsatta studier av haverikemi i inneslutningen av andra fissionsprodukter dn
jod som till exempel tellur, rutenium, molybden.
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7. FORKORTNINGSLISTA

AECL Atomic Energy of Canada Limited

ANL Argonne National Laboratory

ANN Artificial Neural Network

APRI Accident Phenomena of Risk Importance

ASTEC Accident Source Term Evaluation Code

BIP Behavior of lodine

BWR boiling water reactor

CCFP Conditional Containment failure Probability

CCl Core-Concrete Interaction

CFD computationalw fluid dynamics

CHF critical heat flux

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

DEM discrete element method

DHF dryout heat flux

LIVE Late In-Vessel Phase Experiments

LWR light water reactor

EC European Commission

ECM effective convectivity model

EDF Electricité de France

EOP Emergency Operating Procedures

ERMSAR European Review Meetings on Severe Accident Research

EXAFS Extended X-ray Absorption Fine Structure analysis

FCI fuel coolant interaction

FM Full Model

FP framework programme

FPT Fission Product Test

HPCI High Pressure Coolant Injection

IC Isolation Condenser

IGT instrumentation guide tube

INCO in-vessel coolability

IRSN Institut de Radioprotection et de Srité Nucléaire

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

LOCA loss of coolant accident

Lp Lumped Parameter (berakningsprogram med punktvis beskrivning av fysikaliska
storheter)

LWR Light Water Reactor

MCCI Melt Corium Concrete Interaction

MET Melt Eruption Test

MELCOR code for integral simulation of severe accident developed by USNRC

MISTEE micro interactions of steam explosion energetics

MSWI melt structure water interactions

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
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PDS
PECM
POMECO
PSA
PWR
RCIC
RHR
ROAAM
RPV
RTF
RUSET
SAID

SA

SAM
SARNET
SBO
SEE
SEM
SERENA
SIMECO
SM
SSWICS
TGA
TROI
VAPEX
XPS
XRD

Particulate debris spreading

phase-change ECM

porous media coolability

probabilistic safety analysis

pressurized water reactor

Reactor Core Isolation Cooling

Residual Heat Removal

risk oriented accident analysis methodology
reactor pressure vessel

Radioiodine Test Facility

Ruthenium Separate Effect Test

severe accident information distillation

severe accident

severe accident management

severe accident research network of excellence
station blackout

steam explosion energetics

Scanning electron microscopy

Steam Explosion REsolution for Nuclear Applications
simulation of melt coolability

Surrogate Model

Small-Scale Water Ingression and Crust Strength
Thermo Gravimetric Analysis

a medium-scale test facility for FCI (steam explosion) study at
code for FCI simulation developed in Russia
X-ray Photoelectron Spectroscopy

Glancing angle X-ray Diffraction Spectroscopy
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