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ABSTRACT Vv

I Abstract

The debris bed which may be formed in differengetaof a severe accident will be hot and
heated by decay heat from the radioactive fissraalycts. In order to establish a steady state of
long-term cooling, this hot debris needs to be ghed at first. If quenching by water ingression
into the dry bed is not rapid enough then heatypldcay heat in still dry regions may again
yield melting. Thus, chances of coolability mustibeestigated considering quenching against
heat-up due to decay heat, in the context of reafety research. As a basis of the present
investigations, models for simulation of two phdisev through porous medium were already
available in the MEWA code, being under developnanKE. The objective of this thesis is to
apply the code in essential phases of severe aitsidad to investigate the chances, options and
measures for coolability. Further, within the taskaprovements to remove weaknesses in
modeling and implementation of extensions concermiissing parts are included. An emphasis
with this respect is posed to qualify the frictiand heat transfer models which are decisive for
determining the cooling process (flow conditionside the debris bed.

It was identified previously that classical modelghout explicit considering the interfacial
friction, can predict dryout heat flux (DHF) welhder top fed condition but under-predict DHF
values under bottom flooding conditions. Tung & Dinitroduced an interfacial friction term in
their model, but this model has deficits for smaparticles considered as relevant for reactor
conditions. Therefore, some modification of Tundo&ir model is proposed in the present work
to extent it for smaller particles. A significamhprovement with the new friction description
(Modified Tung & Dhir, MTD) is obtained consideririge aim of a unified description for both
top and bottom flooding conditions and for broaddwidth of bed conditions. Concerning heat
transfer, it has been found from validation caltiates that, except in cases with large forced
bottom injection, water moves into the debris bedaislowly propagating front due to high
friction, and the quenching is rapid enough to odoua thin front (few mm). Thus, a detailed
modeling of thin heat transfer regimes is less g, rather an appropriate description for the
friction is essential.

Calculations for reactor conditions are carriediaudrder to explore whether or to which degree
coolability can be concluded, how strong the trémccoolability is and where major limits
occur. The general result from the various calooatin this work is that there exist significant
cooling margins and strong trends to coolabilityickhis achieved due to multidimensional
cooling options, especially lateral and bottom @sgion of water, established in the core region
through an intact rod or bypass region, in the lolaead through the wall and in the cavity due
to the shape (heap) of the bed. These cooling mptimgether with cooling effects of steam flow
through a hot dry zone provide mechanisms to tatdiand support quenching processes. Limits
also have been obtained, mainly with significafingiup of particles, cake parts with very low
porosities and bed with very small particles. Clttons results on in-vessel reactor conditions
show that much larger amount of debris bed canobé&able in the core region (up to 100 tons)
than in the lower head (up to 40 tons). This is tlu¢he different bed configurations which
delayed the establishment of bottom quenching abdexjuent steam cooling in the lower head
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as compared to the core, where it starts immegiatéévertheless, the lower head still has
significant cooling potential for conditions of ited melt release. Compared to the relocated
molten mass of ~20 t in the TMI-2 accident, the amoof coolable debris mass is still
significant. For ex-vessel configurations, deepenaiool indicates good chances of coolability
for thin diameter melt jet due to complete breakfimelt. For thicker melt jet, melt jet breakup
is incomplete. In this case, injection of watemfrbelow may be combined with deep water pool
for the improvement of melt/debris coolability.

The initial temperature distribution inside the bleals a major influence on the coolability
behavior of the bed, no matter if the bed is logatethe lower head or in the flooded cavity.
Previously, quenching calculations were only pdssibr given debris configurations starting
from assumed initial temperatures. However, assgntine whole bed at a uniform initial
temperature strongly misses the real process ichwiettling of partly solidified melt drops
occurs simultaneously with water inflow and quenghiTherefore, in the frame of this work,
the MEWA models have been extended i.e. couplgettoreakup and mixing model (JEMI) to
treat the combined process. This improved the ahfped of realistic analysis significantly and
showed significant effects on cooling in the cadtiwins. Another important step for the
improvement of overall modeling of coolability isndertaken by introducing the porosity
formation in liquid melt layers through the supplywater from the bottom (COMET concept)
in the MEWA model. The related modeling is impletsehfor situations where liquid melt
arrives un-fragmented at the cavity floor due wmplete breakup of melt.
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I Zusammenfassung

Im Verlauf eines schweren Reaktor-Unfalls kannasudkommen, dass der Reaktorkern sich bei
unzureichender Kihlung aufgrund der freigesetztachxerfallswarme weiter aufheizt und
schmilzt. Wahrend verschiedener Stadien eines soltnfallablaufs konnen sich Schittbetten
bilden. Zum Beispiel kann bei der Wiedereinspeisuog Wasser in den Reaktordruckbehalter
ein zuvor trocken gefallener, Uberhitzter Kern aufgl von thermischen Spannungen zu einem
Schittbett zerfallen. Eine andere Mdéglichkeit is¢é dBildung eines Schittbetts durch die
Fragmentierung geschmolzenen Kernmaterials (,Cdfiumm Gemisch aus Kernbrennstoff,
Hullrohrmaterialen und Kernstrukturen) beim Einflém in eine Wasservorlage, entweder in das
mit Restwasser gefillte untere Plenum des Reakicktiehalters (RDB) oder, nach Versagen
des RDBs, in die mit Wasser gefiillte Reaktorgrube.

Eine auf diese Weise gebildete Schittung ist zwtairbcken und heild und setzt durch den
Nachzerfall der darin enthaltenen radioaktiven fpatiukte weiterhin Warme frei. Um eine
stetige und langfristige Kiihlung zu erreichen, miiss heil3e und trockene Schittbett zunéchst
abgeschreckt, d.h. mit Wasser geflutet und abgékidnden (,quenchen” des Betts). Falls das
Eindringen von Wasser in das Bett zu langsam drfalgrden trockene Regionen innerhalb des
Betts aufgrund der Nachzerfallswarme sich sowsdtieinen, dass sie wieder schmelzen. Durch
die hierbei erfolgende Kompaktierung ist in derdeoldie Kihlbarkeit in Frage gestellt. Im
Kontext der Reaktorsicherheitsforschung muss dbsliaé Frage nach einer moglichen
Kihlbarkeit hinsichtlich der konkurrierenden Praesles Flutens und des Wiederaufheizens
untersucht werden.

Aufgrund der sensiblen Wéarme des Betts (Temperaterhalb der Sattigungstemperatur) und
der Nachzerfallswarme, verdampft darin eindringsntiéasser. Der gebildete Dampf stromt
nach oben durch die obere Grenzflache des Bettisdidae Weise bildet sich ein Zweiphasen-
Stromungsmuster aus eindringendem Wasser und atesidem Dampf innerhalb des

Schittbetts aus, das letztendlich die Kuhlbarkestimmt. Als Grundlage der vorliegenden
Untersuchungen wurden Modelle zur Simulation voreiplvasenstromungen in porésen Medien
benutzt, die bereits im am IKE der Universitat gjait entwickelten Rechenprogramm MEWA

vorlagen.

Ein Ziel dieser Arbeit ist die Anwendung dieses gPaonms auf wesentliche Phasen des
Unfallablaufs, um Chancen, Optionen und Maflnahmen Kuihlbarkeit in Schuittbetten
auszuloten. Daruber hinaus wurden innerhalb ddse&limung der Arbeit Schwachstellen in der
Modellierung beseitigt und Verbesserungen und Bemgngen bezlglich fehlender Modellteile
implementiert. Ein Schwerpunkt in dieser Hinsiagbgt in der Qualifizierung der Reibungs- und
Warmeaustauschs-Modellierung, die entscheidend (i@ genaue Beschreibung der
Abkuhlprozesse (Stromungsbedingungen) innerhallBeés sind.

In friheren Arbeiten wurde schon festgestellt, ddsssische Modelle zum Druckverlust in
pordésen Medien ohne die explizite Bertcksichtigdeg Reibung zwischen Wasser und Dampf
(Interphasenreibung) nicht ausreichen. Mit diesamnk zwar fur den Fall eines von oben
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gefluteten Betts der sogenannte Dryout Heat FILAR] das ist der pro Flacheneinheit aus dem
Bett abfihrbare Warmestrom, oberhalb dessen eiastrocknung im Bett kommt, korrekt
bestimmt werden. Allerdings wird damit der DHF fuon unten geflutete Betten stark
unterschatz. Tung und Dhir fuhrten einen Interphesbungsterm in ihrem Modell ein,
allerdings wies dieses Modell ein Defizit bei kieian, unter Reaktorbedingungen als relevant
betrachteten PartikelgroRen (1-6 mm) auf. Deshaltden in dieser Arbeit einige Anderungen
des Tung & Dhir Modells fiir kleinere Partikel vosghlagen. Diese Anderungen betreffen
Korrekturen der relativen Permeabilitaten und Rabtien fur die Reibung zwischen Partikeln
und Fluiden, die im originalen Modell Uberschatztrdv Dariber hinaus wird ein
Reduktionsfaktor fur die Interphasenreibung in Afdigkeit der Partikelgro3e eingefiihrt, um
den DHF unter von oben gefluteten Bedingungen koree beschreiben. In der originalen
Modellierung war die Interphasenreibung zu hoch.

Mit der neuen Reibungsbeschreibung (Modifiziertend & Dhir, MTD) wurde eine bedeutende
Verbesserung erzielt hinsichtlich des Ziels eineheitlichen Reibungs-Modellierung bei von
oben und unten gefluteten Schittbetten. Das MTD édadurde Uber eine grof3e Bandbreite
von Bedingungen validiert, fur verschiedene SchigifaKonfigurationen von Betten mit
einheitlichen Partikeldurchmessern bis zu Betteh unregelm&Rig geformten Partikeln. Die
wichtigsten experimentellen Trends hinsichtlich dstungs-Verfahrens und der Effekte von
Partikelgrof3e, Systemdruck und Geometrie konntémeguoduziert werden. Die Erweiterungen
und die damit verbundene Validierung stellen einte @asis fir die Anwendung der Analysen
zum Fluten dar.

Hinsichtlich des Warmetubergangs beim Fluten zeiglienValidierungsrechnungen, aul3er fur
Félle bei Zwangseinspeisung von Wasser mit hoh& Ran unten, dass das Wasser innerhalb
des Betts aufgrund der hohen Reibung hinter eiicérlangsam durch das Bett ausbreitenden
Front stromt, und dass dabei das Abschrecken déké&achnell in einem schmalen Abschnitt
innerhalb der Front stattfindet (wenige mm). Auseseéim Grund ist eine detaillierte
Modellierung des Warmeulbergangs im Vergleich zub&®smodellierung weniger wichtig.
Dartber hinaus wird gezeigt, dass das Fluten vorenumufgrund der Ausbildung einer
Gleichstrom-Konfiguration eine hohere Effektivitéihsichtlich des Kiuhlpotentials aufweist als
das Fluten von oben, bei dem sich ein antiparall&iedomungsmuster von Wasser und Dampf
einstellt. Allerdings ermdglichen in Féllen mit Eda von oben Inhomogenitaten (besonders
laterale Unterschiede in der Permeabilitat) odewbmmmer dem Wasser zunachst zum Boden
durchzudringen, um in der Folge das Ubrige Bett uaten abzuschrecken. Dies stellt einen
effektiven Mechanismus flr eine schnellere Kihldag

Rechnungen zu Reaktorbedingungen wurden durchdefidmrdie Mdglichkeiten des MEWA-

Rechenprogramms als Werkzeug zur Untersuchung déxbErkeit wahrend verschiedener
Phasen eines schweren Storfalls im Allgemeinen deweu kénnen und um zu sondieren, ob
und bis zu welchem Grad von Kuhlbarkeit ausgegangemen kann, wie stark der Trend zur
Kihlbarkeit ist und wo die Limitierungen liegen.eDKihlbarkeit eines heiRen Schiuttbetts, d.h.
ein erfolgreiches Abschrecken, hangt stark von @®mzunehmenden Eigenschaften der
Schittung ab. Die in dieser Hinsicht wichtigen ubdriicksichtigten Parameter sind die
Porositat, der Partikeldurchmesser, die anfangliteenperaturverteilung im Schuttbett, die
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Masse im Bett, der Systemdruck, Inhomogenitate®att, usw. Mit diesen Parametern wurden
Variationsrechnungen durchgefiihrt, um eine grumtisie Ubersicht zu den Chancen und
kritischen Bereichen zu bekommen. Ein allgemeinegelinis dieser Variationsrechnungen ist
die Existenz bedeutender Spielraume und starkemdsrezur Kuhlbarkeit, die durch
multidimensionale Kuhlungsoptionen erreicht weréénnen. Dazu z&ahlen speziell lateral und
von unten zugefiuhrtes Wasser, was im Kernbereicbhduntakte Stab- oder Bypass-Regionen
etabliert werden kann, im unteren Plenum durch/M&ad und in der Reaktorgrube aufgrund der
Form des Schuttbetts (Haufen). Diese Prozesse rfordie Kihlbarkeit zusammen mit der
Maglichkeit des Dampfes, Warme aus einer hei3entroukenen Zone abzufihren und stellen
auf diesem Wege Mechanismen zur Verbesserung uterstitizung des Abklhlprozesses zur
Verfigung. Begrenzungen der Kuhlbarkeit bestehedein Anhaufung der Partikel tber eine
bestimmte HOhe, in verbackenen Anteilen mit seadmgen Porositaten und in Schttbetten mit
sehr kleinen Partikeln.

Im Bereich des Reaktorkerns sind nach den Ergelmisder Untersuchungen zu
Reaktorbedingungen Schittbetten mit weit grol3esetikeélmassen (bis zu 100 Tonnen) kuhlbar
als im unteren Plenum (bis zu 40 Tonnen). Died egden verschiedenen Bettgeometrien, die
im unteren Plenum die Ausbildung einer Wasserzosirig von unten mit anschliel3ender
Dampfkihlung des noch trockenen Betts im Verglezeln im Kern vorliegenden Situation
verzogern. Dennoch besitzt das untere Plenum @autendes Kiuhlungspotential fur begrenzte
Schittbettmassen. Im Vergleich mit der beim Unfalh Three Mile Island (TMI2) verlagerten
Schmelzemasse von ~20 Tonnen, ist die HoOhe derbdarlhinaus noch kihlbaren
Schittbettmasse bedeutend. Andere Anteile der Sezhpdie im Kern zuriick bleiben, kdnnen
dort gekuhlt werden, wenn die Wassereinspeisunglavigechtzeitig fortgesetzt wird, was
prinzipiell die in TMI erreichte Kihlung erklart.

Die anfangliche Temperaturverteilung innerhalb dashittbetts hat einen entscheidenden
Einfluld auf das Bettverhalten, egal ob sich dag Betunteren Plenum oder in der mit Wasser
geflllten Grube unter dem Reaktor befindet. Bislerden Rechnungen zum Fluten nur fir eine
vorgegebene Schuttbett-kon-fig-urat-ion mit einer ngemommenen, initialen
Temperaturverteilung durchgefiihrt, die aus den lenéth Temperaturwerten der sich
absetzenden Partikel abgeleitet wurde. Unter denaBme einer einheitlichen initialen
Temperaturverteilung im Bett werden jedoch dieerdProzesse des gleichzeitigen Absetzens
der heil3en Partikel auf der Schuttbettoberflachd des Abschreckens nicht beriicksichtigt.
Deshalb wurde im Rahmen dieser Arbeit eine einfa€bpplung zwischen MEWA und dem
ebenfalls am IKE entwickelten Rechenprogramm JEMur zModellierung von
Strahlfragmentations- und Vermischungsvorgangenteldts um Schuttungsaufbau und
gleichzeitiges Abschrecken beschreiben zu kdonnedulzh wurden die Mdglichkeiten einer
realistischen Analyse erheblich verbessert und esnten in den Rechnungen deutliche
Einflisse auf die Kuhlbarkeit der so gebildetent®®tufgezeigt werden. Vergleichsrechnungen
wurden durchgefihrt fir das Fluten eines bereiistiexenden Schuttbetts mit einer mittleren
Anfangstemperatur und dem Fluten eines gleichzenmitgtehenden Schittbetts. Im ersten Fall
trat in groRen Bereichen des Betts Aufschmelzen aidthrend im Fall mit simultanen
Bettaufbau und Fluten komplettes Abschrecken Beldichem Sicherheitsspielraum aufgezeigt
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werden konnte. Dies lasst sich auf die realistiseiModellierung zurtickfihren. Aus diesem
Grund und um eine realistische Perspektive zunmuRkfg-Prozess und damit zur Kihlbarkeit in
Reaktor-Szenarien zu erhalten, wird die Modelligrushes gleichzeitigen Bettaufbaus und
Abschreckens, wie sie durch die implementierte Kapgp von JEMI und MEWA ermdoglicht
wurde, als unerlasslich erachtet. Ohne Bertickgjuhty des simultanen Abschreckens wahrend
des Bett-Aufbaus, d.h. ausgehend von einem schtigdie Bett wie in friheren Studien, wird
die Kihlbarkeit betrachtlich unterschatzt.

Sogar mit tieferen Wasserpools in der Reaktorgruel0 m bei Schwedischen
Siedewasserreaktoren), konnen Probleme aufgrunds eimvollstdndigen Aufbruchs von
dickeren Schmelzestrahlen auftreten (Strahldurcketes> 20 cm). Dabei kdnnen
Konfigurationen mit Schmelzeschichten am Boden ratgh, die mit den gegenwartig
vorgesehenen SAM (Severe Accident Measures) niatttrrkiihlbar sind. In diesen Fallen
wurde die Schmelzeschicht nur durch oben aufliegentfasser gekuhlt werden, was nur bei
relativ dinnen Schmelzeschichten funktioniert. Rdishsollten bei diesen SAM-Konzepten
Verbesserungen bericksichtigt werden. Eine Losunpte darin bestehen, dem Wasser den
Zustrom von unten in die Schmelze zu ermdglichee, sie im COMET Konzept vorgesehen
ist. Die Moglichkeit Wasser von unten einzuspeisémnte als Backup-Malinahme flr das
gegenwartig vorgesehene Konzept der Bereitsteliefgr Wasserpools angesehen werden, falls
flussige Schmelze aufgrund unzureichender Stragfientation den Boden der Reaktorgrube
erreicht. In diesem Fall kann die Wassereinspeistorg unten zur Porositatsbildung in der
entstandenen Schmelzeschicht und folgend zu einbnelen Abschrecken fuhren.

Ein weiterer wichtiger Schritt fur die Gesamtmodling zur Kidhlbarkeit wurde durch die
Einfuhrung einer Option unternommen, die Porodiitdang in flissigen Schmelzeschichten
durch die Einspeisung von Wasser von unten (COMBRZ¢ept) im MEWA-Modell zu
beschreiben. Die diesbezugliche Modellierung deudibnen, bei denen unfragmentierte
Schmelze aufgrund unzureichender Strahlfragmemtieden Boden der Reaktorgrube erreicht,
wurde implementiert.

In dieser Arbeit werden einige dieser Prozesse rggae betrachtet und die Optionen
kombinierter SAM bestimmt. Die im Rahmen dieser éitldurchgefihrten Rechnungen mit
MEWA-COMET zeigten, dass eine Schmelzeschicht imalér eines Schiittbetts bis zu einer
Hohe von 26 cm (sehr wahrscheinlich auch héhehesicurch eine Einspeisung von Wasser
von unten gekihlt werden kann. Daher kann die Koatimn der Wassereinspeisung von unten
mit dem Konzept der gefluteten Reaktorgrube dasrRial zur Kihlung und Ruckhaltung von
Kernschmelzen erheblich verbessern. Diese Resll&térfen jedoch weiterer Absicherung, da
das gegenwartige Modell zur Porositatsbildung Efeffegen die Porositatsbildung wie z.B.
Verstopfen der Porositdt durch erstarrende Schmietzé&ontakt mit kalten Partikeln nicht
ausreichend berucksichtigt.



TABLE OF CONTENTS Xi

Il Table of Contents
Y 1 1 = T SO v
I ZUSAMMENTASSUNG ..eovtiiiiiieiiiie e e ettt e+t e e e e e e et e e e e e e e ta e e e e e e s tenmnasa e e e eeesnaa s Vi
I 1= o (=30 ] @] o1 =] o1 S PURSR Xi
Y N[0 0 g =T o F= L [ = PSPPSR Xiii
R [ 01 o o 11 o 1T o 1
R Y o 1 1)Y= 1o o USSP 1
1.2 Severe reactor accidents with core melting andsitigations of coolability-state of the
= PP 3
1.2.1 Possible accident scenarios leading to debrismédyht Water Reactors............... 3
1.2.2 Investigations of debris bed properties and codtielgavior ................cccceeeiienrinnnnnn. 8
1.2.3 Modeling approaches for debris coolability analygiges ............cccceeeiiiiiiiiiiiinnes 13
1.3 AIm Of the PreSeNnt WOTK ...........oovvvvveit e s s s e e e e e e e e e e e e e e e rrn e e e as 17
2 Description Of the MOdel............oueuiiiaeee e 20
2.1 CoNServation EQUALIONS ...........cceeiiieiteeee e e e eeeeeeeeeeietta e se s s e e e eeeeaaeeereeeeeeeaaeeeeeennnnns 21
2.2 CONSHIULIVE [AWS.....uii ittt e e et e e e e et e e e e e et s e e e e e e eataeeeaaeens 23
2.2.1 EQUALION Of STALE .....ui i 23
2.2.2 Heat and mass tranSTer..........cooiiuiui e e et e e e e e e e eea e eeaeaes 23
2.2.3 FIICHON JAQWS ... ere e e e e e e e e a e 27
2.2.4 Modified Tung and Dhir friction model ........cccevviiiiiiiiiii e, 30
2.3 Numerical solution Method.............oiiiii e e eeer e 33
2.4 Extension of the model: debris bed formation froeitifet breakup and particle settling.
........................................................................................................................ 34
3 Validation of the MOdel .........coooiiiii e 36
3.1 IMPOITANT ASPECES . .evuiiiiiiiiieiie et s et e e e et e e et e e et e e e et seerene s e e e ananeeennn s 36
3.2 Validation with respect to dryout heat flux (loregr coolability aspects)..................... 37
3.2.1 Spherical particles under top and bottom flooding..............oeeeeeiiiiiiiiiiiiinnnnns 317
3.2.2 Mixed and irregular PArtiCles ...............umeruieeeeeeiiiie e e e e eeeeeens 41
3.2.3 Experiments with two dimensional cooling effects............ccccceeieieiiiiiiiii e, 43
3.2.4 Conclusions on validation under boil-off conditions................cccccvvieieevvvnnen .4
3.3 Validation with respect to quenching of hot debris..............ooovvviiiiiii e, 48
3.3.1 Experiments with fixed injection rates from bottam...............ccccceeeeiiiiiieieeennnn, 48
3.3.2 Quenching tests with external dOWNCOMEr ....cceeiiiviiiiiiiiiiiiiiie e 51

3.3.3 Experiments of Tung and Dhir with stratified bedetries..........ccccceeeeeeeieennnn. 54



TABLE OF CONTENTS Xii

3.3.4 Conclusions on validation for qUENChING .....ccceeeiiiiiiiiiii e 56
4  Coolability of In-Vessel particulate debris ......c....ooiiiiiii e 57
4.1 Quenching of a hot, degraded COre ... 57
4.2 Quenching of hot debris in the lower head ................ooiiiiiiiiiceeeeeeeeee e, 61
4.2.1 Reference calculation: representative case andheok@esults ...................c.ecc.... 63
4.2.2 Calculations with variations of bed conditions: agpower, initial bed temperature
AN SYSTEIM PIESSUIE ..uveiiiieei e e e ee e e e s cmemmmn s e e e e e e e e e e e e e eeeeeeebbn s seeeee e e e e eeas 66
4.2.3 Calculations with dense a region (cake) insidedblaris bed ..............oovvvviiiiiinnnnn. 73
5 Coolability of Ex-Vessel particulate debris .............ooevviiiiiiiiiieeeeeeees 78
5.1 Coolability of particulate debris bed formed ineeg@ water pool with thin jet diameter 79
5.1.1 Calculation with an initially established hot desdpied ...............cooovviiiiiiiiiinnnnnn. 1.8
5.1.2 Calculation with simultaneous quenching duringhib@dup of debris .................. 83
5.1.3 Calculation with variations of bed geometry ..........ccccooiviiiiiiie 38
5.1.4 Calculation with variations of bed poroSity ..............ooooviiiiiiiiiiii e 95
5.2 Coolability of combined liquid melt and particulatebris formed due to incomplete
breakup of melt with thick Melt Jet.........cco 99
5.2.1 Coolability of melt layer by heat cONdUCHION ccceeeeeveieeeeieiiiiii e 101
5.2.2 Improvement of coolability of melt layer/debris dgurations by injection of water
FTOM DEIOW ... e e e e 102
6  Summary and CONCIUSIONS ........cooiiiiiiiiuinmmere e e e e e e e e e e e e eeeeeb e as 107
A £ = (= =] [0 =T OO P PP PPPPPPP 112
A Porosity formation model and its validation .............cccoeuuiiiiiiiiiin e 118
A.1 Porosity formation MOUEI ............cooiiiii e e e et e e e e eeeraea e e e e e eaeeees 118
A.2 Validation of the porosity formation model...............ueiiiiiiiniiiiiiiees 119
A.2.1 Important aspects for the validation of the pogoBtmation model.................... 119
A.2.2 Validation against experiments performed with corisimulant melt.................. 119

A.2.3 Validation against experiments performed with corimnelt ..., 122



NOMENCLATURE

IV Nomenclature

m2/m°

m2
J/(kg K)
m

J/kg
m/&

W/(m? K)

Jikg
kg/(m® s)

kg
kg/s

Pa

W/kg

wW/m?

m/s

interfacial area concentration

area

iIsobaric heat capacity

diameter

specific internal energy
gravitational acceleration
heat transfer coefficient
height

specific enthalpy
friction coefficient
length

mass

mass flux

pressure

power

specific power

heat flux density

radial coordinate

radius

saturation, fraction of fluid in porous space

time
temperature

superficial velocity

Xiii
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m volume

m/s velocity

m x-coordinate

m z or axial coordinate

Greek symbols

3

m3/m porosity
kg/(m® s) mass transfer rate, evaporation rate
Pas dynamic viscosity
m? permeability
m passability
! kg/m® density
N/m surface tension
# ° angle of repose, angle of cone
Indices
$ initial, constant
annular flow regime
Y debris bed
& bubble, bubbly
&' Bubbly / slug transition
( cavity
) effective
( evaporation
*& film boiling

gas

& high void bubbly flow regime
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NOMENCLATURE

gas continuous regime
liquid

low void bubbly flow regime
liquid continuous regime
Liquid / gas transition

lower plenum

laminar

melt

particles

nucleate boiling

relative

saturation, gas/liquid interface
solid, particles

slug flow

Slug / annular transition
transition

turbulent

Mathematical symbol

)l

D

(3

partial derivative
difference
Nabla operator, gradient or divergence

Vector

XV
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Dimensionless numbers

21
0 Jacob numberQ :1—

)
Nusselt number, = T

Prandtl number, =

3

2

| s

Reynolds number, ="

Abbreviations

AMM

ATHLET-CD

BWR
CATHARE

CCM

CEA
COMET
COOLOCE

DEFOR
DHF
EPR

FARO
FCI
FZK
ICARE
IKE
IRSN
JEMI
KTH

Accident Management Measure

Analysis of Thermal-Hydraulics of LEaksné& Transients-Core
Degradation
Boiling Water Reactor

Code for Analysis of THermalhydraulics cugian Accident of Reactor
and safety Evaluation

Corium Coolant Mixing
Commissariat a 'Energie Atomique
Coolability of Melt

Coolability of Cone

DEbris bed FORmation
Dryout Heat Flux

European Pressurized Water Reactor

Fuel melt And Release Oven

Fuel Coolant Interaction

Forschungszentrum Karlsruhe

Interprétation des Coeurs Accidentés pouRéacteurs a Eau
Institut fir Kernenergetik und Energiesysteme

Institut de Radioprotection et Slreté Nuckair

JEt fragmentation and preMIxing

Royal Institute of Technology, Sweden



LWR
MC-3D
MESOCO
MEWA
POMECO
PRELUDE
PREMIX

PWR
RPV
SAM

TMI-2
VTT
WABE

NOMENCLATURE

Light Water Reactor

Multi Componet-3D

MEIting/SOlidification COde

Melt Water

Porous Medium Coolability

Préliminaire sur le Renoyage Expérimentalnd.it de Debris
PREMIXIng phase of melt coolant interaction

Pressurized Water Reactor
Reactor Pressure Vessel
Severe Accident Management

Three Miles Island Unit 2 reactor in HarrisguPA, USA
Technical Research Centre of Finland

WAter BEd

XVii






CHAPTER1 INTRODUCTION 1

1 Introduction

1.1 Motivation

Worldwide, a significant part of electrical ener@about 14 % of world electricity [1]) comes
from nuclear reactors. In nuclear reactors, colgohuclear fission is taken place to generate
heat, which is used to boil water, produce steard,dcrive a steam turbine to produce electricity.
Producing electricity in this way has some sigmifitbenefits. In this process a huge amount of
energy can be produced from small amounts of fmghout CQ emission, which is the key
issue considering the consequences of global warnmrspite of this benefit, larger commercial
use and prolongation of the use of nuclear enemgg@ppressed due to controversial discussions
about potential risk of nuclear reactors for thélmuand the environment. In order to assess the
risk accurately and to prevent the accidents withadverse effect to the environment, reactor
safety is of paramount importance for the consioacand operation of nuclear plants.

In case of an accident the reactor will shut dowtomatically. But, even after shutdown of the
reactor, heat will still be produced (decay heasjde the core due to ongoing radioactive decay
by fission products. The heat that is producedhiyy iadioactive decay has to be removed at the
same rate as it is produced, otherwise the reaci@ (fuel elements made of YOladded by
Zircaloy) will heat up. Depending on the type ohctor, there exist various reactor core cooling
systems for the removal of this heat. These coodirgp systems provide water flow through the
reactor core and then reject the heat elsewhegh #liality standards are maintained to ensure
the proper operation of these core cooling systemsormal operation as well as in case of
emergency. However, in case of a very unlikely sevaccident, in spite of high safety
standards, a failure may occur which exceeds thgeraf design. This may be caused by
simultaneous failure of all core cooling systeme do an event for which the plant was not
designed, as the tsunami in Fukushima, or by opeeators as in the Three Mile Island-2 (TMI-
2) accident. The probability of such an event imulear power plant is very low but the
consequences of such an accident may be enormaestolecay heat and a missing heat sink
(water), the core will melt. If melting of coriunmplten UQ+ZrO,+ structure materials) and its
progression cannot be stopped it will damage tlaatpéxtensively by breaking all the safety
barriers and finally release the radioactive matet® the environment, which gives a deep
impact on individual and social health risks.

Fukushima and TMI-2 are the two major core melidamts in Light Water Reactors (LWRS) of
Western type technology. The Fukushima accidentiroed in March 11, 2011 in four reactors
(units 1 to 4) as a result of an extreme naturahévhe earthquake and tsunami caused a Station
Black-Out and loss of water cooling systems. Soe @moling functions were lost. There were
some small contributions by the emergency cooliygiesns, but they were also lost when the
batteries were used up. After that, the fuel entamed dry-out, heat-up and fuel damage
processes. Hydrogen gas was generated by chemalan between hot cladding material and
steam. This caused hydrogen explosions in theaeaftee also Omoto [2], Yoshioka and Lino
[3]). Presently, the actual status of core damaget known, but it can be presumed that debris
and melt came down to the bottom of the reactasque vessel (RPV) and due to vessel failure,
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may be to the bottom of the primary containment gee Tanabe [4] and the technical report
by L'Institut de Radioprotection et de SOreté Nack (IRSN) [5]).

The other core melt accident occurred in the nugeaver plant TMI-2 in Harrisburg (USA), on
March 28, 1979 (see Broughton et al. [6], Kemen).[This accident has been caused by a
coincidence of unfavorable factors and operatorjudgment (see Buck [8]). Before the
examinations of the accident, it was mostly thoutytat only a small part of the core was
damaged. But the post-accident examinations cletudyved that large fractions of the core had
melted and some 20 tons of the molten cores hatheeathe lower head (see Sehgal [9]). If the
operators had not succeeded to fill the reactoselesith water, or if a larger quantity of melt
had dropped into the lower head, the lower headdvoot have survived and the melt would not
have been retained in the vessel. Melt-through®RPV and release of melt to the containment
and melt-concrete interaction at the basement wbalee created much greater damage to the
plant. The conditions and mechanisms which enatxeting of the relocated core material and
melt are still not fully clarified.

These accidents posed challenges to severe accedsarch to evaluate whether and by which
means even such events can be managed and temhifaie means to reach a safely cooled
state of corium, whether it is still intact as ramsin the form of particulate debris, i.e. broken
solidified structure of molten corium (U®ZrO,+ structure materials) or in the form of liquid

melt. Coolability of hot corium and finally even afolten corium is a key issue in a severe
accident.

Emphasis of the present work is put on debris agdiecause debris beds may form in essential
phases of an accident and therefore may play afisem role in retention and accident
mitigation. Debris beds are generally produced wubreakup of corium melt. Depending on
accident progression and water supply, the bed doom process by breakup of core material
and melt may be different. In the degrading hoecardebris bed may be formed due to thermal
stresses during re-flooding. It may be formed bgakup of melt jets due to contact with water
in the lower head when melt from the core flows inater in the lower head, and in the cavity
(space below the reactor pressure vessel) by hogitdut of a failing RPV into a cavity with
water. Further, particulate debris formation byabug processes is also considered in dedicated
AMM (accident management measure) of evolutionagctor concepts, as e.g. the deep water
concept (see Chu et al. [10]) in BWRs (boiling watsmctors). Another concept is the COMET
(COolability of MEIT) concept (see Alsmeyer et[dll], and Alsmeyer and Tromm [12]), where
injection of water from below into a melt layerasnsidered to break up the melt and produce a
porous structure.

As mentioned above, debris beds may be formedfi@reint stages of a severe accident and may
support coolability due to their open pores. A d@eled is considered coolable when a steady
state temperature can be reached by removing the Tkis steady state condition may be at
saturation temperature when water flow is suffitienremove the heat from debris bed without
any dry zone or may be higher than saturation teatpes when steam flow makes the dry zone
stable (temperature does not increase with time)th@ other hand, a non-coolable debris bed is
defined by the rise in temperature due to the usdidecay heat. Non-coolable debris would
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ultimately yield melting and form a large moltengpavhich is a huge threat for the integrity of
the plant. Therefore, knowledge about coolabilityswch debris and relocated core material is a
key in evaluation of safety margins in case of seaecidents. This knowledge will help with
the planning and application of appropriate meastoestopping an accident.

It is important to evaluate the chances of cooigbiluring the progression of an accident. This
is in line with the safety philosophy of defensediepth, which means to analyze the options and
chances to stop an accident at every stage. Exelvedt retention concepts appear to be largely
independent of the in-vessel development and maycdiesidered as ultimate measures.
However, not considering the chances of coolabditgorium before such ex-vessel situations
neglects the possibility to get safe states befiagejn the RPV (Burger et al. [13]). Therefore,
mitigating measures and options and their chanteaazess as well as adverse effects are to be
analyzed for both in- and ex-vessel situationshSarmalyses contribute to the overall assessment
of the reliability of the plant.

1.2 Severe reactor accidents with core melting and ingtigations of
coolability-state of the art

1.2.1 Possible accident scenarios leading to debris bedl Light Water Reactors

Two major reactor designs of Light Water Reactai/Rs), Pressurized Water Reactor (PWR)
and the Boiling Water Reactor (BWR) are the moshimmn types of nuclear reactors operated
nowadays worldwide. According to the place of ocence, the description of a severe accident
in LWRs can be roughly divided into in-vessel andvessel scenarios. The formation of
particulate debris both in and ex-vessel scenaiesxpected by breakup of core materials due
to contact with water. This breakup of corium magwr as a consequence of severe accidents or
may be induced by severe accident measures astaesdetails in below.

1.2.1.a In-vessel scenarios

During a severe accident, if the core is not sigfity cooled due to loss of water, the decay
heat of the fission products in the fuel heatshgreactor core. This heat up causes evaporation
of cooling water in the core region and decreakeswater level in RPV. The time period of
core dryout depends on the accident developmensp@cific reactor design, but the usual time
ranges are considered from two to several hours.ddtay heat yields a continued heat-up of
the fuel rods and the other core materials. Zineombf the fuel rod cladding at temperatures
higher than ~1500 K reacts with superheated steama highly exothermic manner. This
exothermic reaction further accelerates the tentperarise and core degradation process.
Further, by this reaction, also large amounts afrbgen are produced, which may arrive in the
reactor containment, either through a leak or thhothe safety valves of the reactor cooling
system. High concentrations of hydrogen in the aiomtent can there lead to explosive
combustion of the gas mixture, which may damagetirtainment. The oxidation of core metal
and hydrogen generation processes can be foundsdet&hikhi et al. [14] and Ederli et al.
[15].
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Figure 1.1: Configurations with particulate debrighe core (left) and in the lower head
(right) during in-vessel accident scenario.

The continued temperature increase due to decaly widalead to melting of other core
materials. If water supply can be reestablishethis stage of accident, the hot rods will be in
direct contact with cold water. This will give aetimal shock to the hot rods. Due to this thermal
stress some of the rods may crumble, and form digtoation with particulate debris
surrounded by intact core regions, as shown inreigul. Analysis of the debris generated
during the TMI-2 accident showed that the fuel iragmented to particles in a size range of 1
to 5 mm (see Akers et al. [16] and Akers and Mc€khfd7]). The high temperatures (more than
2000 K) and small hydraulic diameters (few milliers) in a debris bed make the coolability
more difficult than for intact fuel rods. Terminati of accident in this stage or further
progression largely depends on the stabilizatio@athy state condition i.e. temperature of the
bed does not change with time) of such debris.ebah a stable cooling condition, the hot and
dry debris bed needs to be quenched (cool dowratiaragion temperature by flooding with
cooling water) before reaching melting due to dduagt. Elaboration the chances of quenching
of such core debris against heat up due to decatyihiene of the major objectives of the present
work.

If water supply cannot be reestablished, the teatpex of the dry portions of the core will
continue to increase, resulting in the melting le¢ tore materials. The components with low
melting temperatures such as control rod mate(glger, indium, cadmium, boron) and steel
from mounting structures will be melted first. Lavath increasing temperature also the ceramic
parts of oxidized Zr@and UQ fuel will start melting. Several other processesh as candling
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of melt or the dissolution of fuel by metallic malte involved in this stage but these are not
described here. Details can be found in Buck [8] Birger et al. [18].

Due to gravity, the molten materials will relocatethe lower core regions. The temperatures in
the lower core parts are expected to be signifigamhaller in comparison with the upper parts
of the core due to later dryout during decreasiatewlevel. Because of this smaller temperature
in the lower parts, the relocated molted matemlssolidify and form a crust structure there.
The stability of such crust configuration dependstbe cooling conditions from below e.g.
conduction, radiation and steam flow. Two differemitreme scenarios may be considered.
Scenario with no cooling from below will prevenaske crust formation. As a result there will
be no large accumulation of pools and molten matenvill gradually relocate in the lower
plenum. In the other extreme, good cooling of crustn below provides the potential for
accumulation of large quantities of melt in theecoegion (i.e. a melt pool will be formed),
supported by a crust, as observed TMI-2 accideze Reinke et al. [19]) . The stability of the
supporting crust depends on the heat flux distidiouat the pool inner boundaries and the extent
of external heat removal. If the thermal loads lagh enough to fail the support of melt pool,
melt will release in the lower head. Different medg melt release may be possible. Melt may
flow out in the form of several jets through thevér grid plate due to crust failure in the bottom
central part or it may release sideways due totdaikire in the upper region, provided by
natural convection in the melt pool, yielding higheemperatures at the top of the pool.

When melt is released from the core, it interaath wesidual water in the lower head resulting
in melt fragmentation. The kind of melt releasemportant for the interaction of the melt with
water. Small melt mass fluxes yield good fragmeaitadf melt jet when pouring into water. On
the other hand, larger melt fluxes produce limitateraction with water. As a result, the
relocated melt will remain largely liquid. Detaib$ this fragmentation process can be found in
Birger et al. [20], Pohlner et al. [21] and als@iSmnd Basu [22]. Steam explosions can also
occur in this phase. The strength of a potentedrst explosion is directly linked to the amount
of pre-fragmented liquid melt mixed with water. $mequires sufficiently large melt mass flow
rate, coarse breakup and melt superheat. Stearostxplis discussed in details by Fréhlich and
Unger [23], Vujic [24] and Schrdder [25].

However, as described above, generally small nhetes from the core to the lower head are
expected. Additionally, if the reactor pressuresedss intact, the lower head will be filled with
residual water. When the melt pours into this watlee jet will break up and fragment into
droplets that solidify and settle as particulatbrdeas shown in Figure 1.1. Evidences from
TMI-2 (Rekine et al. [19]) as well as FARO (Fuel Im&nd Release Oven) experiments (see
Magallon [26], Magallon and Hohmann [27]) show thatium melt jets with diameters of few
centimeters will be fragmented in water into drepleith average size of few millimeters. The
so formed particle bed still includes the decayt.hearther, initially, the settling particles are s
hot that water will be driven out of the formingdoeTo enable long term coolability and
maintain in-vessel retention, this debris bed otlear material has to be re-flooded and
guenched afterwards fast enough such that heaisgif temperature due to decay heat) of the
particles, while they are dry, does not lead tonedting. Investigation of the quenching process
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of such debris configurations against heat-up dueldcay heat is the major interest of the
present study and will be performed in the presenk.

If the corium cannot be cooled inside the reactesgure vessel e.g. due to large melt mass or
non-availability of cooling water, it will re-meklind relocate, resulting in a melt pool. In the
extreme case, when all water in the vessel is easgd, a large melt pool develops in the lower
head. This hot melt will attack the vessel wall amelken it. If no counter measures can be
taken, e.g. flooding of the reactor cavity and &bgr cooling of the Reactor Pressure Vessel
(RPV) from outside “in-vessel retention” as propbse®r some Westinghouse Advanced
Pressurized Water reactors , AP-600 (see Theofanabwl. [28]), the lower head will fall
leading to melt outflow from the RPV.

1.2.1.b Ex-vessel scenarios

RPV failure initiates scenarios of melt release ithte cavity i.e. the volume below the RPV in a
LWR. The melt has to be cooled or retained in thgitg, otherwise melt-through of the
containment basement would occur and containmeagritly would be in danger. In order to
avoid the occurrence of such events, especialgvtod melt-through and finally to mitigate the
consequences, AMM (accident management measuresAMr (severe accident management)
measures, in addition to emergency cooling systanesbeing provided in nuclear power plants
and improved as per requirements. The ultimateqa#f these AMM is to prevent the release
of radioactive materials and thus to reduce thesequences of severe accidents to the
environment. To achieve this, a safely cooled stdteorium has to be reached. Two basic
concepts of devices and measures for ex-vesseloaing can be distinguished:

Enclosure of melt within cooling boundaries,

Quenching of melt based on significant surfacedase by breakup processes.

The Tian Wan core catcher and European PressuReadtor (EPR) core catcher (see Seiler et
al. [29], Sehgal [30], Fischer [31]) can be classifas enclosure concepts, applied for ex-vessel
melt retention. Both core catchers are being impleied in so-called Generation 3 reactors.
Tian Wan core catcher (see Tian Wan [32]) providesenlarged and diluted melt pool (by
addition of sacrificial material) and then cooledm outside. The latter core catcher is being
realized at Olkiluoto in Finland. The EPR contaiascore catcher in a lateral spreading
compartment where melt is collected, conditionethvaacrificial concrete and subsequently
spread over a large surface area at about 7@ue to this large surface area, a relatively thin
melt layer (~ 30-40 cm) is expected. It is consdethat by top cooling, via addition of water
from top, and cooling from bottom by a cooling ait¢ the melt is safely enclosed and retained
within these cooling boundaries (see Fischer ef38l], Bittermann et al. [34]). This prevents
further progression of the accident as well asdisproduct release. A disadvantage also of this
concept may be that the melt partly stays liquidddong time (months). Due to the low heat
conductivity of corium, high temperatures and atlpdrquid state are within these concepts
required to extract the power from nuclear decaythe cooling boundaries by natural
convection, as long as decay heat has not decrsaffeziently.
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Figure 1.2: Ex-vessel particulate debris in a desper pool (left) and in the COMET
core catcher (right).

In other concepts (see Sehgal [30]) cooling ofwarbased on significant surface increase by
breakup of melt due to contact with water is coesed. Breakup of the corium melt in
conjunction with quenching is considered to yiedgid cooling. The open porosities and much
larger surface of melt are created during the hrpgbrocess. The subsequent formation of
porous and solidified debris then facilitates tlo®lant ingression inside the bed. As a result,
such debris beds provide much better chances touethe heat than a compact molten corium
pool or layer where coolant access is limited.

With the aim of particulate debris formation, cgvivolume below the reactor pressure vessel)
flooding with water is established as AMM or SAM kinnish and Swedish BWRs. The melt
flowing out of the broken vessel and pours inte tvater as a jet. As described above for the
lower head, the melt jet will break up and creagipulate debris due to interaction with water.
A deep water pool favors the formation of coolapéeticle debris. In the AMM concepts for
BWRs, water pools of 7-10 m height are foreseenlewh existing PWRs only about 1-2 m (or
even less) cavity depth are available. Furtherkthd of melt release is important. A large melt
pour can generally be considered as less favorabldreakup than a limited diameter of
outflow from the RPV. Depending on vessel breaae sind depth of water pool different bed
configurations may be envisaged. If a melt jet Withited diameter falls in a deep water pool,
significant break-up of melt and formation of debiied is expected. A sketch of such
configuration is shown in Figure 1.2. On the othand, breakup of melt will be greatly reduced
with thicker melt jets and also with shallow waperols. This may result in bed configurations
containing molten parts mixing with debris bedhe tavity floor.

Another concept is the COMET concept (see Alsmeyeal. [11], and Alsmeyer and Tromm
[12]), where injection of water from below into alnlayer is considered to break up the melt.
This concept is originally based on the dry cawitiyation. Here, the melt flowing out of the
vessel is collected in the dry reactor pit andsfaead over the available cavity area. To provide
water supply into the melt from the bottom a s&wf layer including nozzles with plugs is



CHAPTER1 INTRODUCTION 8

installed in the cavity basement. These nozzlesammected to a water pool at higher-placed

level. The spreading melt attacks the sacrifiagkel, as well as the plugs, and opens the water
path. Due to the hydrostatic head, the water iscted through the nozzles into the melt. The

water will force up through the melt and evaporatee resulting high volume steam generation

process yields a rapid breakup of the melt andhis/dreates a porous, solidified structure (see
Widmann et al. [35]) as shown in Figure 1.2, fromiel heat can be removed.

Thus, particulate debris may be formed by the cpmsece of a severe accident or may be
induced by the AMM. Without achieving the coolalyilof debris, a severe accident cannot be
characterized as stabilized and terminated. Inyattin of coolability of debris is therefore
paramount importance in severe accident reseatoh fhdamental problem linked to removal
of heat from the bed. The efficiency of heat remalepends on the bed properties. In the
following the important bed properties and theiieef on coolability investigated in different
experiments are summarized.

1.2.2 Investigations of debris bed properties and coolingpehavior

The important properties of particle beds concémn particle morphology (size distribution,
shape), porosity (free space inside the debris tz@a)e, multi-dimensionality (shape of the bed),
bed inhomogeneity (more porous or less porous n¢gitc. The bed properties from breakup of
melt jets penetrating into water pools have begpstigated experimentally with corium melt in
FARO (Magallon [26]) and CCM (Corium - Coolant Mmng) experiments (Wang et al. [36],
Spencer et al. [37]), with corium stimulant matlrin DEFOR ( DEbris bed FORmation)
experiments (Kudinov et al.[38], Kudinov et al. [38nd Karbojian et al. [40]) and with
aluminum melt in PREMIX (PREMIXIng phase of meltotant interaction) experiments (Kaiser
et al. [41], Huber et al. [42]). These experimeinsus especially particulate debris formation
and the underlying physical mechanisms that detexntine debris bed. The results of these
experiments suggest that irregular bed geometrip widn-homogeneous internal structure is
possible. Irregular bed geometry e.g. heap shapdd(d¢ee Figure 1.3) is obtained in DEFOR
experiments [38]. This indicates multidimensiorabtling of coolant is typical for debris bed.
Internally less porous regions, re-agglomerategsliad melt or un-fragmented melt forming so-
called cake parts, and also of regions with highanosity may occur. All experiments show
particle size ranges from 1 to 10 mm. Very highosdy (50 to 60%) is obtained in DEFOR
experiments. Unfortunately, bed porosities havebeein analyzed in others experiments.

To investigate the behavior of a debris bed, sévexperiments and analyses have been
performed. The most important cooling behavior desithe debris beds are dryout and
guenching. The dryout behavior is mainly relatedotay-term cooling which means how much
heat can be removed from a water-filled debris Wwétlout any dry zone formation inside the
debris bed i.e. bed remains steady state at saturedndition. On the other hand quenching
behavior related to removal of heat from hot ang debris (liquid saturation zero and bed
temperature higher than saturation temperatuee)the question whether the debris bed can be
flooded and cooled to saturation conditions befbeefurther heat-up (rise in temperature due to
decay heat) of still dry parts leads to re-melting.
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Figure 1.3: Debris bed from DEFOR 07 experiment§.[4

Previous investigations of debris cooling mainlycdeed on dryout behavior under one-

dimensional top flooding conditions (Marshall antiiD[43], Catton et al. [44], Stevens and

Trenberth [45]). The objective of most of theseestigations had been to determine the DHF
(dryout heat flux) which is the maximum heat fluxat can be removed under steady-state
conditions from the debris bed through the uppefase (by transport of the latent heat: internal
power is converted by evaporation of cooling wates)hout occurrence of dry spots inside the
bed. Water inflow from above results in the spgtialveraged two-phase flow approach against
the upward steam flow and dryout occurs when tlvageg steam prevents water inflow into

the bed (counter-current flooding limit).

Much higher DHF i.e. better coolability is expeciédhere is a water supply from the bottom
where the water flows into the bed via water-riegions and co-current with up flowing steam.
Indeed, experiments showed a much better cookalwith bottom than with top flooding. More

than twice the dryout heat flux (DHF) was obtaiwath bottom injection from a lateral water
column of the same height as the bed (see Hofm&inRRashid et al. [47]).

An important aspect of realistic debris concerres ltal distribution of particle sizes of non-
spherical shape obtained from a few fuel-coolatdgraction (FCI) experiments. This has been
addressed by STYX (Lindholm et al. [48]) and DEBR#8periments (Rashid et al. [49],
Kulkarni et al. [50]). Mixtures of particles (aluna sands) of different sizes and irregular shapes
are used in the STYX experiments performed at VTé@chnical Research Centre of Finland).
They applied a broad particle size distributiondahen the data from different international
fragmentation tests, especially the FARO experisig@tddabbo et al. [51], Silverri and
Magallon [52]). Most tests were done with top floagl conditions. Small dryout heat flux
values (200 kW/rhfor 1 bar system pressure) resulted in theselomuling experiments due to
significantly small effective particle diameterqtethan 1 mm). The question remains whether
the well-mixed particles in the experiment correspdo the local bed structure obtained in
reality under settling conditions. Intense mixingparticles as employed in these experiments
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may be doubted under postulated severe acciderditmots where the bed is formed in a
settling process. In the DEFOR experiments (Kadwogt al. [40]) of KTH (Royal Institute of
Technology, Sweden) surprisingly high porositiesuteed which also indicate the effect of
settling versus mixing of particles. In the DEBREXperiments at IKE (Institut fur
Kernenergetik und Energiesysteme), mixtures ofgutarly shaped alumina particles from
PREMIX experiments (Keiser et al. [41]) and spharisteel particles have been included.
Higher dryout heat flux value (800 kW#rfor 1 bar system pressure) results compared toXSTY
experiments due to higher effective particle disanéd mm).

The particulate bed employed in coolability studies to be characterized by an averaged
diameter (effective diameter) and it plays an ingoatrrole in coolability analysis. However, the
identification of such effective particle diametemot straightforward. Several mean diameters
are in use to characterize this effective partidlameter e.g. mass mean, used by

Konovalikhin [53], surface mean, used by Dhir [54] and Kaviany [55] or number oftpde
mean diameter , used by Zeisberger & Mayinger [56]. All are based the major

assumption that each of the particles has the shaq@e and defined as follows
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Where5 is the volume fraction of particle, . The effective diameter should ideally be chosen

by the “friction loss” diameter, i.e. such thatwbuld reproduce the measured pressure drop
(from single-phase experiments) when inserted énggun friction model (Ergun [57]). Single-
phase pressure loss experiments performed at KTldt(&al. [58]) and IKE (Rashid et al. [47],
[49]) with several particulate debris beds sugtjest the effective diameter lies between surface
and number of particle mean diameter.

In relation to reactor safety concepts, downcomames considered as a possible accident
management measures (AMM) in debris cooling (Kotikkian et al. [59]). Moreover, in debris
beds, internally less porous (porosity < 30%) orenporous region (porosity > 50%) may
occur, the latter even as downcomer-like structaresconsidered to favor supply of water to the
bed and thus coolability. In this respect, DEBRbIpeariments at IKE [49] and POMECO
(POrous MEdia COolability) experiments at KTH ([53p9]) with downcomers have been
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performed to investigate the downcomer effect obridebed cooling. Experimental results
suggest that the bottom inflow via downcomer tutyg@roves the coolability of debris bed
significantly. Compared to top flooding alone, DHfereased 2 times in DEBRIS experiments
and 1.5 times in POMECO experiments. Downcomer éiznthe water from top water pool to
the bottom of the bed and develop a natural citmraflow loop, providing larger mass flow

rate (compared to mass flow rate of top floodingl lmmly) in the bed and thus increase
coolability compared to top flooding bed.

In COOLOCE (Coolability of Cone) experiments (Takaset al. [60]) the dryout power is
measured for two different geometries: a conicélridgheap like) bed and a cylindrical (evenly
distributed) debris bed. The main focus of thesgegrments is to investigate the 2D effect as
well as effect of the debris bed geometry on it®lability. The cylindrical debris bed
configuration is top-flooded, i.e. it representsaenario in which the core debris is evenly
distributed against the walls of the spreading .ahedhe conical geometry, the surface of the
cone is open to lateral infiltration of water. Thesults suggest that if the two debris bed
configurations have equal height, the coolabilityhe conical bed is improved compared to the
cylindrical bed due to the lateral infiltration whter through the surface of the cone. However,
in case the conical and cylindrical debris bedsehagual diameter and volume, the dryout
power density of the conical configuration is lowean that of the cylindrical configuration due
to taller bed height of the conical configurati@®].

The available knowledge about quenching of hotipaete debris comes from few experiments
although quenching versus heat-up by decay heatlynetermines the coolability question in
reactor scenarios. Among the available quenchipg®mxents, the classical experiments of Tutu
et al. [61] provide valuable data on the progres®ibthe quench front and the production of
steam during quenching. These experiments are rpggtb with bottom injection of water into
hot particulate debris at fixed flow rates. A mdjading in the experiments is the transition heat
transfer phenomenon: Cases of smaller water fl@ssltr plateau-like (constant) steam fluxes
and cases of larger water flows result peaks ainstiuxes. The difference is mainly related to a
more rapid quenching than water progression (thienghing front, mm range) versus the
opposite i.e. water progression is rapid enougm tiqgenching (thick quenching front,
centimeter range). A similar behavior as shownigufe 1.4 is also observed in the PRELUDE
(Préliminaire sur le Renoyage ExpérimentaL d’Un die Debris) experiments (Repetto et al.
[62], [63]) performed recently at IRSN (Institut dRadioprotection et de Sureté Nucléaire).
However, peak behavior is concluded here due taidmensional effects i.e. simultaneous
guenching over extended bed regions which is diffefrom the consideration of [61] where
peak behavior is considered due to a thick quegchont.
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Figure 1.4: Steam mass outflow measured in PREL@Rgeriments [62] for different fixed
water injection rates from bottom.

In the reactor configurations, water access todiaris bed is governed by pressure difference
not by fixed inflow. E.g. in the core region the tefaaccess inside the bed is achieved via a
downcomer i.e. water flow is driven by a hydrostdead of lateral water column. In a heap like
debris in the lower head or cavity, water infiliost along the heap is driven by the lateral
pressure differences caused by the radial increbsmater content, due to less steam production
with less height. Quenching behavior of hot detirigen by lateral water column is addressed in
DEBRIS experiments (Rashid et al. [64]). Differifrgm [61] or [62] experiments (fixed water
flow rate at bottom), here water inflow is detergdrby feedback with internal processes in the
bed, i.e. the pressure build up due to frictiorhwite water flow, evaporation, limited release of
steam etc. Experiments were carried out for differaitial bed temperatures .With the lower
particle temperatures higher quench front velceitiere obtained in the experiments.

The cool-down behavior of superheated particleutmp flooding condition is investigated by
Schafer et al. [65]. It was observed that the gbemygfront never covered the whole cross
section of the bed during downward progressiornpenietrated the bed always in individual flow
streaks (also observed in the top flooding expanisef Ginsberg [66] and Cho and Bova [67]).
Once a streak reached the bottom of the bed, aandpfiling process of the bed started. While
filling up the bed, the remaining superheated negi@ere quenched.

Cooling conditions of hot debris with variable peability (flow resistance of porous medium
due to friction) in the axial and radial directiarere investigated by Tung and Dhir [68]. The
beds were flooded either from the top or the bottbmthe bottom flooding experiments, the
water entered through a pipe connected to a laegervoir, which provided a constant
hydrostatic pressure head. It is found that thengldront velocity decreases with decreasing
driving pressure and increasing initial temperatweng bottom quenching. The experimental
results of the top flooding of a radially stratdibed (outer region with 6 mm particle has higher
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permeability than that of inner region with 3 mmrtjdes) suggest that the quench front
progresses much faster downwards in the outer megith high permeability. The lower

permeability region (inner region) is quenched ryofom the bottom due to the inflow of

liquid from the quenched high-permeability region.

1.2.3 Modeling approaches for debris coolability analysi€odes

In order to analyze the coolability of debris bederal computational codes have been built by
different institutions e.g. MEWA (MEIt WAter) cod@uck et al. [69]) developed at IKE,
ICARE/CATHERE Fichot et al. [70]) and MC-3D (Mul@omponent-3D, Berthoud [71]) codes
developed by IRSN. These codes are still underldpmeent to improve the understanding of
basic processes related to debris cooling. Hererveaws of the models used by the
computational codes to simulate the key processédslwis cooling are given.

For an analysis of long-term coolability i.e. assugnan initially water filled bed heated by
decay heat, the modeling of heat transfer betwleephases is of minor importance, due to only
small deviations from saturation conditions. Instluase it is sufficient to assume thermal
equilibrium between the phases (solid / liquid)ublyy, only small superheats of the particles of
few degrees will be required to transfer decay heaurrounding water. Thus, limitations of
cooling do not occur by this process but by limias of steam removal and especially water
access (Burger and Berthoud [72]). For this coadijtithe friction forces are decisive;
determining how much water can enter into the lgeakerating bed and how fast the produced
steam can be removed.

Two phase friction models are generally based guis law [57] which is originally proposed
for single phase flow through porous media. Ergdinésion law has been extended to two phase
flows by introducing relative permeabilities andsgabilities which are the volume parts of the
fluids inside the pore. In classical models like thodel of Lipinski [73], Reed [74] and Hu &
Theofanous [75] interfacial friction is not congide explicitly. In these approaches interfacial
friction between steam and water is considereténrelative friction contributions of the phases
with the solid depending on the volume parts. Tikisiot sufficient in general, if interfacial
friction between steam and water plays a roles hat possible to tune the particle fluid drag in
the models without interfacial friction to fit thep (counter-current flow) as well as bottom fed
(co-current flow) configuration. A unified desciigm for co- and counter-current flows requires
a separate interfacial friction term since itsuefice is in opposite directions (against in counter
current or favor in co-current flow). In fact, calations on the experiments of Hofmann [46]
failed to reproduce DHF values of the bottom-fedievith the description adapted to top-
flooding i.e. without interfacial friction (see alsSchmidt [76] and Blrger et. al. [77]). The
obtained DHF values for bottom flooding were sigm@htly too low. For multi-dimensional
situations it is essential that the model can ctvath cases.

The need of an interfacial friction term has alserbshown by Schéafer et al.[65] and Tutu et al.
[78]. Measurement of pressure loss in axial segmehthe debris bed have demonstrated, that
classical friction laws of Lipinski [73], Reed [74)r Hu &Theofanous [75] not including
explicitly interfacial friction terms can in prirle not reproduce these pressure drops in a large
range of conditions. Including an interfacial fitet term as e.g. in the Schulenberg & Miuller
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[79] and Tung & Dhir [80] friction laws, at leashd qualitative behavior can be reproduced
([65], [77]).

Schulenberg & Miller [79] used the isothermal aafgr experimental pressure drop
measurement data to deduce a formulation for ttexfacial friction. The major limitation of
this model is that the interfacial friction term dependent on the relative permeabilities and
passabilities i.e. the correlations chosen fortifiic between fluids and solid. Further, its
influence vanishes in the model rapidly with insieg void. Therefore, the physical meaning of
the interfacial friction, that yields the limitatioof water inflow and steam release, does not
appear clearly in this model (see also [70], [77]).

A completely different approach was proposed by gr Dhir [80]. Based on visual
observation in air/water experiments they introdudbree different flow regimes, namely
bubbly, slug and annular flow regimes. They digtisged the flow regime depending on void
fraction as seen in Figure 1.5. For each flow regend transition particle fluids friction and
interfacial friction are derived from geometric staterations.

Tung & Dhir compared their model with the measupeessure gradient and they found a fair
agreement with the experiment. But they compared thodel with the experiments which are
performed with relative large particle diameter.r Rmaller particle the model results are
unsatisfactory (Schmidt [76], Burger et al. [77])he range of most interest for reactor
applications with respect to severe accidents inRLWes rather within 1-6 mm diameters.
While the values from the Tung & Dhir model lie miigcantly below the measured dryout heat
flux (DHF) data, especially for sphere diametergaken than 6 mm.

Some attempts have already been taken by Schnéfitg7extend the Tung & Dhir model for
smaller particles. In his approach the transitietwkeen the flow patterns of bubbly, slug and
annular flow have been modified to yield a moredapansition towards slug and annular flows
with smaller particle diameters. Besides the caiwacof flow patterns the reduction of

bubbly/slug slug/annular
transition transition
regime regime

Void < 0.3 H 0.53 <Void <0.6 Void >0.74

TEE

Bubbly flow Slug flow Annular flow

o¥

2

Figure 1.5: Flow pattern in different flow regimeside the debris bed according to Tung &
Dhir [80].
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interfacial friction for the annular flow regime fxalso been introduced in his approach. But
considering these modifications in the Tung & Diniodel, deficit is still detected especially for
capturing the DHF results in both top and bottooodling situations. Thus, the present status of
the Tung and Dhir model requires some modificatitmextend it for both top and bottom
flooding conditions.

Earlier debris cooling analyses in reactor condgide.g. Schmidt [76], Burger et al. [77]),
mainly the case of a water- filled saturated bes b@en considered and limits of coolability
have been addressed with respect to decay heavagne. long term coolability. Long-term
coolability of a given debris bed configuratioreisiecessary, but not sufficient condition for the
cases when the bed is initially hot and dry. Inecashot and dry debris bed, in order to achieve
long term coolability, the bed has to be quenchiedn( higher temperature to saturation
temperature) at first. Quenching of hot debrishis first problem as expected in most of the
accident scenarios. Even in an ex-vessel accidentsio with a deep water pool where a debris
bed is formed by settling of particles from brealafpmelt jets flowing into the water pool, it
cannot be assumed to be initially filled with wadérsaturated conditions. Rather, a hot and dry
debris bed is to be expected, at first. Then, iditewh with decay heat, sensible heat of the
particles has to be removed which is much highan tthe decay heat. If quenching of the dry
bed is not rapid enough then heat-up by decayihesitll dry regions may again yield melting.

It is important to notice that there is a competitbetween quenching and heat-up. Therefore,
guenching is the main problem because quenchinguseheat-up by decay heat mostly
determines the coolability question in reactor scms. Adequate analysis of quenching of hot
debris in reactor conditions is required to evaule safety margin of debris cooling which has
not been done before. Therefore, an emphasisd®taguenching analyses in the present work.

In case of quenching of hot debris in addition witbtion, the modeling of heat transfer is also
important. In porous medium, heat transfer and eratfpn are in principle based on a thermal
non-equilibrium between the phases. Superheatettlpar sub-cooled water and superheated
steam are taken into account. To calculate the treasfer between the phases different
approaches are presently used. E.g. in ICARE/CATHARodel [70], the heat transfer
coefficients are obtained analytically as a functod the local geometry of the porous medium.
In this approach geometrical configurations of therous medium and the local phase
distribution are represented by the stratified.dellthis cell, two typical phase repartitions are
considered, namely solid—liquid—gas or solid—gag#di. Further, it has been assumed that one
phase will be wetting (attached to the wall) and #econd phase will eventually flow in the
remaining pores in the form of bubbles or slugsr Each configuration, macroscopic
conservation equations are obtained together wotall closure relations from which the
effective heat transfer coefficients are determiaedlytically. However, analytical solutions for
these heat transfer coefficients are rather comghliexto the complicated formulation.

In the present status of modeling quenching calicuia are only possible for given debris
configurations starting from assumed initial tengperes (e.g. see calculation in reactor
condition by ICARE/CATHERE model [70] or by MEWA rdel [69]). However, assuming the
whole bed at a uniform initial temperature stronglisses the real process in which settling of
partly solidified melt drops occurs simultaneouslgh water inflow and quenching. This real
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Figure 1.6: Sketch of jet break up process modeld&EMI [81] code.

process of bed formation by settling and simultaisequenching is considered strongly favor
cooling. Thus, the analyses and the modeling havbe textended to this combined treatment.

The existing codes JEMI (JEt fragmentation and pxahj, Pohiner [81]) and MEWA [69]
serve as the basis for the coupled and integramegdlation. For jet breakup in JEMI [81], it is
assumed that the dominant process is strippingedf from the surface of the jet due to shear
flow instabilities. These are produced by the stdlwing upwards along the jet (see Figure
1.6). Growth and wavelength of the instabilitiesm®deled based on the Kelvin-Helmholtz
approach. This approach yields locally varying fagtation rates and fragment diameters
along the jet, developing with time according te thevelopment of the jet and surrounding
mixture. The fragmenting upwards vapor flow is dnivby the hydrostatic head of the
surrounding water and exchanges momentum withgbestirom the fragmentation process, i.e.
feedback between the resulting mixture and jetkueas taken into account. The local particle
diameter yielded by the fragmentation process eaosed by a probability density function in
order to obtain a drop size spectrum.

Up to now, these two models concentrate on theviddal thermal-hydraulic processes, e.g.
JEMI treats the processes of melt jet fragmentadiwh settling of particles under mixing of melt
with water, MEWA describes the debris bed behawiod coolability. Coupling of these two
models is required in order to treat the combirnetukaneous quenching during debris build up
process and will be performed in the present work.
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1.3 Aim of the present work

The major aim of the present work is to investigag options and chances of coolability in key
phases of a severe accident with core melting astatisl formation, depending on various
accident scenarios. The emphasis is on particdkbeis or porous structures forming or being
induced by AMM (Accident Management Measure). Spohous structures are considered to
offer in principle a high potential for coolabiligue to their open pore. Options and chances of
coolability are to be investigated related to tkg Ruestion i.e. the question whether the hot and
dry debris bed can be flooded and cooled by watgression before further heat-up (rise in
temperature due to decay heat) of still dry pa#sl$ to re-melting.

As a basis for these investigations, a model forutation of two phase flow through porous
medium is already available with the MEWA code [6Bging under development at IKE.
Within the present task the aim is to check thdiegipility of the MEWA code as a tool to give
answers to the above key questions as well as piorex the extent to which generalized
conclusions can be drawn about the coolabilityachephase and situation.

More than checking and evaluating the adequacyhisf éxisting tool i.e. MEWA, further
development to remove weaknesses in modeling aagtémt it concerning missing parts (or not
sufficient detailed modeling) is envisaged in tihesent work. This includes also corrections due
to specific validation analyses on available expents. An emphasis with this respect is posed
on further qualifying the friction and heat trarrsfeodels which are considered as decisive for
determining the cooling process. Concerning frictio will be checked whether the model can
sufficiently describe different flow conditions. ew of the importance of 2D/3D flows,
various constellations, especially co- as well@snter-current flow patterns of water and steam
have to be considered, including the relevanceteffiacial friction.

Concerning heat transfer, slow water progressiew (hm/s) and a thin quenching front (up to
few centimeters) is considered in the present agbrdor hot beds. Thus, the need for detailed
modeling of this thin heat transfer zone (see Fdui7) is not important. However, if the water

would move a large distance into the debris bethaut significant quenching, i.e. with a thick

guenching front (several centimeters), then thaiet description of this large heat transfer
zone would become important for determining quemghiTherefore the heat transfer zone
which is relevant for reactor related cases (thockhin) needs to be determined in order to
justify the present modeling approach. Supporttbdse taken from the quenching experiments
performed in different international laboratoriespecially PRELUDE experiments by Repetto
et al. [62] with fixed injection rate from bottonmé& DEBRIS experiments by Rashid et al. [64]
with external downcomer. Further, in the validatiprocess, it will especially be checked,

whether the most important features of quenchingtfpropagation inside the bed for different
configurations and conditions can sufficiently lagtured by the code.

In the reactor applications, the aim is to analgzeident scenarios over a wide range of
conditions and to seek general conclusions onlthsgss. In a sequence of a severe accident, a
first area is to investigate chances of quenchihgtaand degraded core or trends towards melt
pool formation. Strong trends (i.e. trends not riedistrongly by variations of conditions) in
either direction, are to be explored. Supportingams to reach coolability of hot debris as well
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Figure 1.7: Different zone during quenching of tebris from bottom.

as hindering effects are to be evaluated in tragestof an accident. E.g. lateral water inflow
supports the cooling; on the other hand small glartize makes the coolability difficult.

In the lower head, conditions and limits of coolidypiof hot debris beds are to be examined in
order to evaluate options and chances of watectioje into the vessel, even in such progressed
states of an accident. As for the hot core, thepmdition of heat-up by decay heat in the dry
debris vs. quenching by water ingression decidesfitial success of cooling. This success of
guenching strongly depends on assumed initial pat@rs. The important parameters considered
in this respect are porosity, particle diametdtjahbed temperature, mass of debris bed, system
pressure, bed heterogeneities, etc. Variationsatfutations with these parameters are to be
performed in order to explore up to which condii@nd configurations (degradation level) the
bed is still coolable. An emphasis will lie on bleeterogeneities, including “cake” regions, i.e.
regions with agglomerated, compacted material, &lsib variations of porosities which may
facilitate downcomer-like access of water to bottomgions. The mechanisms to reach the
coolable situation will be in the focus in ordemptvide understanding

In this situation as well as in a debris bed inflbeded cavity, a major influence is the initial
temperature of particles, to be assumed if notutatied by a model on jet breakup (e.g. by JEMI
[81]). However, assuming the whole bed at a unifemeven non-uniform initial temperature,
as normally done in previous analyses (see Fichatl.€[70]) , may strongly miss the real
process in which settling of partly solidified meltops is combined with simultaneous water
inflow and quenching. This real process of bed faion by settling and simultaneous
quenching is considered strongly favor cooling. §;ithe aim is to extend the existing JEMI and
MEWA model to treat and analyze this combined debed formation and quenching process.

Only scarce information is available concerningrgetrsies of debris beds formed during inflow
of large corium melt into deep water pools. It nieeyheap-like (conical) or flat shaped due to
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spreading of particles on the large surface ofvatydloor caused by strong convective flows.
Experimental evidence regarding bed porosity i© geor. Therefore, in order to get an
impression on the overall coolability of the debhbed in possible reactor scenarios the
calculations are to be carried out by variatiog@bmetry and porosity of the bed.

Even with deep water pool in the cavity (7-10 m &wedish BWRS), a problem remains that
incomplete breakup of melt may occur for thick mett(jet diameter > 20 cm, Pohiner [81]).
This can lead to configurations with liquid meltthe bottom which may not be coolable with
the present SAM (Severe Accident Measures). In ¢hse, the melt would have to be cooled
only by water from top which is strongly limited tather thin melt layers (Allelein and Buirger
[82], Sehgal [83]). Thus, improvements should bestdered for the SAM concept. One solution
may be to provide bottom injection of water int@ timelt to create porosity inside the melt as
considered in COMET concept (Alsmayer and Tromm],[1Burneau et al. [84]). The
application of bottom injection of water as a bgtkueasure for this remaining liquid parts
needs further investigations. E.g., it is to benexeed whether sufficient porosities for effective
cooling can be produced in the remaining moltenspdiherefore, some emphasis is posed here
on these processes as generic ones and as detgymjptions of combined SAM.
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2 Description of the model

The MEWA (MEIt and WAter) code (Buck et al. [69) Ibeing developed at IKE, University of
Stuttgart, for the description of the in- and exsa& behavior of corium during the late phase of
severe accidents. The MEWA code is a combination toé modules MESOCO
(MEIlting/SOlidification COde, Buck [8]), describinthe processes in the core with massive
melting, melt relocation, molten pool formation dmehavior, and the WABE (WAter and BEd)
module (Schmidt [76], Blrger et al. [77]), whichsdabes the thermal-hydraulics of water and
steam in a porous medium. As the investigatiorthénpresent work concentrate on the behavior
of particulate or porous debris beds under boilaffquenching conditions, emphasis here is
given to the modeling which is relevant for the {pltase flow of water and steam in a solid
debris bed. The full MEWA model is presently onlyadable in the German system code
ATHLET-CD (Analysis of Thermal-Hydraulics of LEakand Transients-Core Degradation,
Trambauer et al. [85]). For the present study,aadstlone version is applied, which contains
only a simplified version of MESOCO (no descriptiaimelt).

In MEWA, three separate phases, solid particlegjidi coolant (water) and gas (vapor) are
considered. The basic assumption is that each pbasensidered as a continuum. So, each

phase fills only a fraction of the whole controllme . Volume fractions of solid (),

liquid (—) and gas{—) in a control volume are defined as follows

__=8- (2.1)
—= (2.2)
—= (2.3)

Where , _and are the solid, liquid and gas volume respectivelg these are related to

the whole control volume V vid= + +

And s the porosity, and _ are the volume fractions of gas and liquid in perepace,

respectively. These quantities are related by
+ =1 (2.4)

The solid particles are assumed to be in a fixettirpavhich is passed by the flow of the fluids
(liquid and vapor). The system is determined bydbwservation equations for mass, momentum
and energy. Additionally, constitutive laws for héransfer and friction between the liquid, gas
and solid phase are necessary for closure of thaten system.



CHAPTER?2 DESCRIPTION OF THEM ODEL 21

Cartesian coordinate system Cylindrical coordinate system

V4

Gravity acceleration A

~
”

Figure 2.1: Two dimensional Cartesian (left) antinclrical (right) coordinates systems
with the direction of gravity acceleration.

2.1 Conservation equations

In MEWA, the cooling behavior of the debris bed n®deled in two dimensions. Either
Cartesian or cylindrical geometry may be choseshasvn in Figure 2.1.

The mass conservation equations for gas and lap&d

B Y c= ( (2.5)
1

T eern c=- ( (2.6)
iRl L

Where,! and!_ are the gas and liquid densities respectively; and _ in equation (2.5)
and (2.6) are the actual velocities of gas anddigehich related to superficial velocities and

~with
= C= (2.7)

And ( is the mass transfer rate due to evaporation. Teedperator nablaN and its

operations (gradient and divergence) in Cartesiaoh @ylindrical coordinates are defined in
Table 2.1.

Table 2.1: Del operator nabl&l and its operations in Cartesian and cylindrical
coordinates.

Operator / Operations Cartesian Cylindrical
coordinates (X, z) Coordinates (r, z)
N%b'a Al+'\1 A1+A1
N ™ Tz "1z
{"} are the unit vectors| {7} are the unit vectors
Gradient ﬂAJrﬂ_)A ‘ﬂ_)A+‘|]_)A
N) x 1z qr 1z
Where) is a scalar
Divergence 0, 10 190 () | 9,
N( x 9z roqr 9z
Where ( is a vector




CHAPTER?Z2 DESCRIPTION OF THEMODEL 22

In the porous medium, momentum conservation ofagakliquid is assumed to be governed by
friction forces, pressure gradient and buoyancy \i@ight). Thus, temporal and spatial
derivatives of the velocities do not appear. Thesels to simplified momentum conservation
equation

- _):-N +1 (2.8)

Koo-—( - )=-R (2.9)

Where, and _ are the gas and liquid pressure respectively.idiguessure will be different

than gas pressure if capillary force is consideapillary force is important when the particle
diameter is very small (< 1 mm). For the presentlgtcapillary force is not considered, i.e.
= _= . In the momentum equations the frictions coeffitseare symbolize by. The

dominating forces on the fluids in the porous dtites are the particle- fluid drags (friction
coefficients { _) and the interfacial drag (friction coefficient). The interfacial friction

between the fluids has to be the same but with sippsign.

It is considered that each of the three phasesthasvn temperature i.e. (solid temperature),
(gas temperature) andliquid temperature). So, three energy conservagqgoations are

considered for each phase separately. For the sol@tgy conservation yields

7/(!

J=Rix2 DR er . _ - -z . (2.10)

Where! and are the density and specific internal energy ofsthied particle. Here all are

per unit volume 5—6 . Heat conduction in the solid (first term on theght hand side), the

volumetric heat source, ,_ . from radioactive decay (or electrical heating xperiments) and
the heat going to the vapor-liquid interface, (leading to evaporation) are considered. Direct
heat transfer between solid and gas, is mainly important in dry regions (=0), while heat
transfer between solid and liquid, . is only considered under sub-cooled conditions i.e
.< ,where s the saturation temperature. The conductive thaasfer in the solid phase

is expressed by an effective conduction coefficigit, where2” =2 :8>9 and 2 is the

thermal conductivity of solid. The radiation heaansfer in the solid phase is implicitly
considered through this effective thermal conduigtiv

The energy conservation for the gas phase is diyen
—: 1 )+Nx ! ¢c=Nx2"N ¢+ , + ¢ (2.11)

Where and are the specific internal energy and enthalpyasf gnd ., is the specific gas

enthalpy at saturation. The respective terms onriiet hand side of the equation denote
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conduction, heat transfer between flowing gas dred 9olid as well as the enthalpy fluxes
associated with the mass transfer (evaporatiorg.cimductive heat transfer in the gas phase is

expressed by an effective conduction coefficigfit, where2” =2 and 2 is the thermal

conductivity of gas.

The energy conservation for the liquid phase yields
¢=Nx2)N ¢+ _- ¢ | (2.12)

Where _ and . are the specific internal energy and enthalpyigpiidi and , is the specific

liquid enthalpy at saturation. Here, heat condutieeat transfer between flowing liquid and the
solid as well as the enthalpy fluxes associatech Wite mass transfer (evaporation) are
considered. The conductive heat transfer in theidigphase is expressed by an effective

conduction coefficien2? , where2? =2 and2_ is the thermal conductivity of liquid.

2.2 Constitutive laws

For closure of the equation system several additioglations (constitutive laws) are necessary.
These constitutive laws are mainly empirical catiehs which are deduced from experiments.
Details of these constitutive laws used in the gmesvork are given below.

221 Equation of state

The equations of state are defined by the thermarym properties of water and steam. In order
to define the state, the water and steam propgstiekage of ATHLET is used. It calculates the
density! and enthalpy of water and steam as functions of pressusnd temperature , i.e.

1 =1(3 ) = (3) (2.13)
=1 (3 ) = (3 ) (2.14)
Saturation properties (saturation temperature),, (liquid density at saturation),, (vapor

density at saturation),, (liquid enthalpy at saturation),; (vapor enthalpy at saturation) are

calculated as a function of pressurgi.e.

Ly =t () 1y =15 () (2.15)

Further, the steam/water properties package prewide calculation of the transport properties
dynamic viscosity (_, ), heat conductivity2_,2 ) and surface tension {.

2.2.2 Heat and mass transfer

Heat transfer and evaporation are based on thenmatequilibrium between the phases.
Superheated particles, sub-cooled water and sugtexhesteam are taken into account. A
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conceptual sketch for heat and mass transfer merharis shown in Figure 2.2. In a single

phase configuration with either liquid or gas atowrous fluid, direct heat transfer between the
solid particles and the fluids can occur. In a fl@se configuration, heat is transferred from the
solid to the gas/liquid interface, where it prodsi®aporation. The mass transfer rate is then

given by the heat fluxes directed from solid to dwes/liquid interface , , divided by the

latent heat of evaporation{ - , ).
( =— (2.16)

The respective heat fluxes and mass transfer aagespecified in more detail below.

2.2.2.a Heat transfer between solid particles and interfébte boiling heat transfer)

The heat flux between the solid particles and #ée2lgjuid interface ( ; ) is calculated as

= s g - ) (2.17)

Where . is the heat transfer coefficient between solid ipl@s and the gas/liquid interface

and the interfacial area density, is given by

238 -

8 ) .3$6
) .<$6

- (2.19)
$.6

Boiling at the surface of solid particles is calted by using correlations, assuming film or

nucleate boiling, depending on the solid tempegatArminimum film boiling temperature®*

is defined as

% = 1+8@0 (2.20)

Figure 2.2: Conceptual sketch of heat transfer betwphases
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If the solid temperature is below the minimum film boiling temperature,.i.e£ % , pure
nucleate boiling is assumed and the heat transgfefficient for nucleate boilings s
calculated according to the correlation of Rhosef&y,

& _ 63_x_><( B )7

(, - 5 JAses'x Px ||c (2.21)

Where Prandtl number, =——% and 5. 1S the specific heat capacity of liquid.
2.

Above a maximum nucleate boiling temperature

& = %41 i1, =8%$09 (2.22)

pure film boiling is assumed. The heat transferffadent for film boiling % is calculated

from the correlation of Lienhard [87], given by

*&
. ) X2
& =3 (2.23)
With Nusselt number
8

I Sx1¢x64
*& gl - .
s (2.24)

Where is the particle diameter and the modified laterdthé is a function of the Prandtl
and Jacob numbers,

‘87
16 =(, -, )xg+ gBoc- 38 g (2.25)
With
0 = E’( ] )) (2.26)
and = * where s IS the specific heat capacity of liquid. In a s#@ion region between
2

® and * , the heat transfer coefficient is obtained by dinénterpolation between the

nucleate boiling heat transfer coefficient, caltedaat * from Equation (3.21) and the film
boiling coefficient, calculated at® from Equation (3.23)
J =[8-5 gx & fcts ox E o4 (2.27)
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2.2.2.b Heat transfer between solid and gas

Heat transfer between solid and gas bulk is assumextcur only if the solid temperature is
above saturation temperature and gas is the canttnphase ( 2 0.7). The heat flux from

solid to gas . is given by

c T o 2 =) (2.29)
The interfacial area density is given by
=78 9 ¢ (2.30)
$ ) <$;¢
*  G= - $:¢ (2.31)
3 3¢
$6 ) «

The heat transfer coefficient for solid to gas bulkis calculated according to

S
S (2.32)
with Nusselt number
Nu,, =2+ 06,/Re, (2.33)
and Reynolds number
I
L 234

2.2.2.c Heat transfer between solid and liquid
Heat transfer between solid and liquid is assuneeddcur only if the liquid temperature is
below saturation temperature and liquid is the iomotus phase (2 0.7). The heat flux from

solid to liquid . is given by

T oL =) (2.35)
and the interfacial area density by
=28 9 ¢ (2.36)
. $$ ) <$¢
* €= - &, ( .
_ 5@6 Y (2.37)

The same Equations (2.32-2.34) apply also for tiel/fiquid heat transfer, with the index
replaced by, throughout.



CHAPTER?Z2 DESCRIPTION OF THEMODEL 27

2.2.3 Friction laws

Two phase friction models are generally based guiEs law [57] which is originally proposed
for single phase flow through porous medium.

The coefficientsD used in Equations (2.8) and (2.9) are assumedue the form

% % %

=  +

Jo =4

‘; = T+ ‘
(2.38)

Where and _ are the friction coefficients for gas particle diggid particle drags and

is the friction coefficient for the interfacial dyataking into account laminar and turbulent
contributions to friction.

Classical models for friction in porous particulaebris, like those of Lipinski [73], Reed [74]
and Hu &Theofanous [75], are based on an exterdidhe single-phase friction law of Ergun.
They do not explicitly consider the interfacialtion between steam and liquid water. Models
like those of Schulenberg & Miller [79] and TungDiair [80] explicitly consider the interfacial
friction terms.

2.2.3.a Models without consideration of interfacial frictio (Lipinski, Reed and
Hu/Theofanous models)

These friction models do not explicitly considetenfiacial friction between gas and liquid.
Rather, they take into account the presence ofcansefluid through relative permeabilities (

) and passabilities (_ ) which are exponents of the saturation,( ). Specifically,

= - + z
N _3_)1 : (2.39)
7 77!
= +
T 0.40)
=% (2.41)

T e T (2.42)

and of the gas
s = s = (2.43)

where =3 and/ equals 3 (Lipinski), 5 (Reed) or 6 (Hu and Theofzs)cand ., dynamic

viscosity of liquid and gas respectively.

The single phase permeability and the passability are given according to Ergun [57] by
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6 7 6

“eEvf- ) 8@ ) (244

2.2.3.b Models with consideration of interfacial frictios¢hulenberg & Miller and Tung &
Dhir models)

Model of Schulenberg and Muller

In the model of Schulenberg & Miiller, the coeffitidor gas/solid friction is given by Equation
(2.40), with relative permeabilities and passabiit

) _ . $$E ) <$6
=% L =""% 9 ) ¢= ) 236 (2.45)
The coefficient for liquid/solid friction is givehy Equation (2.39), with relative permeabilities
and passabilities the coefficient for liquid/sdiicttion by

= % =7 (2.46)

-3 - -3 I
The coefficient for interfacial friction is giveryb

SBESX A xox L xtx of |

(2.47)
K™
Model of Tung & Dhir
In the model of Tung & Dhir, several flow regimese aistinguished, depending on the void

Table 2.2: Flow regime according to friction modéTung & Dhir [80].

Flow regime Void fraction range
£ 3%
s = $:%>Mxe8+FS>H'| - Ex8 + F9
Low void bubbly flow ., F=—% Bubble diameter, =8;6E /ﬁ ,
S - e T bV}
o
g N
= = IVl
S 2@8- )
2 < £ 38
High void bubbly flow | 3 y
J Y =] = | {$:6:$,7x8 - FC}
Transition from ]
bubbly flow to slug 3 < £;
flow :
Slug flow %< £$;?
Transition fromslug | ¢ 5 $7< £ IN7
flow to annular flow 55 ' )
5T
Annular flow ; S >£
§ 2 ?
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fraction (gas saturation), see Table 2.2.

The coefficients for friction between the liquiddathe porous matrix are given by Equation
(2.39). The relative permeabilities and passaéditior liquid/solid friction are, independent of
the flow regime and are given by

a= 2 = (2.48)

The coefficient for gas/solid friction is given Hyquation (2.40). Concerning the friction
between the gas phase and the porous matrixdisimguished with respect to the continuous
fluid. For the liquid continuous (LC) region, whidh assumed to hold up to <06, the

relative permeabilities and passabilities for the/golid friction are

%6 %6

5 = Ox 8?‘ Cog = O 8?' (2.49)
For the gas continuous region (GC) with> g ,
A 7
o = 7x88_' é: " = 7><88_' k (2.50)
In the transition between liquid continuous and gamtinuous region (LGT), where
$;?7< <¥ , the gas/particle friction coefficient is obtaihby interpolation between the
coefficients .of the respective regime,
©=|8-5 3%2047/2|x - + 5 3$7047/26x " (2.51)
using the weighting function
] 7 ] 6
53 ,{ C=6x——~— -7x—}/»L (2.52)

For the interfacial friction between liquid and gasveral flow regimes are distinguished. In the
low void bubbly flow regimé_B), the interfacial friction coefficients arevgin by

& =8Cx x_x8+7Fx-/ 8+Z *—-
&

“ , (2.53)

8+F 7 I+
— |

+$:6Ax xEx -/ 8+E

[
K_/O

In thehigh void bubbly flow regim@HB), the friction coefficients are
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& =8Cx 3$><8+—F><-/ 8+Z +o- g XX
7 @
K~
7 — (2.54)
+$,6Ax o x 8+F x| 8+Z - g XEx———— |
7 &
K_%
In theslug flow regimgS), the friction coefficients are
: P+
C=E7Ex x x—= +$;B7x xEx—>1 |
2 2 (2.55)
K= K%
For theannular flow regimgA),
A 7
= "' x = x8_ £+7'!x8- é)* ‘
- 8- (2.56)
K K %

For the interfacial friction coefficients in thatsition regions between the bubbly and slug flow
regimes (BST), as well as between the slug and lanrlow regimes (SAT), a weighting
between the respective regimes is applied:

& :[8- 5. 383.$;6]>< S+ 5. 1 3%6% (2.57)

=|8- 5 3$;7047/2¢|x "+ 5 3$7347/2ex (2.58)

224 Modified Tung and Dhir friction model

When applied to cases with pure top-flooding (cetiaurrent flow of water and steam) the
model of Tung and Dhir [80] gives unsatisfying iéswcompared to experimental results for
dryout in particulate debris beds with smaller jgéatsize. Therefore some modification of Tung
and Dhir model are necessary to extend it for snalhrticles. An attempt has already been
taken by Schmidt [76] especially concerning the ication of flow pattern range for smaller
particles. Besides the correction of flow pattehe teduction of interfacial friction for the
annular flow regime has also introduced in his apph. But with his modification deficit is still
detected especially for capturing the DHF for batip and bottom flooding situations .
Correction of gas particle and liquid particle dragyht also necessary which was missing in his
approach. The following modifications are presembnsidered in the Tung & Dhir friction
model to extend it for both top and bottom floodisiguations over the whole bandwidth of
particle size .
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Modification of the flow pattern range

In the original Tung & Dhir model, the annular flomegime establishes for void fraction
> 074 , for all particle sizes. But according to Schnidé], for smaller particles, channel

flow is expected to establish for smaller void fraes than the prescribed void fraction in
original Tung & Dhir model. This is physically plgible because of the thinner flow channels.
Therefore, Schmidt [76] modified the flow pattetrensition regime of bubbly, slug and annular
flow to yield a more rapid transition towards slagd annular flows with smaller particle
diameters. Consequently, the bounds for the buabdy/slug flow regimes have also modified .
However, to yield earlier transition with smallearpicle diameter, a sharp linear decrease of
void fraction is considered by Schmidt (see blueddme in Figure 2.3) which is not realistic.
Instead, in the present approch a gradual decidagaid fraction is taken to yield more rapid
transition with smaller particles as shown in Fg@r3 with black solid lines. This appears more
plausible as also confirmed by the flow regime measient by Haga [88]and Stiurzel [89].
Haga who performed experiments with 2 and 1 mmgestand conclude that for 2 mm particle
annular flow established with 32% void and for 1 rparticle it established with 25% void.
Stiurzel performed isothermal air / water experimmdot the debris bed with different particle
diameter and found that transition between slug @amallar flow start with 60% void fraction
for 10 mm particle, 55 % void for 7 mm particle a4f8l% void for 5 mm particle. The proposed
modified flow pattern range is given in Table 2.3.

Figure 2.3: Flow pattern map for modified Tung @tdr model
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Table 2.3: Flow regime according to modified Tundp&ir.

Flow Void fraction range
regime
£ 3¢
Low void = $:%Mxe_8 +FOH - Ex8 + FO
bubbly
8
flow . . o 8
F=—%, [ =86E|——l = ———
t1o-lg 2(8- )
- 1 un
i i 8 38 < £ 38
Highvoid | 5 , )
bubbly | 5 w = | {$:6:37x8 - F¢}
flow 8 = ! (38 :A><8$EX. - $96+ 38 ), $ :8;7>8$_7 [m]
Transition %
O
from = 'y e 6 3
bubbly 3g< £/ —IABEx - o
flow to ? $ ?
slug flow
Slug flow / %: ABSEXx - $96+% < £ (g2 AmsEx - F482)
Transition | ~
o
;:rgvr\rlwtilug = / ($;?: ABE x - ¢ +$;?)< £/ g: AB$Ex - $gﬁ+¥
c ! i
annular g
flow
C v
Annular g £ 3 > | —‘]ﬁ: ABSE x - $€6+Jﬁ
flow ©g 3 2 2

Modification of gas particle and liquid particleadr

The second point to be modified concerns the radgbermeabilities of gas-particle and liquid-
particle friction. In the Tung & Dhir model, thestgm of particles and liquid is considered for

the gas-solid friction as an isotropic porous lay&h porosity . Due to the presence of the
o
liquid layer at the solid, they correct the padidiameter, yielding extra termss— and
7
o

3. for the relative permeabilities and passabiliieshe gas and liquid continuous
regimes (equations 2.49 and 2.50). The contributibthese extra terms to gas/ particle drag
may be more relevant for isothermal air/ water esysbut for heated particle their contribution
can be neglected due to intermittent contact afidigwith water. Therefore, in the modified
Tung & Dhir model relative permeabilities and pdmisiges for gas particle drag simply become
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3= v 8 = (2.59)

he= T Ty =T (2.60)
for the gas continuous region (GC).

The liquid-particle drag is also modified. It iddueed for laminar flow regime and increased for
turbulent flow regime. The proposed relative perbiégas and passabilities are

3= ¢ S= 7} (2.61)

Modification of interfacial friction

The third point to be modified is the interfaciaktion in different flow regimes. The original
Tung & Dhir model predicts too low dryout heat fesxunder top flooding condition. A too high
interfacial friction may be considered acting agaithe water inflow from top. So some
reduction to the interfacial drag in the bubblyugsland annular flow regime is necessary.
Additionally, for smaller particles, annular flovs iestablished. As a result interfacial area
between gas and liquid is now reduced for annildav.fSo an additional reduction factor for the
interfacial friction term in annular flow has be@troduced to meet top flow DHF. It is modeled
to decrease below particle diameters of 3 mm. Thelifled formulation of the interfacial
friction is for thebubbly and slug flow

<

8 e Tas” (2.62)

and for theannular flow

= L XBTEx] 8

2.3 Numerical solution method

The mass, momentum and energy conservation egea#on given in the form of partial
differential equations. These coupled differengguation systems are solved numerically in
MEWA (see Buck [8]). For the spatial discretizatiointhe partial differential equations a finite
volume method (Patankar [90]) is applied. Cylindricor Cartesian coordinates and an
orthogonal, staggered grid are used for discrétizatScalar quantities (like pressure,
temperature and volume fractions) are defined latceaters and vector quantities (like velocity
and mass flux) at cell faces. For the temporalrdiszation, implicit scheme based on backward
differences are used. The non-linear coupled systieeguations resulting from the discretized
conservation equations is solved with a segregattecedure as described below.

Due to the implicit time discretization, the massgl anomentum conservation equations (and
also the energy conservation equations) have solvwed iteratively. This is done in MEWA as
follows: First, the momentum equations for gas #qgdid are solved for the gas and liquid
velocities, using actual values of saturation aresgure. Then, the velocities are inserted in the
mass conservation equations of gas and liquid. iplysng a Newton type method, the mass
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conservation equations are used to calculate d@nscto the pressure and saturation, such that
the mass flow rates calculated with the correctex$gures and saturations satisfy the discrete
mass conservation equations. This involves theatination of the terms in the mass
conservation equations with respect to saturatrmh@essure, including the dependence of the
velocities on these. After the update of pressur@ woid fractions, the energy equations of
liquid and vapor are solved separately. Lineanmatvith respect to the respective temperatures
yields linear systems, from which temperature ativas are calculated. Due to non-linearity
and coupling between equations, an iterative pnoeeds required. The above steps of the
segregated solution procedure are therefore rep@dthin the actual time step until sufficient
convergence is reached.

2.4 Extension of the model: debris bed formation from melt jet breakup and
particle settling

The Initial temperature of particles has a stramftuence in the evaluation of quenching of hot
debris. In the present status of modeling, querchimalysis is only possible with an established
debris bed starting from assumed uniform initiahperatures. However, assuming the whole
bed at a uniform temperature may strongly missrda process in which settling of partly
solidified melt drops is combined with simultaneowater inflow and quenching. This real
process of bed formation by settling and simultaisequenching is considered as strongly
favorable for cooling. Thus, the modeling has toelséended to this combined treatment. The
existing codes of IKE, JEMI (Pohlner[81]) and MEWRBuck et al.[69]) are considered as the
basis to treat this coupled process.

The JEMI code treats the processes of melt jetnfeagation and mixing of melt with water and
MEWA described the debris bed behavior and coatgbFor jet breakup in JEMI, it is assumed
that the dominant process is stripping of melt frdme surface of the jet due to shear flow
instabilities. These are produced by the steam ifigwupwards along the jet. Growth and
wavelength of the instabilities is modeled basedtan Kelvin-Helmholtz approach [81]. This
approach yields locally varying fragmentation raséesl fragment diameters along the jet (see
Figure 2.4), developing with time according to tthevelopment of the jet and surrounding
mixture. The fragmenting upwards vapor flow is dnivby the hydrostatic head of the

Figure 2.4: Sketch of debris bed build up fromgetakup during falling into water pool



CHAPTER?Z2 DESCRIPTION OF THEMODEL 35

surrounding water and exchanges momentum withgbastirom the fragmentation process, i.e.
feedback between the resulting mixture and jetkargas taken into account. The local particle
diameter yielded by the fragmentation process pequosed by a probability density function
(log-normal or Weibull) in order to obtain a drapesspectrum.

The JEMI model treats the mixing zone outside tkedrid bed, while MEWA treats the
processes inside the debris bed. This now alloves cdbmbined simulation of jet breakup,
guenching, solidification of droplets, settling @gebris bed and the quenching of the debris bed
already during the buildup. A conceptual sketch jlarbreakup and debris bed formation is
given in Figure 2.4. The coupling of the model o takes place at the surface of the debris
bed. It must be noted that the boundaries of theisiéed are temporally and spatially not fixed.
They change according to the continuous additiomedfris to the bed, either in the form of
(coherent) melt or of particles.

The mixing zone (treated by the JEMI model) yiettie local mass flow rates and state

(composition, temperature) of coherent melt or locass flow rates and state of particles across
the actual bed boundaries, thus the deposition adsnon top of the debris bed. From this

information the formation of the debris bed is ded. The development of the debris region is
treated within the MEWA model, including the devyaieent of the actual bed boundaries (local

function of height versus coordinates of the baseg) based on the continuous addition of
debris mass from the mixing zone.
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3 Validation of the model

3.1 Important aspects

The emphasis here is to capture the most impoftatares for the final aim, i.e. understanding
of cooling processes inside the debris bed suffitje Key areas in this respect are to check the
processes of lateral and bottom inflow of watepitite debris beds. These modes have been
considered as most effective in cooling (see atdordt [76] and Bilrger et al. [77]). E.g. heap-
like, heterogeneous beds are to be expected istreahultidimensional configurations. Due to
this shape of the bed, the inflow of water from tap) be more favorable for the smaller heights
at the sides. The inflow from the sides, espechallybottom regions, is further promoted by the
lateral pressure gradients inherently produced &éetwcentral regions with high steam content
and water-rich outer regions. As a result, a twagghnatural convection loop is established.
Water inflow into bottom regions may also occur praferable paths where water penetration is
easier e.g. due to larger particles, higher porpsitheated parts etc.

An emphasis for validation with this respect isgm®n further qualifying the friction and heat
transfer laws which are considered as decisived&iermining the flow conditions inside the
debris bed. With boil-off under release of decagthstarting with an initially quenched and
water-filled bed, the modeling of heat transfemmn the phases is of minor importance, due to
only small deviations from saturation conditionsudlly, only small superheats of the particles
of few degrees will be required to transfer theageleeat to surrounding water. Thus, limitations
of cooling do not occur by this process but by tations of steam removal and especially water
access. In such conditions friction effects areisiee, determining how much water can enter
into the heat generating bed and how fast the mexigsteam can be removed. In other words,
friction determines the occurrence of dryout ingitke debris bed.

In view of the importance of 2D/3D flows indicatég the lateral water inflow as described
above, it is important to capture the differentwfl@onditions by the model, especially, the
gravity driven flow. It was identified that clasalcmodels without considering the interfacial
friction explicitly, like the model of Reed can piet DHF (dryout heat flux — DHF — as

maximum cross-sectional heat flux) well under teg €ondition after adaption for this case but
it fails to predict DHF values driven by a latevadter column yielding inflow of water into the

bed from bottom. The lack of an interfacial watsté¢am friction term in the Reed model is
considered as possible cause for yielding lower BlEes under bottom flooding than obtained
experimentally (Burger [77]). Interfacial frictiodecreases DHF for top flooding (counter-
current flow of water and steam) but increasesritbbttom flooding (co-current flow). Then, a
unified approach requires an explicit interfacratfon term accounting for this difference.

In realistic accident scenarios, debris beds cabhaaxpected to have a homogeneous structure.
Internally more porous and less porous regions wittgularly shaped particles of different
sizes, distributed as well as mixed on a more ldeakl are to be expected. Compared to
spherical particles higher friction is expectedhapirototypic, irregularly shaped particles. Also,
higher friction is generally obtained with partelef different sizes, locally mixed, due to
reduced porosity if smaller particles take the fepmce between larger ones. However, the
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irregular shape counteracts and may even yieleasmd porosity. This process is different from
intense mixing as usually performed for constructid debris beds in experiments. It appears
not to favor local mixing, as also indicated bythjgprosities in the DEFOR experiments aiming
at debris bed formation from breakup and settlfagther, such processes provide stratification,
either vertically or horizontally, and in generatérogeneities in the bed as a whole. This may
increase or decrease the coolability, dependinghengiven configuration. Therefore, a broad
bandwidth of conditions with different debris capfrations ranging from beds with uniform
particle diameters to beds with irregularly shapedicles and stratification is to be considered.

For the validation of MEWA, to be oriented at pityfuc beds, it is then not sufficient to check
constitutive laws and integral behavior for spegifidealized conditions, but in view of the
uncertainties- to consider a broad spectrum of itimm3$. The major aim must be to explore the
effects and their strength in order to be able doctude in an overall way on coolability in
reactor scenarios. A realistic view has to be eagesl in this process (modeling and validation
fitting for reactor safety purpose), allowing talt variations already from scenario aspects (as
e.g. concerning porosity of beds formed by set}ling

Experiments with fully quenched, water-filled bedddressed the limit of coolability with
respect to decay heat removal, i.e. long-term dmlitha Long-term coolability of a given debris
bed configuration is a necessary, but not suffic@mndition to determine whether debris beds
created from melt jet breakup and settling of pded will finally lead to a stabilized
configuration. Initially, the settling particleseaso hot that water will be driven out of the
forming bed. It has to be re-flooded and quenclitahvaards.

The need for respective modeling and checking as®e if initially hot debris is considered. In
case of quenching of hot debris, the heat trarddecription becomes important, in addition to
friction. However, slow water progression and a thuenching front, as expected under reactor
conditions, may relax the need for detailed modebhthe heat transfer zone. But, if the water
would move a larger distance into the debris betiaut significant quenching, i.e. with a thick
guenching front, then the detailed descriptionhid enlarged heat transfer zone would become
important for determining quenching. This could jpap with increased water velocity and
stable vapor film boiling at high temperatures. rEfiere, in order to clarify to which degree
details have to be described in an adequate mibdelimportant to determine the characteristic
of quenching in debris beds under reactor condti@specially concerning the thickness of the
guenching regions. It has to be checked, whethencufront propagation inside the bed is
sufficiently described by the model for differemndigurations and conditions

3.2 Validation with respect to dryout heat flux (long term coolability aspects)

3.2.1  Spherical particles under top and bottom flooding

As describe above, an explicit interfacial frictiterm has to be introduced into the friction
model in order to describe DHF under top and botflmoding (counter and co-current flow)
conditions. Tung and Dhir [80] as well as Schulegbend Muller [79] have introduced such
interfacial terms. Schmidt [76] has introduced nficdiion on the basis of the model of Tung
and Dhir, especially concerning a reduction fadtorthe interfacial term and modification of
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the flow pattern transitions depending on the pkatiliameter. Further modifications have been
performed here, due to remaining deficits (see@e@.2.4). The main overall objective of these
modifications is to reach a unified descriptionfridétion for different flow configurations which
can be used in the multi-dimensional codes in otdemalyze adequately the coolability under
reactor conditions. For this purpose, the varidosv fconfigurations under 2D/3D situations
must in principle be captured, especially the naetermining conditions of counter and co-
current flows of steam and water connected withatiogh bottom flooding situations.

In order to validate the friction model, equatiofis51) to (2.63), an extended number of
experiments from the literature have been calcdlaere with MEWA comparing the different
modeling approaches. These experiments mostly semetermine the maximum heating power
(dryout power, dryout heat flux), that can be resm\¥rom a debris bed with different flow
conditions, especially for top and bottom floodingith the model, the DHF is determined in a
similar way as in the experiments: the volumeteathflux is increased in small steps and kept
constant for a sufficiently long period (10 to 1%notes). First occurrence of a dry spots is in
both top and bottom flooding cases taken as DHterawn and the corresponding power is
considered as the dryout power.

Under top flooding, the counter-current flow siioatyields limitations to water inflow from top
(see Figure 3.1). With bottom flooding, in addititman overlying pool, the water inflow from
bottom prevails over the whole bed height whenhibating power is small enough (mass inflow
> evaporation within height). However, with a lalewater column providing water inflow at
the bottom, this depends in a self-regulating waytte feedback with the development in the
bed, especially the void buildup there, which deiaes the driving pressure difference. If, with
higher bed power, the water inflow is not suffidcieadditional water inflow from top may
support the cooling in upper regions. Then, DHIgasermined under the mixed influences of
top and bottom water inflow and correspondinglyflgtion in counter as well as co-current
configurations (see Figure 3.1). Thus, since Bictdetermines DHF, as already outlined above,
these experiments on DHF, especially with varioasvfconfigurations, serve to check the
friction laws in an integral way.

Figure 3.1: Water and steam flow under top (left)d abottom (right) flooding
experiments.
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3.2.1.a Hofmann top and bottom flooding experiments [46]

In these experiments, an inductively heated bet witrosity, = 0.405, spherical particles of
diameter, @ = 3 mm at ambient pressure (p =1 bar) was usee@sd lwell-documented
experiments are still outstanding since in conttastost other earlier experiments, they have
been performed for both top and bottom floodingdithans, where the water could enter only
from the pool above the bed, and for conditions nehtbe bottom of the bed was connected by
an external pipe to the pool on top. The latterfigmmation is denoted by “bottom flooding” in
the following, although water access is possibdenfboth top and bottom in this case.

Table 3.1shows the results for the dryout heat fhalculated with the MEWA code using
different friction models. A significant improvemenwith the new friction description, modified
Tung & Dhir (MTD) model (see equations (2.51) ta6@), can be observed considering the aim
of a unified description, here for both top andttt flooding. A rather good agreement with the
experimental DHF results is achieved with the MTBsctiption. The other models fail to
reproduce the experimental result either for topbottom flooding. Especially, the Reed
correlation (equations (2.39) to (2.44)), adaptedop flooding, yields lower DHF for bottom
flooding. Since interfacial friction acts suppogifor water inflow from bottom and subsequent
upwards flow but hindering for inflow from top (i.different in co- and counter-current flow)
the Reed correlation, without explicit interfacifiiction term, cannot be adapted to both
situations. The Schulenberg & Miller (SM) improwsed concerning bottom flooding but not
sufficiently. The lower dryout heat flux predictiamth the original Tung & Dhir (TD) model
including interfacial friction indicates that théfext of interfacial friction for inflow of water
from top in a counter-current flow is too stronghile the correlation is adapted to bottom
flooding. Werner Schmidt (WS) improves the Tung &iDmodel concerning top flooding but
not sufficient for bottom flooding while yielding tstrong reduction for bottom flooding case.
The new approach (MTD) introduced in the presamdysby considering weak supporting effect
for bottom flooding (increase of DHF) and too sgarduction for top flooding (see equation
(2.63)) appears as the best compromise for botlandpottom flooding.

Table 3.1: Dryout heat flux (DHF) calculation widifferent friction laws on Hofmann
top and bottom flooding experiments.

DHF [kW/m2]

Top flooding Top + Bottom flooding
Experiment 910 2088
Reed 952 1284
Schulenberg & Muller 861 1665
(SM)
Tung & Dhir (TD) 595 2089
Werner Schmidt (WS) 950 1535
Modified Tung & Dhir 886 2000
(MTD)
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3.2.1.b DEBRIS top and bottom flooding experiments withyqi$perse spherical particles
[47]

The bed is composed of 6/3/2 mm particles (masgposition: 50 % 6 mm, 30 % 3 mm , 20 %
2 mm). In this bed the measured porosity is 0.36omF single phase pressure drop
measurements, taking this porosity, the effectiagtigle diameter, calculated by means of the
Ergun law is 2.9 mm (surface average value 3.50.n7in¢ experiments have been performed
for both top and bottom flooding conditions. Thdtbm flooding is provided by a lateral water
column of the height of the bed.

Figure 3.2 shows the comparison of the DHF caledlaty MEWA using different friction
models with the measured experimental results. ddmparison again confirms the MTD
approach, especially against those of Reed anthatifjung and Dhir (TD), but again also with
advantages concerning the other correlations. TRERRIS results confirm the strong increase
(about twice) of the DHF with bottom versus topofliing also for the poly-dispersed debris. In

Figure 3.2: Dryout heat flux measured in DEBRIS &yl bottom flooding experiments
with debris bed composed of poly-dispersed sphatedifferent system
pressures and corresponding MEWA results usingmifft friction models.
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case of bottom flooding, a natural circulation loigpestablished due to the lateral pressure
difference between the pure water column and themgeam column in the bed. This natural
circulation driven cooling supports water inflow ihe bottom bed regions and alleviates the
counter-current flow limitation and therefore inases the DHF value.

In order to confirm the adequacy of the friction debover a large bandwidth of conditions,
MEWA is applied to further experiments. Since theeB, TD, SM or WS friction models fail to

reproduce the experimental results either for toppaitom flooding conditions (see Table 3.1
and Figure 3.2) and the new MTD correlation yielde$t results, only the latter are further
applied.

3.2.2 Mixed and irregular particles

3.2.2.a DEBRIS experiments with irregular particles [49]

In these experiments, the bed was composed of 4@&meo % irregularly shaped alumina
particles and 52 % steel spheres. The aluminacpestiresulted from PREMIX melt-water
interaction experiments [41] performed at FZK (Febieng Zentrum Karlsruhe), in which molten
alumina was poured into a water pool. It was casrgid to use typical particles from breakup
and settling experiments in the DEBRIS experimezggecially in view of character shapes.
However, this approach is limited due to the nekd lmrge amount of steel particles to enable
induction heating. Further, the breakup processh valumina is typical concerning high
temperature, but especially not with respect tontiedt density tending to yield larger particles.
Nevertheless, these experiments can at least lea &k an approach to more realistic irregular
debris which has some link to the real process.pirécle sizes from the melt-water interaction
ranged from 2 to 5 mm in diameter and the additispherical steel particles were composed of
19 volume % with 3 mm and 33 volume % with 6 mmnuiéder. For this bed, produced by
mixing of the particles, the measured porosity Wda38. From single phase pressure drop
measurements, taking this porosity, the effectiatigde diameter, calculated with Ergun
correlation is 3.2 mm. In these experiments, thgulr heat flux was measured for different
system pressures (1, 3 and 5 bar).

A comparison between the experimental dryout Heatdnd MEWA prediction with the MTD
model is shown in Figure 3.3. From Figure 3.3, caa conclude that the MTD model gives
good agreement in predicting the DHF also for bedl mixtures of irregular particles using
the effective particle size calculated from thegkrphase flow measurements of pressure drop
in the bed. This shows that determining the bedattaristics by single phase flow through the
bed is sufficient to get good results also fortthe-phase flow using the related MEWA-model.
But, determining the bed characteristics directlgnf fragment-size distributions is more
difficult. From experimental experience it appetingt effective sizes are in the range of surface
averaged values or even smaller. On the other hzordsities appear to be higher with debris
from settling processes than from mixing of paetcin counteracting experimental debris. Thus,
this indicates the need for extended experimentrder to better evaluate realistic quantities
and also for the model application to reactor cthowls, to check effects over a sufficient variety
of conditions.
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Figure 3.3: Dryout heat flux measured in DEBRIS expents with the debris bed
composed of irregular mixed particles at differsystem pressures and
corresponding MEWA results using modified Tung &IDMTD) friction
model.

From Figure 3.3, it can be seen that the DHF irsggavith increasing system pressure. This can

be explained by the increasing density of steanthWigher pressure the produced steam fills

up less volume fraction due to the higher dendityerefore, more steam can escape from the
bed.

3.2.2.b STYX experiments at VTT (Finland)

In prototypic situations, mixtures of particlesdifferent sizes and irregular shapes are expected,
as e.g. obtained in the FARO (Magallon [26]) andFOIR (Karbojian et al. [40]) experiments.
In the STYX experiments (Lindholm et al. [48]) pmrhed at VTT, Finland, a broad particle
size distribution based on the data from diffeiateérnational fragmentation tests, especially the
FARO experiments. Alumina sands have been usedréslps.

The porosity of the STYX bed has been determinedaiseparate test bed as 0.37 and
measurements of the single-phase pressure drosibed yielded an effective particle diameter
(friction loss diameter) of 0.8 mm by use of thasslical Ergun laws. Whereas surface mean
diameter is 1.9 mm. Thus, effective particle dianeffriction loss diameter) is smaller
compared to surface mean diameter. Resistancerdieatdedded in the gravel are applied to
simulate decay heat. A local dryout is determined aa sustained temperature rise at a
thermocouple location and that is taken as theraoi for the DHF.

Figure 3.4 show the results of STYX test series ealdulations with MEWA applying MTD

friction laws. Compared to DEBRIS experiments, tB&lF values are low. The low
experimental DHF in STYX experiment can be undedtby the smaller effective particle
diameter. The MTD model gives again rather goodeagrent with experimental value,
especially for high system pressure (7 bars), wbkidene under prediction for low system
pressure.
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Figure 3.4: STYX experimental DHF versus MEWA prgdin under top flooding
conditions using MTD friction model.

3.2.3 Experiments with two dimensional cooling effects

3.2.3.a POMECO experiments with central downcomer

The POMECO experiments (Konovalikhin [53]) wererat out at KTH Stockholm. The focus
is placed on the enhancement of the dryout heat iy using downcomers considered as
possible AMM measure for reactors. A central downeo is built in the debris bed which
enables to flow from the top water pool to the tattof the bed and develop a two phase natural
circulation flow loop, driving water into the bebm bottom.

The bed is composed of sand particles with meaticfgasize of 1 mm and porosity 0.36. The
cross-sectional area of the test section is 350x880rectangular. The maximum height of the
sand bed is 450 mm. The bed is placed on a pegfbgaate which is 50 mm above the bottom
water pool. A pipe with 30 mm inside diameter iaqad in the middle of the debris bed in order
to serve as a downcomer of water flow. Electrictéwsaare uniformly embedded in the bed to
provide internal heating. A schematic diagram & BOMECO experiment is shown in Figure
3.5.

Figure 3.5: Schematic of POMECO experiments.
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Figure 3.6: MEWA calculation for POMECO (half bedcton: axisymmetry): heat

load 355 kW/m (heat flux to be released at the top surface @bid).
Calculations have been performed with MEWA applythg MTD friction model. Results of
MEWA calculations are given in Figure 3.6. In tligyure, natural-circulation-driven cooling
due to the lateral pressure difference between hperostatic heads of pure water (in
downcomer) and the water/steam mixture (in the kbedylemonstrated for the case with
downcomer. The prediction of DHF is 355 kWF,nonly a little higher than measured (331
kW/m?). Figure 3.6 gives the calculation for 355 kV¥/amd shows the beginning of dryout near
the top of the bed. For comparison, the MEWA caltiah for the top flooding case without
downcomer vyields dryout already with about 236 kW/experimental value 222 kWfn
Overall, the calculations yield good agreement whigy experimental results and also the dryout
behavior for natural-circulation-driven flow is acately captured by the model.

3.2.3.b  COOLOCE experiments Takasuo et al. [60] with cohip=d

The MEWA code is applied to perform post-test clattans on COOLOCE experiments [60]
carried out by VTT in Finland. In these experimedigout behavior was investigated for two
different bed configurations: cylindrical beds arahical beds. Again, the validation of MEWA
concerns here more the integral aspects of behangtated to the water inflow, which here
depends on the bed shape, and the resulting fltierpa. The cylindrical debris bed has a height
of 270 mm and a diameter of 310mm. The conical iddiid has a height of 270 mm and a
bottom-diameter of 500mm. The two bed types arevahia Figure 3.7. Wire nets were used to
prevent the particles from leaving the bed durlmgyéxperiments and to hold the conical test bed
in shape. The cylindrical test bed was installeéd an inner cylinder and the top of the test bed
was also covered with a wire net to facilitate impding. The particles are ceramic beads made
from zirconia/silica, with diameters between 0.8 dn0 mm. The bed porosity was 0.38. The
relatively small particles were chosen to reachdh@ut with the limited power of the heating
system.
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Height 270mm, diameter 310mm Height 270mm, diam&i&mm
Figure 3.7: Cylindrical (left) and conical (righbeds in the COOLOCE tests ([60],
[91]).

Figure 3.8: Heating bar and thermocouple arrangé&meh the cylindrical (left) and
conical (right) test beds in COOLOCE experimen@®]][91]).

Pictures of the heating system used for the tett both beds are shown in Figure 3.8. Vertical
heating elements penetrating into the debris bediaed to simulate volumetrically heating due
to decay heat. The tests were carried out at diftesystem pressures, ranging froml to 3 bars.

In the experiments the debris beds are submergedvimter pool at saturation temperature.
Water can penetrate the cylindrical debris bed émgn the top, while penetration via the sides
should play a role in the conical configuration.

Figure 3.9 shows a comparison of measured dryowepmoat different pressures with MEWA
predictions using the MTD friction model. It can $®en that the calculated dryout power agrees
well with the experimental measurements. The ressidiggest that the key phenomena of the
dryout behavior are accurately captured by the rinimddoth configurations.
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Figure 3.9: Comparison of measured dryout powetiféérent pressures with MEWA
predictions using MTD friction model; results foyliadrical and conical

bed with same height of 270 mm, bed porosity 0.38 jparticle diameter
0.9 mm.

The different flow configurations resulting frometicalculations for the different configurations
can be seen in Figure 3.10 and Figure 3.11. Ircyhedrical test bed, a uniform lateral behavior
concerning saturation as well as water down-floaldgd in spite of the rather large diameter of
31 cm. This is probably due to the high frictiorttwihe small particles and the resulting small
penetration velocities. The counter-current flomaiion of water and steam yields limitations to
the water inflow from top, already with still sidigiant volume parts of water in the whole bed.
At dryout condition, all the water, which infiltied the debris bed, is evaporated before it reaches
the bottom of the bed. Therefore, the first drye@formed near the bottom of the test bed as
shown in Figure 3.10. The flow pattern resultingnirthe simultaneous access of water in the
conical bed configuration is depicted in Figurel3.8howing the steady state distribution of
saturation and liquid velocities at a power claséhie dryout power. It can be seen, that water is
entering into lower parts of the bed, supplying tipper parts of the bed which otherwise may
already be dry. This is the reason why the dryawtgy in the conical configuration is about 20 -
30% above that of the cylinder with the same heilih$ also indicated in Figure 3.11, that the
position with the highest void fraction in the ccaili configuration is close to the top. Thus,
dryout and temperature escalation is predictedhat position, when the limiting power is
exceeded. In fact, this was also detected in tperaxent.
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Figure 3.10: Saturation and liquid velocities coed for COOLOCE test [60] with
cylindrical bed close to dryout power.
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Figure 3.11: Saturation (liquid volume part insidee bed) and liquid velocities
calculated for COOLOCE test [60] with conical bédse to dryout power.

3.24 Conclusions on validation under boil-off conditions

The validation calculations on the coolability lisiunder boil-off conditions particularly
highlighted the importance of adequate constitutaves for the friction, especially the explicit
consideration of water/steam interfacial frictidihe MTD law includes interfacial friction and
is considered to be justified for all cases takerehThe significant enhancement of the dryout
heat flux due to combined water supply from thetdatand the top of a debris bed which is
observed in experiments is consistently also ptedizith MEWA using the MTD friction law.
This is important for realistic multi-dimensionabrdigurations, where combined top/bottom
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flooding is provided either via downcomer-like sttures or due to the shape (e.g. mound shape)
of the bed.

Further, it is to be remarked that the validatioaicalations with MEWA cover major
experiments with a large range of conditions:

Debris sizes from 0.8 to 3 mm,

Spherical mono-disperse/ poly-disperse, irregutaps/ size distributions,

Flooding modes: top / bottom / downcomer / 2D

Pressures up to 7 bar
Major quantities measured in the experiments ttaat be used for the evaluation of the
calculation results comprise dryout heat fluxes dn@ut locations. From the results presented
in this section, it can be concluded that the kegnmmena of the dryout behavior are accurately
captured by the model. Major experimental trendsceming flooding mode, effect of system
pressure and 2D effects are always well reproduced.

3.3 Validation with respect to quenching of hot debris

Quenching experiments are partly more challendiag toiling tests, especially aiming at high
temperatures which may be reached in a reactodexci The experimental data are presently
restricted to initial temperatures of the bed bell®@0°C. However, the temperatures are high
enough to comprise the transition between boilirgimes, from film to nucleate boiling
conditions.

Concerning the flooding mode, experiments with isgab injection velocity and experiments
with gravity driven inflow of water are availabl€he gravity driven mode is more relevant for
rector situations and also more challenging forriaels to correctly predict, since the water
inflow rate is a result of the quenching processt, a prescribed fixed boundary condition.
Frictions as well as the buildup of counter pressiuwe to evaporation and water level increase
in the bed determines the development of the wafkaw. On the other hand, tests with fixed
water inflow rates are easier to interpret and rand allow a more detailed comparison of
calculations with experimental measurements. Suplerments have been performed in several
experiments, earlier experiments, at Brookhaveroritory (Tutu et al. [61]), PRELUDE
(Repetto et al. [62]) at IRSN and DEBRIS (Rashidlef64]) at IKE.

3.3.1 Experiments with fixed injection rates from bottom

Several experiments have been performed in the RRE._test facility at IRSN in order to

investigate the quenching behavior of hot debrithwixed water injection rates from the

bottom. The test section consists of a cylindrlwadl with internal diameter of 174 mm and bed
height 200 mm. The bed is composed of 4 mm stdwres. The porosity of the bed is about
40%. In order to support the test bed, a quarttigadayer of about 60 mm is placed on the
bottom of the test section. The debris bed is loeafe to the desired initial temperature by
inductive heating and heating is maintained duthmgtest in order to simulate the decay heat.
For these tests this heating power is about 200@gWke initial temperature inside the bed is up
to 700°C. The experiment is carried out at 1 batesy pressure. The hot debris is flooded from
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Figure 3.12: Sketch of PRELUDE experiments (all elisions are in mm) [62].

the bottom with cold water. The temperature of itjected water is about 20°C. Four inlet
water velocities have been used, namely 0.55, 2.8,and 5.5 mm/s. The temperatures at
different positions inside the bed and the steaw flate generated during the quenching process
are measured. A schematic diagram of the PRELUBEdehown in Figure 3.12.

These experiments are simulated with the MEWA cdde heat transfer model described in
chapter 2.2.4 has been applied. In the frictiorcdeson, the MTD model has been used. The
purpose is to validate the integral MEWA model aaming the prediction of the quenching

front progression inside the bed for different atien rates as well as the steam outflow rates.
The latter gives more insight into the quenchingcpss especially about transitions in heat
transfer models.

Results of MEWA calculations concerning the quenghront propagation at the center of the
bed together with experimental measurements argrshio Figure 3.13. The experimental

guenching front progression appears to be well Imyethe model. Water first enters the cold,
unheated quartz bed. Since no evaporation take®,pthis yields a steep slope up to 0 mm.
Then the water enters the hot debris of about 708°@early constant velocity of quenching

front then establishes, smaller than the injectielocity, due to the evaporated part of water.
With higher injection rates, higher quenching frorglocities are calculated by MEWA

consistent with the thermocouples reading measuartte experiments.

A further measurement allowing model validatiorgigen by the steam outflow rates. Figure
3.14 shows the comparison of measured and caldutagam mass outflow rates. A transition
from a plateau-like steam flow at smaller watetawf rates to a peak type steam flow at higher
water injection rates can be seen which is rattel predicted by the model. The difference in
behavior is related to a more rapid quenching therer progression (plateau) versus the
opposite (peak). This means, in the plateau caseytienching is so rapid compared to water
progression that the quenching zone becomes rétirer A steady progression with constant
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evaporation rates according to the progressioncitglis the result. However, in case of higher
injection velocities, the water progresses moradigpthan quenching, possibly due to film
boiling at high bed temperature. Thus, an extenueat transfer (boiling) zone is established
behind the water front. This thick quenching regioelds rapid evaporation after collapse of
film boiling, thus yield peak-like steam outflomes.

Figure 3.13: Comparison of calculated and measupeehching front progression for
PRELUDE experiments with different fixed injecticete from bottom: initial
temperature inside the bed up to about 700 °C antitfe diameter 4 mm.

100
Tp =700 C, Dp =4 mm - eFExp0.55
0 80 == <Exp 1.3
O)
; == eofEXp 2.7
? = MEWA 0.55
& = MEWA 1.3
£ 40 e MEWA 2.7
& e MEWA 5.5
7))
20
O 1 T

0 50 100 150 200 250 300 350 400

Time [s]
Figure 3.14: Comparison of calculated and meassteam mass outflow for PRELUDE
experiments with different fixed injection rate iimo bottom: initial
temperature inside the bed up to about 700 °C artitfe diameter 4 mm.
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Both the magnitude and duration of steam flow is/weell predicted for the two smaller inlet
velocities (see the blue and pink curves in Figufel). For the two highest inlet velocities, the
experimental observations show a strong peak andteady-state behavior. The calculations
reproduce the magnitude of the experimental pdaksthe total steam outflow time is shorter in
the calculation than those observed in the experisnd.g. in the experiment with inlet velocity
of 5.5 mm/s, all thermocouples show quenching atualb0 s which is also reproduce by
MEWA calculation (see red point and red line inu¥gy 3.13) but steam outflow lasts up to 90 s
in the experiments in contrast to 50 s in the datoan. Part of the differences may be due to
details of the interactions in the extended querglzione which are not captures by the model,
e.g. interactions responsible for propagation lof tboiling collapse or on the other hand, partial
re-establishment of film boiling or at least reddiceienching.

The question arises which behavior is relevant uneletor conditions, plateau or peak i.e. thin
or thick quenching zone. In realistic debris couafagions, water inflow into the debris beds is
driven by the hydrostatic head of external water by pressure differences, not established as
fixed inflow. Additional calculations with a drivqhnwater column indicate that only the lowest
inlet velocities (< 1.5 mm/s) are realistic undecls conditions and a column and bed height of
about 20 cm. Thus, a thin quenching front due davgbrogression of water in the bed yielding
the plateau behavior may be more typical and mag bk valid for reactor conditions. This
justifies even a simplified approach for the heansfer model, details in the thin quenching
zone are less important. With the present modgkfaatory agreement is obtained for the cases
with higher inflow velocities and the transition behavior between plateau and peak is also
quite well met. This further increases the confmerior the evaluation of quenching of hot
debris with the model even in case of high watéowm

3.3.2 Quenching tests with external downcomer

In the DEBRIS quenching tests (Rashid et al. [6#l¢ cooldown behavior of strongly

superheated particles was investigated, also uaddsient pressure. As in PRELUDE, the
purpose of this experiment is to provide betterarathnding and support of the modeling of the
guenching process. The bed was heated up to tlirediésmperature (initial temperatures up to
700° C) and, after switching off the heating powguenched with cold water. The bed is
flooded either via an external downcomers. l.e.these experiments the water inflow from
bottom is not fixed, but establishes under feedlveithk processes in the bed.

In these experiments the test bed is composeduk@re of 6, 3 and 2 mm steel spheres. The
height of the bed is 640 mm and the bed diameté2t%smm. The measured bed porosity is 0.36
and the effective particle diameter measured fromgle phase pressure drop is 2.9 mm. The
bottom flooding is provided via an external latesater column and the hydrostatic head of the
water column was 950 mm (see Figure 3.15). Expearimeere performed for different initial
bed temperatures varying from 400 to 700 °C. Witk tower particle temperatures higher
guench front velocities were obtained in the experits.

The calculations have been performed with the MEWde for axisymmetric geometry. The
driving head from the lateral water column is cdeséd in the calculation by imposing the
pressure corresponding to the system pressure-os$tatic head of water column at the bottom
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Figure 3.15: Schematic of DEBRIS experiments witemal downcomer.

of the bed. This pressure is considered constainaisag no driving head loss due to pipe
friction.

As in the experiments, axial and radial temperapradiles have been chosen with lower bed
temperatures at the bottom and the outer boundémiesr the wall). Results of the MEWA
calculation for the test BF400 are shown in FigBuk6. In this figure, the status of cooling and
water filling inside the bed 75 s after start oftevainflow is shown. It can be seen that the
quench front progression is not homogeneous; waretrates preferably at the outer region of
the bed (also observed in the experiments). Thisiésto the lower bed temperature there.
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Figure 3.16: Distribution of temperature and sdtara(water contained inside the bed)
from a MEWA-2D simulation for the test, BF400.
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Figure 3.17: Comparison of measured and calculgteehch front progression in the
center of the bed for bottom-flooding with diffetenitial bed temperatures.

Experimental results for the quench front propamgmain the center of the bed with different
initial temperatures between 400 to 700 °C are mgiire Figure 3.17 together with MEWA
simulation results. The MEWA results agree well hvihe experimental results. A thin
quenching front due to slow progression of wateefage water inflow varies from 1mm/s to 2
mm/s) and rapid quenching results from the calauiat With the higher particle temperatures
lower quench front velocities are obtained botlthia experiments and in the calculation. This is
expectable because a higher thermal energy has terboved from the bed. However, it is
surprising that there is a significant shift betwebe results of BF400 and BF500 being close
together and, on the other hand, BF600 and BF70@gb&lso close together. This can be
explained by the initial axial temperature profilssshown in Figure 3.18 for BF500 and BF600.
In the lower bed region, the bed temperature ofHS much lower, thus allowing much more
rapid quenching and water progression in the lodvem, as also visible in Figure 3.17. Then,
the slopes of BF400 and BF500 in Figure 3.17 becologer to BF600 and BF700, i.e. the
significant shift disappears.

Figure 3.18: Initial temperature profile inside thed for tests BF500 and BF600 DEBRIS
experiments.
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3.3.3 Experiments of Tung and Dhir with stratified bed geometries

In the experiments of Tung and Dhir [68] coolingnddions of debris beds with variable
permeability in the axial and radial direction wameestigated. As a background with respect to
reactor conditions, non-homogeneities in a bed #r&lr consequences can be considered.
Especially, the question arises whether and to kwiiegree partially higher permeability can
contribute to coolability. The experiments usedkarticles heated inductively up to 630° C.
The beds were flooded either from the top or foitme bottom. In the bottom flooding
experiments, the water entered through a pipe ateddo a large reservoir which provided a
constant hydrostatic pressure head.

Figure 3.19 gives the results for an experimenhaitvertically stratified bed, where the lower
half was composed of spheres of 3.18 mm diametkttaupper half of 6.35 mm spheres. The
driving pressure for bottom flooding was provideg & water column of 50 cm. The quench
front progression for two different bed temperasupgedicted by MEWA lie well within the
experimental range measured in the middle(R=0) thedperiphery (R=25.4 mm) of the bed.
The quench front progression is slightly fastertle upper half of the bed. This can be
understood by the smaller friction with the largarticles there.

As a further case, top flooding of a radially sfratl bed is simulated. Here, an inner region (55
mm diameter) was composed of spheres of 3.18 mmeade and the outer region (up to 85 mm
diameter) with spheres of 6.35 mm diameter. Théalgdstratified configuration is especially
interesting since it imposes a multi-dimensiondidor which gives the opportunity to check
the code also with this respect. The bed was hegidd an initial temperature of 630 °C. Figure
3.20 shows the comparison of measured and predgiedching behavior. The quench front
progresses much faster downwards in the outer medice to higher permeability (larger
particles). Part of the inner region is quencheunfithe bottom after the water has reached the
bottom in the outer part. This behavior is wellraghuced in the MEWA simulation (see Figure
3.21). MEWA overestimates somewhat the downwarchgi@g progression in the center part
(see experimental and calculated points for inegion at 37.0 cm height in Figure 3.20).

Figure 3.19: Quench front propagation in experirmaitTung and Dhir [68] with bottom
flooding of axially stratified bed (initial partiel temperatures 400°C and
525°C).
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Figure 3.20: Quench front propagation during topodling in experiment of Tung and
Dhir [68] with radially stratified bed at 630°C tial temperature.

Figure 3.21: Temperature distribution (color shadedl liquid velocities (arrows) from
MEWA simulation of Tung and Dhir top flooding expeents with radially
stratified bed at 447 s.
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3.3.4  Conclusions on validation for quenching

Validation calculations for quenching of superhdaieitially dry debris beds were performed
for different experiments, addressing various atspefcquenching:

different flooding conditions with forced water Wofrom bottom, water flow driven by
gravity either via internal or external downcomansl top flooding;

guenching of particulate debris beds composed féérdnt steel spheres addressing the
quenching of non-uniform beds;

effects of initial bed temperatures on quenchigtiprogression
effects of vertically and laterally stratified bednfigurations;

Major experimental quantities that can be usedHerevaluation of the model results are local
temperature measurements, which also are usedataathrize the quench front propagation, as
well as steam and water flow rates, which allovomparison based on integral features.

In general, it is found that, except in cases Watlge forced bottom injection, water moves into
the debris bed in a slowly propagating front duehigh friction, and the quenching is rapid
enough to occur in a thin front (*frontal type”)htds, a detailed modeling of heat transfer
regimes is less important, rather an appropriaserg@ion for the friction is essential. Even in
cases with higher inflow velocities of water stifitisfactory agreement is obtained in the cases
considered. But it should be remarked that thedatibn is limited to significantly smaller
temperatures in the experiments than to be expéatedactor conditions.

Qualitative trends e.g. top versus bottom quenabntfrprogression are generally well
reproduced. It is shown that quenching from thedmotis more effective than top-flooding, due
to co-current flow of water and steam. In case$ witenching from the top, non-homogeneities
(stratification) or downcomers favor the local peagon of water to the bottom, with
subsequent quenching of the remaining bed frommpeldhich provides an effective mechanism
for faster cooling.
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4 Coolability of In-Vessel particulate debris

Key investigation phases and situations of in-vieseeling concern re-flooding of degraded
core and quenching of hot debris beds formed inltiweer head. Melt pool formation or
coolability of particulate debris is the major isstoncerning melt retention in the core and the
lower head. Calculations for reactor conditions emeied out to assess the capabilities of the
MEWA code as a tool to explore the above issueeimegal and to draw overall conclusions on
coolability of in-vessel particulate debris

4.1 Quenching of a hot, degraded core

Due to loss of coolant in the frame of a severedaet, heating and melting may create a
strongly degraded, partly molten core with relodateaterial and broken parts. The addition of
water to this very hot core may produce extendedicpdate debris in the core region as

observed in TMI-2 accident (Reinke et al. [19])fiist goal is to quench the hot core including

debris beds to a low temperature in order to estatd steady state of long-term coolability

afterwards. Although a hot region may be maintaisedle under cooling, a risk remains that
poor debris bed quenching can lead to a strong e¢emtyre rise and debris bed melting with

molten pool formation, growth and possible relamatinto the lower head of the vessel. The
major question is then, whether a cooled state wothtinued quenching or formation of a melt

pool results by strong increase of temperaturearispof this debris, due to decay heat and
insufficient water access. A difficulty of exploi@ and of concluding about this issue is that
the configuration of an in-core particulate delmésl is hardly to be determined from an accident
sequence due to significant uncertainties in thérideformation processes. Therefore,

calculations are to be carried out with parameftgicassumed configurations. The chances to
reach coolability by considering the key supportiag well as counter effects are to be
considered. A key question for reaching conclusesallts is weather strong tendencies in either
direction supports such results for a significartge of realistic conditions, thus counting them
plausible in spite of the uncertainties.

The experimental studies of Ginsberg et al. [66)wshthat cooling can be achieved most
effectively if water can enter laterally or fromltw with sufficient driving head to overcome
the friction resistance to penetration through dieéris bed. In the reactor core, similar effects
are expected from lateral water inflow via the ateore or bypass region. The multidimensional
effects of water inflow from the sides and belogether with the cooling effects of steam flow
through the hot dry zone are considered signifiganot facilitate the quenching process. On the
other hand, high temperatures and small partidendters in a debris bed make the quenching
more difficult. If quenching of the dry bed is mapid enough, then heatup by decay heat in still
dry regions may again yield melting. Therefore, rafes to reach coolability by quenching
before reaching the melting temperature are taxpéoed.

In the following reactor application, a pressurizedter reactor with thermal poweg B 2700

MW and a total core mass M = 125 tons has beenidenesl. It has been assumed that most of
the fuel rods and other core materials are sevel@tyaged and form a particulate debris bed in
the core region as can be seen in Figure 4.1. Tass rof the debris bed, i.e. the amount of
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Figure 4.1: Configuration of degraded core as paldie debris surrounded by intact fuel

rod and bypass region.
collapsed and damaged rods is considered at abBOubh. The rest of the fuel rods surrounding
the debris bed are assumed to be intact. In timeefiaf the porosity approach, the intact core part
is described by a porosity of 0.55. At the sideshefcore significantly increased permeability is
assumed to simulate the bypass (see in Figure 4.1)

An average debris bed power q = 220 W/kg is imppsedsistent with the core decay power
level reached approximately 2 hours after the orastram and this heating power is kept
constant during the calculation. In the presentysiga system pressure of 10 bars has been
chosen, which is much lower than in the TMI-2 aeaid(about 100 bars, see Miller [92]). In
general, there is an increase in coolability witlireasing system pressure due to the higher
steam density (see chapter 3). However, in viewdebressurization measures established
meanwhile, lower pressure is more realistic. Furtimeorder to get an overall impression about
cooling options, as an aim of the present work, enaynservative, i.e. less favorable cooling
conditions are to be assumed.

During a severe accident with water loss, a sigaift heatup of the dry core may occur before
cooling measure can be re-established (see SediyafFirst attempts may yield a degraded core
as assumed here, which is still hot, before cootilsuwater supply may be realized. In order to
start with somewhat challenging condition, an &itemperature at this time of beginning water
supply is assumed, here a uniform core debris testyre T, = 1500 K. A coolant mass flux of
water of 13.5 kg / (m2s), i.e. a total flow of 6@/&, via the downcomer is taken as a realistic
choice. Saturated water is assumed under suppth&idowncomer (f:at 10 bar = 452 K).

Bed porosity and particle sizes are the key pararsatetermining quenching when operating
conditions like system pressure and water supptyane constant. Concerning porosities, a
standard value of 40% has been chosen, which caviarge bandwidth of debris beds. A
uniform effective particle diameter is assumed saded from 3 mm to 1 mm. The aim is to
search for the coolability limit due to too largefion in the debris bed.



CHAPTER4

The calculations with MEWA have been performed I @ylindrical geometry. Calculation

results show complete quenching occurs for 3 antparticle beds but not for 1 mm. Results
of MEWA calculation concerning development of sation (water volume part inside the

pores) and water velocity in a 2 mm particle bee sinown in Figure 4.2. Here, successful
guenching of the in-core debris due to multidimenal effects is illustrated. Water rises in
lateral and intact core regions from flooding \na downcomer. Then, sideway inflows of water
into the degraded debris, especially via lowerargj are driven by the external water column
head of downcomer. After about 502 s the waterl levthe external core region is high enough
to allow the debris bed flooding from the top. Penetration of water from the top of the bed is
limited by the strong steam flow resulting from pgeation of water at the bottom. As a result, a
liquid water pool forms above the debris bed arelupper part of the bed remains dry for long
time. This region is subsequently quenched by wiaben below, as water is continuously driven
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into the bed by the hydrostatic pressure difference
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Figure 4.2: Development of saturation and liquidoegy during the quenching of hot
debris of initial temperature 1273 K, particle szenm, porosity 0.4 specific
power 220W/kg in the core at 10 bar system pressure
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Figure 4.3: Particle temperature versus time atterefradius r = 0) and different
elevations (Z) for debris bed of initial temperauw273 K, particle size 2
mm, porosity 0.4, specific power 220W/kg in the eat 10 bar system
pressure.

Complete quenching occurs in this case at aboud 448s can be seen from Figure 4.3. The
penetration of water from below leads to a fastnghéng of the bottom part. As a result
temperature rise is less in this part. Since quiegciiom top is limited, water has to fill the bed
mainly from bottom. As a result, temperature insesaupper parts of the bed due to decay heat
and acts against quenching. But quenching fromobotis fast enough that the maximum
temperature does not exceed 2750 K (Figure 4.3).

Figure 4.4 shows results of saturation and tempegdields after 478 and 2456 s for 1 mm
particle bed. From the calculated results it carsdxen that coolability cannot be achieved for 1
mm particle bed. In this case very large frictiomedto very small particles impedes vapor
removal as well as water inflow strongly. As a tesmajor parts of water coming from the
downcomer bypass the debris bed and go througlatéeal intact core region, forming a water
pool above the bed (Figure 4.4). Since quenchinglse limited from top (up-flowing steam
prevents water inflow from top), melting temperatus reached in large part of debris bed
already after 2456 s, as can be seen from Figdte 4.

Thus, the quenching calculations performed forengfly degraded core including a debris bed
show that even at a lower system pressure of 1{doanpared to TMI-2 accident) quenching
can be reached for a large debris bed of 100 tatissmall particle sizes of 2 mm, porosity 0.4
and initial heat-up to 1500 K. Effective quenchangl thus strong trends towards coolability are
supported by multidimensional effects: water flomgifrom the downcomer rises in lateral,
intact core regions and then penetrates insiddébes bed driven by the external water column.
Smaller characteristic particle diameters (lowenpability of debris) impede cooling, but very
small particles, e.g. herel mm, have to be assumgiegld melting under re-flooding. However,
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Figure 4.4: Development of saturation and liquitbegty (left column) as well as particle
temperature and gas velocity (right column) durthg quenching of hot
debris (initial temperature 1273 K, particle sizenin, porosity 0.4, specific
power 220W/kg) in the core at 10 bar system pressur

extended debris regions with such small particlggear not to be realistic. Therefore, good
chances for cooling even of a strongly degradedccba can be concluded.

4.2 Quenching of hot debris in the lower head

If the core cannot be cooled down due to decay &eatinsufficient cooling, core melting and
melt relocation to the lower plenum will occur. Theelt release from a melt pool in the core
may be expected to occur not in a catastrophic nobderge break, but with outflow from holes
of limited size (Sehgal [9]). Depending on the deait scenario, but typically in cases with boil-
off of water starting from a covered core, the lowead will be filled with residual water. When
the melt pours into this water the jet will breai which are partly quenched and solidified
during falling in the water and then settle dowrpasticulate debris. The so formed particulate
debris will be hot and it is heated by decay heainfthe radioactive fission products that are
still present in the particulate debris. Then, ddiion with decay heat, sensible heat of the hot
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particles has to be removed which is much higherhigh temperatures than for saturated
conditions. If heat removal is not rapid enoughltimg of particles will occur and molten core
materials will destroy the vessel wall due to tharfoad.

Conditions and limits of coolability of such deblieds in the lower head are to be explored, in
order to evaluate options and chances of watectioje into the vessel, even in such progressed
states of an accident. Different possible accidem@narios have to be considered. Certainly,
TMI-2 is a key reference, where about 20 tons ofuroe was relocated into the lower head and
guenching was finally achieved at elevated presstiedout 100 bars (Muller [92]). But it must
also be considered that its special aspects catoridé extended for all possible cases. Lower
system pressures have to be considered, as domeTier question arises how the lower system
pressure affects the coolability of debris bedschSguestions have to be explored in order to
guide the severe accident management or to inadstipeasures to keep the melt safely inside
the vessel.

Essential effects are to be considered in ordgutde the investigations. As outlined in chapter
1.2.2. , lateral water injection from sides andeesly via bottom regions due to lateral
pressure differences yield a major cooling efféaten if there would be no heap structure as
considered here, the spherical shape of the vabsealdy yields lower debris heights at the sides
and thus pronounced water inflow there.

As in the core, the competition of heatup by delwaat in the dry debris vs. quenching by water
ingression decides the final success of coolings Shccess of quenching strongly depends on
initial conditions. The important conditions coresidd in this respect are porosity, particle
diameter, initial bed temperature, mass of debews, Isystem pressure, bed heterogeneities, etc.
But, due to the complexity of the bed formationgasses, there remain significant uncertainties
in these conditions. Therefore, it is required &ferm various calculations with variation of
these conditions in order to explore up to whichditons and configurations the bed remain
coolable.

An emphasis is laid on bed heterogeneities inclydiske parts. Dense regions appear not to be
coolable due to low porosity. Superposed layersenf small particles also hinder cooling. In
1D top feed configuration this yields a significaetluction of coolability (Lindholm et al. [48]).
But, in reality multidimensional effects have to bsonsidered. In multidimensional
configurations regions with higher porosity or wigliger particle size may give water an easier
flow path towards lower bed regions, i.e. a downeoiike structures may be considered to
favor supply of water to the lower bed regions.tkar, with water access to bottom regions,
steam flow from evaporating water through the drgion may strongly support the quenching
in the competition with heat-up. Exploring theseti@ps for reactor conditions and
understanding the underlying physical mechanisniistingn give an understanding of resulting
chances even with additional handicap (cake pattslow porosity).
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4.2.1 Reference calculation: representative case and obiteed results

In the following, an accident scenario has beersicaned, where the melt release from a large
melt pool in the core creates a particulate deeis in the lower head due to breakup of melt
during falling in the residual water. It is expettinat a debris bed is formed in a mound shape
configuration as shown in Figure 4.5. Further, bgianmetry is assumed. For the angle of the
cone part, an inclination = 33° has been chosen. Variants of this assumaplesfinclination)
may be considered. A typical porosity= 0.4 and a uniform effective particle diametgr-D2

mm is assumed for the bed.

The particulate debris fills the hemispherical lowgenum of radius B = 2.5 m up to a
maximum height 5= 1.65 m. In this geometry about M= 40 tons ofrdebas been assumed. A
decay power q = 200 W/kg has been applied, abougttthat assumed by Seiler et al. [29] for
TMI-2 accident. An initial temperaturg, F 1273 K has been assumed in the initially dryrdeb
bed and a system pressure p = 10 bars.

A larger amount of debris and a lower system pmeskave been considered here, compared to
the TMI-2 accident, where only about 20 tons ofiwor relocated into the lower head and
guenching was achieved at elevated pressure oft di@@ubars. In fact, the aim of this work is
not to perform analyses for specific plants andidsrds, but to investigate generic reactor
situations under challenging (less favorable ca)linonditions. Lower system pressure and
higher debris mass are less favorable for coolihgs assumed that water with saturation
temperature is introduced via the downcomer and the particle bed is flooded from above.

The aim of this calculation is to check whether rqpieng is achieved before reaching the
melting temperature. Calculations with MEWA havesbgerformed in cylindrical geometry.
Results are shown in Figure 4.6 for the developneérgaturation and liquid velocities and in
Figure 4.7 for the development of particle tempamtand steam velocity. From Figure 4.6, it
can be seen that water ingress predominantly asittes, along the RPV wall. This kind of
water ingression is supported by the shape of dtk Bue to a heap like shape, the bed height
additionally decreases from the central bed regiorike outer region of the bed. Because of the
lower bed height steam production is less thereyaer can more easily penetrate from the side

Figure 4.5: Heap-like-bed configuration in the loviiead of the RPV: maximum height
of the heap of 1.65 m, mean particle diameter 2 pomgsity 0.4 and angle of
slope 33°.
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without essential counter-flow of steam. Furthbe tower temperatures along the vessel wall
allow faster quenching of that region, as can les $eom the saturation development inside the
bed.
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Figure 4.6: Development of saturation and liquidoegy during the quenching of hot
debris (total mass 40 ton, initial temperature 1X73particle size 2 mm,
porosity 0.4, specific power 200W/kg) in the lowerad of an RPV at 10 bar
system pressure.
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Figure 4.7: Development of particle temperature stedm velocity during the quenching
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Penetration of water directly from the upper swfat the bed is limited by the strong steam
flow resulting from evaporation of water at thetbat. As a result, a dry zone in a central upper
region of the bed is maintained for longer timeeid) the temperature further increases due to
decay heat (see temperature development in Figuf® Zhis zone is finally quenched
successively by the surrounding water, flowing itite bed from bottom.

From Figure 4.7, it can be seen that complete duegcto saturation temperature is reached
after 2797 seconds. The guenching is fast enougiteeent heat-up due to decay heat above
temperatures of 2000 K. Due to the fact that thi#gobo part is quenched rapidly from the side,
the cooling of the upper parts by the gas flow dbates significantly to prevent high
temperatures.

Calculations are also performed with 60 ton deboissidering the same bed conditions. Results
show that complete quenching is not achieved foto®0debris. In this case, the temperature in
the dry part reaches melting temperature, herentakecriterion of failure of cooling. Continued
calculations taking into account melting processjtrpool formation and possible stopping of
melt progression under these conditions have nen Ipairsued in the present work. The present
modeling does not include these processes. Thesense potential for stopping the melting
progress and reaching coolability even under sociditions since the dry region where melting
starts is located in the upper region of the bedenAdelow water flow in and fills lower parts.

These calculations indicate that coolability is asteffective as in the core case since smaller
amount of particulate debris (compared to coreidehave to be assumed to reach coolability.
This may be due to the different bed configuratiauiich delayed the establishment of bottom
guenching in the lower head as compared to the @drere it starts immediately. Nevertheless,
the lower head, as a further barrier for melt redgastill yields quite some cooling potential in
case of limited melt inflow into remaining watet water supply can be re-established in time.
At least for smaller melt releases (part of thetrsgll be in the core and may be cooled there), a
significant cooling potential in the lower head apps to exist. In order to further explore the
chances and limits, additional cases considerddllasvs. These cases also demonstrate abilities
of the code to calculate various variants. Thegmesariations can only give a first perspective
about the coolability conditions in the lower head.

4.2.2 Calculations with variations of bed conditions: deay power, initial bed
temperature and system pressure

Initial bed conditions e.g. bed temperature, devegt, system pressure etc. play a significant

role to evaluate the quenching against heat up.dBpending on accident scenario and reactor

type these parameters may vary. Therefore, vangttd calculations with these parameters are

carried out in order to elaborate under which cbo$ the hot debris in the lower head remains

coolable or re-melting occurs due to insufficieneqgching.

The debris bed decay power mainly depends on tgesetl time after the reactor scram, the
release of the fission products, the corium contposietc. The decay power of corium would
be reduced from its shut down value as the time goe A thumb formula for this reduction of
decay power was introduced by Way and Wigner [88tording to this formula, if a reactor is
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Figure 4.8: Decay power versus time (for two d#far reactors) after shut down of
reactor according to Way-Wigner formula.

operated for the duratiorny Tseconds) with the thermal powey ®MW), then the decay power P
(MW) at the time t (seconds) after switching ofé tieactor is

= 88277 57 (o + )Y 4.1)

Thermal power of the reactor depends on its typkssre. For example Biblis, a German PWR
is operated with a thermal power of ~3700 MW (180&/e). On the other hand Forsmark 1, a
Swedish BWR is operated with a thermal power ofG2KMW (900 MWe). If it is assumed that

both reactors operated 36 months with the abovetiomsd power, then the resulting decay
power for the two different after reactor scramaxding to the Way-Wigner formula is shown

in Figure 4.8.

The specific decay power of the debris bed may thay depending on reactor thermal power
and elapsed time. E.g. after 2 hours of reactot dbwn a specific decay power q ~300 W/kg
may be estimated for Biblis reactor (core mass N5 tbns). On the other hand, 10 hours after
reactor scram this may go down to q ~130 W/kg forskark 1 reactors (core mass M= 120
tons).

Calculations have been performed imposing threferéit decay powers in order to consider
such variations. A specific decay power q= 200 W#&gonsidered as reference condition. Two
variations, one with g = 300 W/kg and another vgth130 W/kg have been considered in order
to cover a plausible range for reactor conditions.

The initial temperature of the bed depends on tiwdirng history of the falling drops from jet
breakup until settling in the lower head. Duringtle®g of melt drops quite some quenching can
be expected at least at the surface and with éoastation there. More elaborated analyses on
the jet break up and debris bed formation are tlegired in order to get at an approximate
result on the initial temperature of the bed. Hogrewas a first step quenching is calculated
assuming the whole bed at a given uniform inigahperature. This approach may be considered
as conservative since quenching during bed formasimot taken into account.
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Three variants of initial bed temperature are aber®d, here. The bed temperature with 1273K
is considered as reference condition. Two varigtioone with bed temperature 973K and
another with bed temperature 1573K have been chwsender to get an impression on the
influence of initial temperatures.

3000 L ¢Bed temp. 973 K
W Bed temp. 1273 }
Bed temp. 1573 }

I

I

0 100 200 300 400
Decay power / W/kg

3500

[ | ¢ Bed temp. 973 K
* mBed temp. 1273 K
Bed temp. 1573 K

0 100 200 300 400
Decay power / W/kg

Figure 4.9: MEWA results concerning quenching timhéot debris ( 40 ton, particle size
2 mm, porosity 0.4) for different specific bed povead initial temperatures:
a) at 6 bar system pressure and b) at 10 bar syst&ssure.
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Concerning system pressure, re-flooding scenariits kwwer system pressure are of major
interest since in case of a severe accident dapreagon of the vessel is foreseen as an accident
management measure. System pressures of 10 ands thdnze been considered in order to
investigate scenarios with depressurization.

Results of MEWA calculations concerning quenchinggtfor different cases are summarized in
Figure 4.9. Points are included in these figurestiie cases in which complete quenching are
achieved before reaching the melting temperatureang parts of the debris bed. In the

conditions with missing points, melting temperasuaee reached.

From Figure 4.9 a) it can be seen that even atsigstem pressure of 6 bar, quenching of 40 ton
of 1573 K debris with 2 mm diameter particle an@dPorosity is calculated by MEWA in case
with decay power of 130 W/kg.

With decay power of 200 W/kg, complete quenchinfpteereaching the melting temperature
can be achieved up to an initial temperature of31R7A lower initial temperature of 973 K has
to be assumed for complete quenching in the cadeazy power 300 W/kg.

For the two cases with decay power 200 W/kg, ihigenperature 1573 K and decay power 300
W/kg, initial temperature 1273K ,part of the bedalees melting temperature, therefore the cases
are not included in Figure 4.9 a). Although thegést fraction of the debris is quenched, the
upper central part of the bed heats up furtherfanradly reaches temperatures in excess of 2800
K as can be seen from the calculation result &3&36 s for the first case in Figure 4.10.
However, even with this result, coolability is natcluded since a melt pool forming in this
region is small and may be stabilized by the watdpbw, i.e. a maintained water flow from
bottom around the pool region.

A definite failure limit of coolability is reacheadnly for the case with high decay power of 300
W/kg and high initial temperature of 1573K. In tleise, the bed contains already high thermal
energy. Further, the density of the steam decreaghsincreasing temperature. Therefore, the
produced steam can only escape slowly throughitifetemperature bed due its higher specific
volume and yields much slower water ingression apeknching. As a result, melting
temperature is reached in a large part of the ddimd already after 2343 s as can be seen in
Figure 4.11.

However the combination of all less favorable cogliconditions e.g. large debris bed, low
system pressure, high decay power and high ingialperature may not be realistic. Change in
one parameter to favorable condition e.g. initiadl bemperature from 1573 K to 973 K yields a
strong trend towards quenching. Therefore, goodi@sato reach coolability of hot debris in the
lower head can be concluded if the debris masstitoo large.
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Figure 4.10: Development of temperature and liquatbcity during the quenching of hot

debris of initial temperature 1573 K and specifosver 200W/kg in the lower
head of an RPV at 6 bar system pressure.
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Figure 4.11: Temperature and liquid velocity dlmition calculated by MEWA after
2343s during the quenching of hot debris of initethperature 1573 K and
specific power 300W/kg in the lower head of an RBV6 bar system
pressure.

From Figure 4.9 b) it can be seen that completenchiag is supported by higher system
pressure. While partly melting is results for thedds with temperature 1573K and 200 W/kg in
case of 6 bar system pressure the similar caloulatiith 10 bar shows complete quenching
before reaching the melting temperature as caneka rom Figure 4.12. Understanding is
provided by the specific volume of steam. Produstedm in higher system pressure can escape
more rapidly due to its lower specific volume.

With 10 bar system pressure, complete quenchinglss achieved for the debris bed with
temperature 1273K and decay heat 300 W/kg. OnlytHercase with temperature 1573K and
decay heat 300 W/kg, a small part in the uppererengigion (Figure 4.13) reaches the melting
temperature which may be stabilized by maintainatewflow from bottom.

Thus, the limit of coolability increases with inagng system pressure. This means the
advantages and disadvantages on depressurizatgystein in case of severe accident should be
generally reconsidered. The advantages of depieatan of the system are considered as
auxiliary different alternative means of coolingdato avoid high pressure failure of RPV
(rocket). On the other hand the disadvantage ofredsprization is that it decreases the
coolability due to production of high volume stearhich leads slower steam escape and yield
slower water ingression inside the bed.
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Figure 4.12: Development of temperature and liqugtbcity during the quenching of hot

debris (initial temperature 1573

K and specific pol00W/kg) in the lower

head of an RPV at 10 bar system pressure calcubgt®tEWA.
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Figure 4.13: Temperature and liquid velocity diaition calculated by MEWA after
3185s during the quenching of hot debris of initethperature 1573 K and
specific power 300W/kg in the lower head of RP\L@tbar system pressure.

4.2.3 Calculations with dense a region (cake) inside thaéebris bed

Debris beds which may be formed in a postulate@rgesccident cannot be expected to have a
homogeneous structure. Lateral non-homogeneitigbeobed shape are already considered in
previous section e.g. by a variation in heightras iheap of debris or due to spherical bottom.
Further, internally less porous (less than 30%)noare porous (more than 50 %) region may
occur as outlined above. Dense regions appearonbetcoolable if the porosity is too low.
Superposed layers of very small particles hindgeeislly water inflow from above. But, in
multidimensional configurations, regions with highmrosity or with larger particles may give
water an easier flow path towards lower bed regitvater access to the bottom region due to
such multidimensional effects together with resgltcooling of upper region by steam flow may
provide sufficient cooling also in denser regionsl éhus increase the overall cooolability. This
is explored here by a MEWA calculation considerdndense region of 40 cm thicknesses inside
the debris bed as can be seen in Figure 4.14. &demse region inside the bed may e.g. result
from melting and relocation process in dry regisrohtained above.

A low porosity of 0.22 is considered in this densgion. Surrounding this region, a loose debris
bed with porosity 0.4 and particle diameter of 2 nsntonsidered. A power of 200 W/kg has
been applied and maintained during the calculattoninitial temperature of 1273 K has been
assumed for the initially dry debris and cake pad a system pressure of 10 bars.
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Figure 4.14: Configuration with dense region ofqgmity 0.22, thickness 40 cm and 1 m
diameter inside the loose debris bed (porosity lv4he lower head of RPV
bed.
Figure 4.15 shows the development of the saturatiwhwater velocity as well as temperature
history inside the bed. The debris with higher gagois quenched rather quickly due to higher
permeability. Quenching in this loose debris parfast enough that a temporary increase of
temperature due to decay heat does not exceedikkIBfe quenching of the cake region takes a
much longer time and temperatures go beyond 23@f 3500 s, although in a reduced region
(inner top region) in the cake. Complete quenchimthe cake part to saturation temperature is
reached at about 11371 s.

Steam cooling plays a significant role in the caigion by avoiding rapid heat-up as can be
seen from Figure 4.16. The saturation distributimide the bed at 5007 s indicates that the cake
region remains dry at this calculation state. Big temperature development inside the cake
region shows no further increase of temperaturer &8600s which means the limitation of
superheats of the particle is reached by the raguiteam flow from below. This enables slow
quenching by water flowing around and partiallyittie low porosity area.
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Figure 4.16: Limitation of super heat of the demset by resulting steam flow from
evaporated water below: saturation and gas veldigly at calculation state
5007 s (top) and temperature history inside the galct (bottom).

Additional calculations have been performed byeaasing the thickness of the dense region in
order to search the limit of coolability of suchnéigurations i.e. dense regions inside the bed.
From various calculations it has been found thima of coolability is reached if the region is
very thick (more than 40 cm). E.g. a MEWA calcudatiwith a dense region of 50 cm thickness
and otherwise the same conditions as in the prevease yield melting temperature inside the
cake region already after 6962 s, as can be seé&igiure 4.17. In this case, the steam flow
through the cake part is slower since it has toraee higher friction due to the larger
thickness.

Thus, the MEWA calculations give a perspectiveualgate the competition between heat-up by
decay heat and quenching with dense regions irteel@ebris bed, i.e. under conditions with

additional handicaps. The calculation results shio& quenching can even be reached with a
dense region (low porosity of 0.22) if the regiemot too thick.
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Figure 4.17: Temperature and liquid velocity diaition calculated by MEWA after
6962s during the quenching of hot debris with densgion of 50 cm
thickness at 10 bar system pressure.

Coolability even under such more complicated coond with a dense region is realized due to
inflow of water below the dense part via the regwith higher porosity, i.e. considering the
multidimensional effect. If the cake part is coms&gtl alone and flooded from the top only
(classical analysis) then quenching of this dersseip severely limited as can be seen in Figure
4.18.

In this configuration quenching is much slower sineater has to penetrate against up-flowing
steam. The ingression of water into the bed becamm® and more difficult as the quenching

front progresses because steam the flow produocedtiie region being quenched ( due to decay
heat) gets stronger with increased region undenchieg. As a result, only an upper part of the

bed (about 20 cm from top) gets quenched but tverddalf of the bed remains dry. This region

is heated up further due to decay heat and redbbeselting temperature at about 10040 s.

Superficial Lig. Vel. [m/s]
— 0.0002

Superficial Gas Vel. [m/s]
— 0.04

Time t = 10040s

Particle Temperature [K]

2,800
2,600

2,400
E.025 7500
e 2,000
k= 1,800
(3] 1,600
I 1,400
1,200
. . . . . . . E 5 o 1,000
0.0||||||||||||||||||||||||||||||||||||||||| 800
600

-0.5 -0.25 0.0 0.25 0.5 400-

Radius [m]

Figure 4.18: Temperature, liquid as well as ga®aig} field calculated by MEWA after
10040 s during the quenching of a dense layer o€mQhickness, flooded
only from top.
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5 -

In a sequence of a core melt accident, if the cor@annot be cooled inside the reactor pressure
vessel, it will settle as a melt pool at its bottand yield failure of the vessel due to heat-up and
thermal stresses. After vessel failure, melt wigicharge from the vessel as a jet into the reactor
cavity i.e. the volume below the RPV in a LWR. Tdaity might be filled with water either as a
consequence of the accident sequence or due teatechanagement measures as considered in
Finnish and Swedish BWRs. Depending on vessel hrsize (melt jet diameter,d) and height

of water pool (Hoo) different bed configurations may be envisaged thin melt jet (R =10-

20 cm) falls in a deep water pool fJa > 5 m), significant break-up of melt and formatioh
debris bed is expected (Figure 5.1). On the othedhbreakup of melt will be greatly reduced
with thick melt jets (R« > 20 cm) and also with shallow water poolsdd< 2 m). This may
result in bed configurations containing molten p&fffigure 5.1) which are difficult to cool.
Therefore, it is required to perform various cadtidns with variation of conditions in order to
gain an overall view on the chances and criticafjes. In this respect, essential effects are to be
considered to guide the investigations.

An important consideration with respect to the adeeg modeling of the processes is that a
debris bed formed by the jet breakup process ahdesuent settling of debris. Such debris
cannot be expected as fully quenched and filleth widter at saturated conditions. Rather, a hot
and dry debris bed is to be expected in a firstsph#f quenching of this hot debris by water
ingression is not rapid enough then heat-up by yéeat in still dry regions may again yield
melting. Therefore the major question concernscti@nces of quenching of hot debris before
reaching melting temperature.

Assuming the whole bed at a uniform initial tempera for analysis of coolability, as done in
earlier investigations (Fichot et al. [70], Burggral. [77]) may strongly miss the real process in
which settling of partly solidified melt drops oesusimultaneously with water inflow and
quenching. This real process of continued setttihgebris and simultaneous quenching during
bed formation is also considered as strongly faMer#or cooling. In order to explore this, the
jet breakup and particle (debris) settling modEMJ (Pohiner [81]) and debris cooling model,

Figure 5.1: Bed configurations in a deep water praodity; debris bed formed by breakup of
thin melt jet breakup and combined melt / debrisnied by breakup of thick melt
jet (right).
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MEWA (Buck et al. [69]) have been extended to tibaise combined processes in the present
work (see details in chapter 2.4). Thus, transfenination of debris bed is considered with
realistic initial temperatures of the settling paes created from the jet breakup process. With
this combined and improved model, analyses of chiegcare performed in a more profound
way in the present study, with quenching calculai@sultaneously during the formation of the
debris bed.

Other major effects on quenching of hot debris expected from decay heat (depending on
elapsed time after reactor shut-down), particlee,sized porosity, shape of the bed etc.
Approximate results on characteristic particle sizan be obtained from the jet breakup model
whereas conclusions on the global shape of theabeanore difficult and uncertain. Porosities
and their distribution in the bed appear to be awene intangible. Concerning the bed shape, a
heap like bed is to be expected, but with significancertainties concerning the angle of
descent, thus the height and spreading. Spreadayhb® favored by strong convective water
flows in the cavity. Concerning porosities, gen@lala on beds with non-spherical particles may
be applied, as e.g. 35-40%. Larger values may Ipeated for strongly deteriorated particle
sizes. The DEFOR experiments yield rather high gities of 50-60%. However, they have not
been performed with prototypical material and ctinds (especially significantly lower melt
temperatures). Thus, due to the uncertaintiesethbasameters and conditions have to be varied
in a reasonable range for reactor applications. mlagr question is then, whether a general
conclusion about quenching can be drawn and undetwconditions a limit of coolability is
reached.

In case of incomplete breakup of melt (e.g. duethwk melt jet), the resulting bed
configurations may contain molten parts at the dwtt(see Figure 5.1). For this type of
configurations a problem is that depending on temlit of this melt layer, the configuration
may not be coolable with the present SAM measuwesflooding from top only. If a non-
coolable configuration is formed, a backup measunay be required to prevent attack of the
basement by the melt. As such a measure, injecofiarater from below may be considered. The
COMET experiments at FZK (Alsmeyer and Tromm [124ve demonstrated that injection of
water into a melt layer from below is an optioratthieve fast cooling and stabilization, even for
melt layers of larger heights (~ 50 cm). An apglma of bottom injection of water as a backup
measure in a wet cavity needs further investigatidh has to be analyzed whether bottom
injection of water can avoid or stop this attack grpducing porosities and thus a coolable
configuration in the molten parts.

5.1 Coolability of particulate debris bed formed in a deep water pool with
thin jet diameter

In the following reactor application, a large Bodi Water Reactor (BWR) has been considered
which has a thermal powerg B 2730 MW. It has been assumed that a total ma#ss;nM = 190
tons discharged from the reactor pressure vesikethe water filled cavity. The diameter of the
cavity, D.av is chosen as 9 m. Melt has been released asiatleinitial diameter, [ = 20 cm
(15-20 cm jet diameter is considered as most piledabaccident scenarios, Sehgal [9] ) and an
initial jet velocity, Vet = 4 m/s. With the assumed release conditionspthe of melt from the
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RPV has duration time of about, t = 195 s. A waieol height, Hoo = 7 m has been considered
(7-10 m foreseen in BWR) and a pressure p = 3lbathe frame of scenario variations more
conservative, i.e. less favorable cooling condi&i@me to be assumed. Fragmentation will be
reduced with a lower height of water pool and adosystem pressure (lower pressure of 3 bars
is less favorable for quenching and may exist endawvity).

The decay power of corium (P) would be reduced fitsrshut down value as time goes on.
After 3 hours the calculated decay power, P acaogrdd Way and Wigner formula (equation
6.1) is 22 MW. This corresponds to a specific power 115 W/kg with M=190 tons of corium
mass, as considered in the present calculation.

In order to assess the coolability of corium infFsaa accident scenario, the first checking point
is the completeness of breakup of melt when falim¢he water pool. JEMI calculations show
(see Figure 5.2) with the release conditions meetioabove, i.e. @ =20 cm and Y = 4 m/s
initial velocity, that the developing coherent fength, LetconereniS 4.5 m which is shorter than
the height of water pool ({d =7 m). As a result, melt jet breakup is completeurther, the
calculation about solidification of the falling gr® from breakup indicates that sufficient crust
formation occurs until settling to support partetgl debris formation on the cavity floor.

However, complete quenching of these particlesotsachieved until settling. According to the
JEMI calculations, the average temperature of @gigbes when settling is between 1500 and
1700 K. Due to this high temperature of the pagtclwater inside the boils off completely in the
initial phase of settling. As a result, dry and tebris is formed. However, quenching of this hot
debris by ingression of water from the surroundimgter pool also starts immediately after
settling of particles and boil-off. Since decay thisareleased in the bed there is a competition
between quenching and heat-up. If quenching igagmtl enough, then heat-up by decay heat in
still dry regions may again yield melting. Thusg tfuccess of quenching against heat up decides

Figure 5.2: Development of void fraction (color dbg coherent jet and particle cloud
calculated by JEMI model [81] with;p= 20 cm.
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about the coolablity question in such situatiom$as to be investigated whether quenching of
the hot debris is reached in a sufficient time,before heat-up reaches the melting temperature.

In a first approach an established hot debris edonsidered here, as follows. This kind of
approach was usually applied in earlier analyseh(E et al. [70], Burger et al. [77]).

5.1.1 Calculation with an initially established hot debris bed

As a limiting case, the whole melt mass of M = 180s are assumed to be released into the
cavity (D.av = 9 m) and to form there a large particulate debed. A conical, axisymmetric
shape of the bed is considered. An angle of cone,30° and a porosity, = 0.4 have been
chosen which yields a bed heightzedt 2.36 m with bed diameter,,2 = 8 m at bottom (see
Figure 5.3). Regarding particle sizes, MEWA conssdmn effective particle diameter, which has
to be determined from the particle size distributiobtained from the JEMI calculation.
Different mean diameters, e.g. mass mean, surfa@mumber of particle mean may be used
(see equations (1.1) to (1.3) in chapter 1.2.2}idd#on calculations with MEWA for different
experimental debris beds (see chapter 3.2) sudbastthe effective diameter is close to the
surface mean diameter. For the present drop sitehdition calculated by JEMI the surface
mean diameter is about 1.8 mm. A uniform initialmperature §=1600 K was assumed as
starting condition for the quenching of the hot biedthis calculation. It is assumed that water
with saturated temperatures{d= 408 K at p = 3 bar) surrounds the initially laotd dry debris
bed and is driven into the bed due to the preddiffierences from gravity.

Results of the MEWA calculation are given in Figuwel, for the development of particle
temperatures and liquid velocities. It can be gbahwater flows predominantly into the bed at
the lower side of the cone and provides quenchieget Water inflow directly from the upper
surface of the bed is hindered by the resultingmatep-flow resulting from the evaporation of
water penetrating at bottom. Since quenching fropis limited, water has to fill the bed mainly
from bottom which occurs very slowly, here. Additad cooling of the upper regions is provided
by evaporation of water at bottom and subsequesftomp of steam. However, in the present
case this is not sufficient to avoid that meltieghperature (>2800 K) is reached in rather large
upper parts of the bed already after 6680 s.

Figure 5.3: Configurations with particulate debrighe reactor cavity.
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Figure 5.4: Development of particle temperature Bauid velocity during the quenching
process for an established hot debris bed calcutateVIEWA.
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However, the assumption of the whole bed beingaiht at a uniform temperature is not

realistic. In the real process, already settledispahould start to be quenched during the
continued build-up of the debris bed. Settling andultaneous quenching may strongly favor
the cooling process excluding a large bed uniforayhigh temperature. To explore this,

guenching is calculated simultaneously during bujdof the debris bed

5.1.2 Calculation with simultaneous quenching during thebuildup of debris

A cone shaped bed structure with angle of coneaB@’a porosity of 40% has been chosen for
bed formation. A layer-wise development of the edonsidered in the model. For each layer,
average temperatures and mean particle sizes segmileed from the temperature of settling

particles and their size distribution calculated JyMI. Surface mean diameter from the

calculation yielded particle sizes in the layemsgiag from 1.6 to 1.9 mm.

The results of a coupled JEMI/MEWA calculation ceming quenching of debris bed are
shown in Figure 5.5/Figure 5.6 and Figure 5.7/Feg.8. First two figures show the
development of the particle temperature and gascitglin the developing debris bed. The
corresponding developments of void fraction anditgvelocity are shown in later twos. The
buildup of the cone from settling particles carsben in the particle temperature map up to 195s
(Figure 5.5; see also the development of a high fraiction region at the bottom in Figure 5.7).

Figure 5.7 and 5.8 show a completely dry bed uréb s, i.e. the time when bed formation is
complete, although some water inflow is seen framvelocity field. Only after that time water
is seen to fill the bed by inflow from lateral batt regions. However, the final results (as
compared to the case in previous section 5.1.Welsas already the temperature history in
Figure 5.5 indicate some cooldown (300 to 400 Kjhie period of bed formation up to 195 s.
This is provided during settling of particles andoaby cooling in steam flow from the
evaporation of water flowing into the bed. The sthgent development after complete bed
formation with quenching and filling up by wateofin the bottom can clearly be seen in Figure
5.6 and Figure 5.8. In contrast to this procedipwnof water directly from the upper surface is
limited. Thus, a dry zone in a central upper regidrthe bed is maintained for longer time.
There, the temperature further increases due taydéeat. This zone is finally quenched
successively by the surrounding water, flowing itite bed from bottom.

From the final picture of Figure 5.7, it can be rsghat complete quenching to saturation
temperature is reached after 11800 seconds. Ircdisis, the quenching is fast enough to prevent
heat-up due to decay heat above temperatures 6f R4Due to the fact that the bottom part is
guenched rapidly from the side, the cooling of uppearts by the gas flow contributes
significantly to prevent high temperatures.
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Figure 5.5: Development of particle temperature gas velocity during the simultaneous
processes of bed buildup and quenching calculatedEMI/MEWA.
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Figure 5.7: Development of void fraction (gas votupart inside the pore) and liquid velocity
during the simultaneous processes of bed buildug gunenching process

calculated by JEMI/MEWA.



CHAPTERS COOLABILITY OF EX-VESSEL PARTICULATE DEBRIS 87

Superficial Lig. Vel. [m/s] Time t = 1096.95
- 0.005

Height [m]

-4 3 -2 -1 0 1 2 3 4

Radius [m]

Superficial Lig. Vel. [m/s] Time t = 3550.65
— 0.0009

Height [m]

-4 -3 -2 - 0 1 2 3 4

Radius [m]

Superficial Lig. Vel. [m/s] Time t = 7201.4s
— 0.001

e

-4 -3 -2 -1 0 1 2 3 4

Radius [m]

Height [m]

Superficial Lig. Vel. [m/s] Time t = 11801s
— 0.0008

Height [m]

-4 -3 -2 -1 0 1 2 3 4

Radius [m]
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Thus, the quenching calculations performed in oasec(section 5.1.1) with an already
established debris bed at an estimated uniform ¢eatyre and in the other case with
simultaneous quenching during bed formation. Thsulte indicate substantial coolability
margins in the latter case due to the more realstdeling. Therefore, in order to get a realistic
perspective on the quenching processes, i.e. olalmbty in reactor scenarios, it is considered
as necessary to apply a coupled treatment of bredatcon and quenching as provided with the
coupling of JEMI and MEWA. Without consideration simultaneous quenching during bed
formation, i.e. starting with an established debesl which was usually done in earlier studies,
the coolability is significantly underestimated. Wwiever, even in this approach, further
consideration of possible stabilization of a medphp still to be performed with an adequate
extension of MEWA for the melt pool model, may dighe conclusion of coolability. Thus, a
strong trend to coolability can be concluded foe tteep water case with limited ( realistic)
vessel hole and resulting jet diameter, in viewths large bed and small particles uniformly
assumed ( extreme case). A weaker point may becdnelusion of sufficiently solidified
particles in the whole bed, excluding initial forioa of agglomerated particles (“cakes”) or
even molten regions. Further, different types ofd behapes and porosities as well as
heterogeneous configurations are still to be ingattd

5.1.3 Calculation with variations of bed geometry

Regarding bed geometry, experimental evidence @ pepecially with corium (only few data
from FARO experiments, Magallon [26]) and with o of large masses of corium in water.
Thus, there remain significant uncertainties regaydhe bed geometry. These uncertainties can
be considered by variation of bed geometry. Thep@se is to get an impression on the overall
coolability of the debris bed in possible reactersarios.

From FARO ( Magallon [26]) and DEFOR (Karbojian &t [40]) experiments there are
indications that at least for fully fragmented mjelt the debris bed formation process will be
similar to what is generally known about the forimatof heaps of granular materials. When
bulk granular materials are poured onto a horidosiiaface, usually a conical pile will form.
The shape of the pile, higher or flatter i.e. mpiled or more spread, depends on the internal
angle between the surface of the pile and the ot surface which is known as the angle of
repose. It is the maximum angle of a stable slogterchined by the density, surface area and
shapes of the particles, and the coefficient aftivtn of the material [94]. Material with a low
angle of repose forms flatter piles than materidh\a high angle of repose.

Table 5.1: Typical angle of repose for granularemats.

Material Angle of repose
Sand with rounded edges 27.5°-30°
Sand with sharp edges 32°-35°
Gravel with wide range of sizes 32°-37°

Salt 40°

Rubble, ore 40°




CHAPTERS COOLABILITY OF EX-VESSEL PARTICULATE DEBRIS 89

Here, it has been assumed that corium fragmentavieelike a typical granular material. Some
typical values of angle of repose of granular mateare shown in Table 5.1.

Calculations have been performed with three diffemnical beds varying the angle of repose.

A conical bed with angle of repose 30° is considexg basic configuration. Two variations, one

with angle of repose 15° and another with angleepbse 40° have been considered in order to
cover the plausible range. Here it should me maetiothat the small angle of repose, i.e. a
flatter bed may be considered to be caused by dingaf particles on the large surface of the

cavity floor by strong two phase convective flows.

Calculations have been performed with three diffemnical beds varying the angle of repose.

A conical bed with angle of repose 30° is considexg basic configuration. Two variations, one

with angle of repose 15° and another with angleepbse 40° have been considered in order to
cover the plausible range. Here it should me maetiothat the small angle of repose, i.e. a
flatter bed may be considered to be caused by dingaf particles on the large surface of the

cavity floor by strong two phase convective flows.

For the configurations considered in this analysibas always been assumed that the total
corium mass of 190 t has been transferred intoricpkate debris bed. For all cases, a porosity
of 40 % has been assumed. Taking into accountahstant corium mass, three different conical
beds are obtained, as shown in Figure 5.9with iffiereint shapes.

Figure 5.9: Sketch of debris bed shapes used irdlwilations for the cases with angle
of repose 15° (top left), 30 ° (top right) and 4Bdttom).
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All calculations are performed considering simudtans quenching during the buildup of the
debris bed. For the particle size, the surface mdiameter is chosen. The results of the
calculation for the basic configuration, i.e. deldved with angle of repose 30° have already been
presented previously ( see Figure 5.5/Figure 5@ Figure 5.7/Figure 5.8) and therefore not
repeated here. The results concerning the develdapiofe particle temperatures during the
guenching process of the other two configuratiores shown in Figure 5.10/Figure 5.11(bed
with angle of repose 15°) and Figure 5.12/Figude3bed with angle of repose 40°).

The results of the calculations show that compdeenching occurs for the configurations with
angle of repose 15 and 30 °. Comparing the totahghing time, faster quenching is observed in
the case of the debris bed with smaller angle pbse (see the complete quenching time in
Figure 5.6 and Figure 5.11). This is due to thellenheight of the bed in the case of a smaller
angle of repose.

Complete quenching is not achieved for the del@@with high angle of repose (40°) since part
of the bed reaches melting temperature as can &e isethe final picture of Figure 5.13.
Although the largest fraction of the debris is qutesd, the upper central part of the cone heats
up further and finally reaches temperatures in exa# 2800 K after about 9271 s. The debris
bed with the higher angle of repose forms a corth tailer height. Since quenching is limited
from the top (downward inflow of water hindered tne upward steam flow) water has to fill
from the bottom. Due to the higher bed in the upgetral region, water has to travel a longer
distance and thus encounter higher flow resistémer. As a result, quenching is much slower
in the upper central region which remains dry fmnder time. Due to decay heat this region
heats up further and reaches melting temperatutkisncase. This molten part may be finally
stabilized since the region is small. However, massured results on the coolability of this
molten part need further investigations. It habecclarified whether this region is small enough
so that the surrounding water flow is sufficientstabilize this region by heat transport (super
heat +decay heat) or insufficient cooling leadgherr heat-up and melting. Clarification of the
above question is limited with the present modeliigMEWA since heat transfer from melt
pools with internal natural circulation is not inded.
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Figure 5.10: Development of particle temperature kguid velocity during the settling and
quenching process for the bed with angle of rep@5é calculated by

JEMI/MEWA.
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Figure 5.11: Development of particle temperaturd Aguid velocity (continuation from
previous Figure 5.10) during the settling and qbérg process for the bed
with angle of repose 15° calculated by JEMI/MEWA.
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Figure 5.12: Development of particle temperature kguid velocity during the settling and
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Figure 5.13: Development of particle temperaturd #iquid velocity (continuation from
previous Figure 5.12) during the settling and thergching process for the bed
with angle of repose 40° calculated by JEMI/MEWA.
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5.1.4  Calculation with variations of bed porosity

The porosity of the debris bed is highly influehji@rameter for determining the quenching of
the debris bed. It must be selected according perxental findings. Experiments with several
particulate debris beds (e.g. debris bed at IKEshiRaet al. [47] composed of poly-dispersed
spheres, and with particles produced by jet brgakruPREMIX, Keiser et al. [41] or beds
composed with FARO-like size distribution at VTTindholm et al [48]) yielded measured
porosities are in the range of~ 40%. However, piagi have been intensively mixed in these
experimental beds. In contrast, under postulatgdrseaccident conditions the bed is formed in
a settling process which does not favor mixing.thea DEFOR experiments of KTH (Karbojian
et al. [40] ) surprisingly high porosities (50 t0%) resulted which also indicates the effect of
settling versus mixing of particles. Thus, thereisexuncertainties about the prototypic
conditions. Therefore, porosities of the bed arddovaried in a reasonable range for reactor
applications. Three different variations of poriesitare considered, here. The bed with 40%
porosity is considered as reference configuratibmo variations one with 30% porosity and
another with 50% porosity have been chosen in daleover the plausible range.

For all these bed configurations conical beds \aithle of repose 30 ° are considered. With the
fixed corium mass of 190 ton three different shapiebeds are obtained, as shown in Figure
5.14.

Figure 5.14: Sketch of debris bed geometry and d#ioas used in the calculations for the
cases with porosity 0.3 (top left), 0.4 (top rigatd 0.5 (bottom).
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The results of the calculations show that compiptenching occurs for the beds with 40 and
50% porosities (see Figure 5.6 for 40% porosity Rigadire 5.15 for 50% porosity). Comparing
the total quenching time, faster quenching is olein the case of the debris bed with larger
bed porosity. This can be expected because fllnas through the bed with larger porosity, i.e.
bed with more permeability, encounters less flogistance. As a result, easier water penetration
is obtained for the bed with higher porosity. e ttase of 50% porosity, water penetration into
the debris bed even starts before the end of titkngeprocess which was not observed for the
bed with 40% porosity (see particle temperature o@po 195 s in Figure 5.5 and Figure 5.15).

In case of 30% porosity, the center and upper plathe debris bed remain un-coolable (see
Figure 5.16). Water penetration and quenching gsicantly slower in this case due to the
lower bed permeability. Steam cooling is then asbsufficiently effective in this case.

Thus, calculations have been performed for diffefged configurations by varying porosities

and the angle of repose of the bed. Average parsides obtained from the jet fragmentation
process are relatively small. Even with these sipaiticles in the size range of 1.8 mm and a
high heap of 2.4 m, complete quenching is obtafnea large debris bed of 190 tons with 40%
porosity. A limit of coolability is reached in thease of a bed with very low porosity (30%) or

with a rather high heap (angle of repose more #tafh). However, a very low porosity over the

whole bed region or piles of beds in a limited ayedding very high heaps are not realistic.

Therefore, it can be concluded that there are gd@ohce for coolability. Faster quenching i.e.

better coolability is obtained for the bed withtftdhaped geometry due to its lower bed height
and higher heat removal area and with larger ptyrdsie to its higher permeability.
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Figure 5.15: Development of particle temperature lequid velocity during the settling and
the quenching process for the bed with 50% porosigiculated by
JEMI/MEWA.
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Figure 5.16: Development of particle temperature lequid velocity during the settling and
the quenching process for the bed with 30% porosigiculated by
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5.2 Coolability of combined liquid melt and particulate debris formed due to
incomplete breakup of melt with thick melt jet

The previous analysis addressed the case with aenpteakup of melt obtained when flowing
out from the vessel and interacting with water. ldgar, complete breakup of melt and
coolability as a particulate debris bed cannot ¢tlgewved for all possible scenarios, even not in
the deep water pool concept. With larger vesseldirsizes, significant parts of melt may not be
solidified sufficiently when arriving at the cavifljoor. E.g. JEMI calculations show that with
Djet = 30 cm (all other parameters as system pressusater pool height ko etc. the same as
in the previous case) the developing coherentejegth LeonerentiS lONger than the height of the
water pool of 7 m (see Figure 5.17). As a restlgua 40% of the melt (from a mass inflow of
~2270 kg/s, a mass flow of ~880 kg/s) reaches titoim without fragmentation according to
the JEMI calculations. This non-fragmented part rspyead on the cavity floor and form a
compact layer of corium. The major question is thamether such a configuration is also
coolable with the present severe accident meaSAd). This issue is also important in the
case of existing older pressurized water reactorghese reactors, breakup of melt jet from
vessel failure would be reduced strongly and wdaddincomplete due to shallow water pools
(Hpoot < 2 m) in the cavity.

The resulting structure form this incomplete brgakurocess must be highly heterogeneous,
composed of fragmented and partly solidified partd still molten material at high temperature.
Liquid parts directly reach the bottom due to inpbete jet breakup and form a liquid layer

there which starts to interact with the concretselb@ent. Solidified particles from the breakup
fall into the melt layer may exist there as solatp for some time, or gather on a crust forming
at the top of the melt layer. Coherent jet part$ eantinue to enter such a structure from above
and together with re-melting parts in the bed.

Figure 5.17: Development of void fraction (coloradk), coherent jet and particle
cloud calculated by JEMI model [81] withd>= 30 cm.
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The coolability of such configurations appears #limited. Molten layers may be coolable

(against decay heat) by water at top if they aireehough. The low heat conductivity of corium

will strongly limit this for a completely solidifie state (i.e. without internal convection). Thus
additional measures of bottom injection of water,afready indicated in chapter 1.3, are to be
envisaged and have to be evaluated with respettecking coolability option.

In order to get a perspective on coolability onlrsaccomplex configuration, a strongly idealized
model configuration is considered by partitioningtveeen solidified particulate debris and still
liquid melt arriving at the bottom of the cavity.aydr questions of coolability of complex real
configurations may be analyzed with this model cketl as shown in Figure 5.18.

In this configuration, it is assumed that the fragiwed and solidified part forms a particulate
debris bed. For the shape of this debris bed, &séclronfiguration given in Figure 5.3, i.e. an
angle of repose 30° and porosity 0.4 was assumieel.nbn-fragmented part has reached the
floor as liquid melt which spreads uniformly on taeailable cavity area. Thus, there are some
regions where liquid melt layer up to a certaingh¢iexists in the lower part of the bed which
fills the free space in the particulate bed. Takimg account the available cavity spreading area
(Dcavity = 9 m) and free space inside the debris bed §.4), compact melt layers heighdd =

26 cm is obtained from the division of liquid aradid parts calculated with JEMI. This gives the
geometrical dimensions shown in Figure 5.18.

Since the quenching of the melt layer is cruciakhend decisive for determining the coolability
of such configurations, the problem is further difrgdl by separating the molten part from the
debris bed. Now, depending on the thickness ofiibl as well as cooling conditions at the top
and bottom of the layer, this may be coolable adidliied as a layer, or the melt remains liquid
and the corium/concrete interaction will lead toston of the cavity floor. As a first possibility,
coolability of such melt layer only by heat condant i.e. assuming already a solidified state
can be checked. This yields maximum thickness fackvthis is possible.

Figure 5.18: Sketch of idealized model configumatio consider coolability for
the case with 40% of non-fragmented liquid melt.
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Figure 5.19: Sketch of configuration of melt ancho®te layers and properties used
in the calculations on coolability of melt layeng theat conduction.

5.2.1 Coolability of melt layer by heat conduction

In order to indicate the limits of coolability gineby conductivity alone, two cases have been
considered here: Firstly, a case with the meltddaght H.er =10 cm and, secondly, a case

with Hneir = 20 cm (see Figure 5.19 and Figure 5.20). Advengdrevious analysis, a decay heat

Omeit = 115 W/Kkg is considered. Steady-state conditiares considered, using as boundary

conditions saturation temperature of watefy{ Bt the top of the compact layer (135°C at 3 bar
system pressure) and ambient temperatykg 330°C at the lower end of the concrete floor. At

the bottom a concrete height.hl=1 m is assumed (Figure 5.19). With heat conduction
(convection of liquid melt is not considered insthpproach), the steady-state temperature
profile (T) can be readily calculated.

Figure 5.20: Steady-state temperature profile eritelt layer and concrete for the
case with Her =10 cm and ey = 20 cm thickness.
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Figure 5.20 shows the calculated steady-state textyse profile T in the compact melt layer of
Hmeit =10 cm and Heir = 20 cm. For Her =10 cm , the maximum temperature reaches about
800°C and is obtained very close to the interfaceéhe concrete floor. It remains below the
melting or decomposition temperature of the comc(etl200 °C); also the layer will be solid.
This means the layer is coolable if it is thin.

For Hnet = 20 cm case, the maximum temperature would kexaess of 2700°C. This is well
beyond the melting temperature of concrete (~120)) also the layer would remain liquid.
Thus, the layer configuration is not coolable anduls yield melt concrete interaction and
basement ablation if the liquid parts not surelglesed by crust, in the EPR concept supported
by a cooling circuit close to the concrete surfgsse Fischer et al. [31]).

Since only thin layers are coolable at the sokdifstate, other options are to be envisaged. One
option is to consider porosity formation in liquader. Studies with top flooding of melt in this
respect have been performed in several experinfeotaperski et al. [95], Sehgal et al. [96]).
But effective mechanisms to provide sufficient mities inside the melt layer by top flooding
have not been identified yet. As a possible medmanidevelopment of ruptures in forming
crusts at top has been considered. However, ndathexperiments nor by the model it could be
shown that such a mechanism of porosity formatiased on water ingression into the ruptures,
subsequent promoted solidification, again with uugs, etc. is sufficient to proceed to extended
regions into the melt layer.

Therefore, additional measures and improvementshef melt retention concept would be

required in this situation to achieve a stable emalable state. A possible improvement could be
injection of water from below via the cavity flog€COMET type concept [11]) as described

below.

5.2.2 Improvement of coolability of melt layer/debris corfigurations by injection of
water from below

Injection of water from below is considered as Haative measure to cool and quench the melt.
An easy way to provide bottom injection is by brimg the coolant water from the water
reservoir at higher level to a bottom region videexal downcomer pipe as shown in Figure
5.21. In this measure the melt layer is passivedpded from bottom through multiple flow
channels which yields rapid breakup of the commacium and porosity formation and thus
coolability (Alsmeyer and Tromm [12]).

This concept i.e. injection of water from belowoisginally based on a dry cavity, i.e. without
flooding of the cavity with water prior to melt eslse from the RPV. In principle, bottom
injection of water from below can be combined wiitie wet cavity concept, in order to bring
together advantages of both approaches. Bottonttiore of water may work as a backup
measure for the present deep water concept inlicase melt arrives at the bottom of the cavity
due to insufficient breakup or (partial) meltingtbe particulate debris. In this case the bottom
injection may provide porosity formation in the uéégg liquid layer and fast quenching. This is
investigated with the calculations presented is s@ction.
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Figure 5.21: Sketch for improvement of the SAM t&tgy by water injection into
melt layer from bottom.

To simulate the processes occurring during bottajection of water into a melt layer, a special
model, MEWA-COMET is also included in the MEWA co(see details of the model and its
validation in Appendix A). In this model, espegalborosity formation inside the melt and

subsequent quenching of the melt are addressedisimodel it is assumed that porosity inside
the melt is created due to local pressure buildigh wesulting expansion. This is primarily

caused by strong evaporation resulting from watgction from the bottom and restriction of
the up-flowing steam due to friction (see Appendl)x

For the present investigation, the configuratianfrthe previous analysis with 26 cm thick melt
layer has been chosen as a basis (see Figure B2hi)s case, coolability could not be achieved
with top flooding of water (since melt layer thidss higher than 20 cm). Calculations with
MEWA-COMET have now been performed with injectidna@ter from below in order to check
whether sufficient porosities for effective coolingn be produced in molten parts. In order to
evaluate the coolability of remaining molten patt& region where liquid melts exits inside the
debris bed is considered. The height of the lidaiger inside the debris bed is 0.26 m and the
debris bed has a total height of 1.42 m (considetire maximum height of debris bed, see
calculation domain in Figure 5.21).

It has been assumed that water is injected thrawglles in the cavity floor which are spaced
regularly at a distance of 16 cm. A cylindrical eggch around an inlet nozzle is chosen in the
calculation. A region with a radius of half the mte distance is considered as calculation
domain area. This area has to be cooled by therlate through the respective inlet nozzle.
The injection overpressure at bottom (i.e. abovstesy pressure + hydrostatic head of the melt)
is chosen to 0.15 bar which corresponds the alesgidgssure in the inflow regionpgon) IS
about 3.5 bars.
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It has also been assumed that the debris bed dwehange its geometry during the injection.
Thus, porosity formation inside the part with melonly possible up to the porosity of the initial
debris (40 %). If porosity (or void) is createdidesthe liquid layer, the melt level will swell and
move upwards inside the debris bed.

Results of the MEWA-COMET calculations concerningrgsity production and temperature
development are shown in Figure 5.22 and Figur8.Fjure 5.22 shows subsequent phases
with increasing porosity starting from the inlef®he porosities increase laterally and grow
upwards. When porosities are formed, the melt lenel’es upwards and fills the free space
inside the debris bed as can be seen from the iiesodistribution field in successive phases of
Figure 5.22 (partial decreases of porosity in upgpgers by this). From different calculated
states it can be seen that the water flow preckbd#saxially and radially. In the lower region,
porosities are formed under the influence of inflagvwater and evaporation. In the upper
region, porosity is formed in the steam flow. Th#dr is due to local pressure buildup in the
strong steam flow (resulting from strong evaporatio lower regions) which is restricted in
removal velocity by friction.

The final result concerning the porosities candensn the last picture of Figure 5.22 giving the
status at 778 s. Since at that time the temperatupzactically the whole layer is below the
solidus temperature of 2300 K (see the temperdteie in Figure 5.23) no further change of
porosities can occur. Thus, the final porositiesniostly between 0.15 and 0.30. Due to these
open porosities inside the melt, quenching is cidgffitly rapid and complete. Complete
guenching occurs in this case after about 1834mslsc(see the final picture of Figure 5.23).

Thus, the present analyses with MEWA-COMET indidai combining bottom injection with
the wet cavity concept has the potential to imprdke core melt cooling and retention
capabilities significantly. In cases with melt lay@enetrating a debris bed of up to 26 cm height
(and most likely also higher), the MEWA calculatsandicate sufficient porosity formation and
cooling. However, these results require furtherficoration, since the present model may not
sufficiently take into account effects acting agaithe porosity formation like plugging of
porosity due to melt freezing in contact with cphtticles.
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by MEWA-COMET.
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6 Summary and Conclusions

The major aim of this thesis was to investigate dbdons and chances of coolability in key
phases of a severe accident with core melting atuwlisl formation. The debris bed formed in
different stages of an accident will be hot and. dinyorder to establish a steady state of long-
term coolability, the hot debris (above saturatiemperature) needs to be quenched (cooled to
saturation temperature by removing super heatysit ff quenching by water ingression inside
the dry bed is not rapid enough then heat-up (riseemperature) by decay heat in still dry
regions may again yield melting. Thus, chances tdsvaoolability by quenching against heat-
up due to decay heat had to be investigated indh&ext of reactor safety research.

As a basis of the present investigations, modelsifaulation of two phase flow through porous
media were already available in the MEWA code (Betkl. [69]), being under development at
IKE. The objective was to apply the code in ess¢pinases of severe accidents and try to draw
conclusions about chances, options and measumsltability. Thus, the task was both to check
the applicability of the MEWA code as a tool to Baa coolability in general and to assess its
adequacy for drawing conclusion in such importafety issue. Further, within these tasks,
improvement to remove weaknesses in modeling amghsion concerning missing parts was
also considered. One emphasis with this respecttwagialify the friction and heat transfer
models which are considered as decisive for detengithe cooling conditions inside the debris
bed.

It was identified previously (Schmidt [76], Blrget al. [77]) that classical models without
considering the interfacial friction explicitly,kié the model of Reed [74], can predict DHF
(Dryout Heat Flux) well under top fed condition khen fail to predict (under-predict) DHF
values under bottom flooding conditions driven dgtaral water column. This is because, given
an important influence of interfacial friction, aaler and co-current flow yield contrary effects
which cannot be met by a single adaptation of laatsexplicitly including interfacial friction.
Tung & Dhir [80] introduced an interfacial frictioterm in their model, but this model has
deficits for smaller particles considered as rehg\far reactor conditions (~ 1-6 mm). Schmidt
[76] had introduced modifications of the flow pattéransitions depending on particle diameter,
as a more rapid transition towards slug and annildavs with smaller particle diameters,
physically plausible because of the thinner flovarahels. As a further modification, presently
gas-particle and liquid-particle drags are also ifiexl here in order to remove the remaining
deficits. These modifications concern correctiorisraative permeabilities and passabilities
which are overestimated in the original law. Moregva reduction factor for the interfacial
friction term depending on particle size has bedroduced to meet the top flooding DHF. In
the original law it was too strong.

A significant improvement with the new friction aegption MTD (Modified Tung & Dhir,

MTD) was obtained considering the aim of a unifi@elscription for both top and bottom
flooding. Good agreement with the experimental Di¢Bults was achieved with the MTD
description while the other models fail to reproglube experimental results either for top or
bottom flooding conditions. Further, the MTD modeds validated over a broad band width of
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conditions with different debris configurations gamg from beds with uniform particle
diameters to beds with irregularly shaped partidleem the results, it can be concluded that the
key phenomena of the dryout behavior are accuratgyured by the model. Major experimental
trends concerning the flooding mode, effect of ipkrtsize, system pressure and 2D effects are
always well reproduced. These extensions and thgtevalidation give also a good basis for
the application in quenching analyses.

Validation calculations for quenching of superhdateitially dry debris beds were performed
with respect to different experiments, addressiragious aspects of quenching: different
flooding conditions, non-uniform particles, effeaft initial temperature and bed stratification,
etc. Results showed that qualitative trends e.viersus bottom quench front progression are
generally well reproduced. It was shown that quergiirom the bottom is more effective than
by top-flooding, due to co-current flow of waterdasteam. In cases with quenching from the
top, non-homogeneities (especially lateral diffeesnin permeability) or downcomers favor
local penetrations of water to the bottom, withsaduent quenching of the remaining bed from
below, which provides an effective mechanism fetda cooling.

In general, it was found that, except in cases \athe forced bottom injection, water moves
into the debris bed in a slowly propagating fronedo high friction, and the quenching is rapid
enough to occur in a thin front (few mm). Thusetailed modeling of thin heat transfer regimes
is less important, rather an appropriate descrnpioo the friction is essential. Even in cases with
high inflow velocities of water, which yielded ertied quenching zones, still satisfactory
agreement was obtained. But it should be mentitreed that due to lack of experimental data,
the validation is limited to smaller temperatureshe experiments (below 1000 K) than to be
expected for reactor conditions (1500 K and more).

In the reactor applications in the present workgrgpning of hot and degraded core or trends
towards melt pool formation were performed undeniaten of conditions. Calculations were
performed for a strongly degraded core considesed debris bed. A coolant mass flow of 60
kg/s via the downcomer was considered. The reshtigved that even at a lower system pressure
of 10 bar (compared to 100 bar of TMI-2 accidentiller [92]) quenching can be obtained for a
large debris bed of 100 tons with a small partsike of 2 mm, porosity 0.4 and initial heat-up to
1500 K, uniformly assumed. Effective quenching #mas strong trends towards coolability are
supported by multidimensional effects: water i9fled via the downcomer and rises in lateral,
intact core regions and then penetrates into tihe and debris bed driven by the lateral water
column produced in the intact core and bypass nsgi8mall characteristic particle diameters
(low permeability of debris) impede cooling, butryesmall particles (e.g. 1 mm) have to be
assumed to have progressing melting under re-flapdiiowever, extended debris regions with
such small particles appear not to be realistieeréfore, good chances of cooling even of a
strongly degraded hot core can be concluded.

The calculations on quenching of hot debris in lbeer head also show a high cooling
potential, although with limited mass, i.e. not tbe whole core. Coolability is not as effective
as in the core case since smaller amount (40 tin®rticulate debris (compared to core debris
of 100 tons) have to be assumed to reach coolabilihis is due to the different bed
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configurations which delayed the establishment oftdm quenching and subsequent steam
cooling in the lower head as compared to the aghere it starts immediately. Nevertheless, the
lower head still has significant cooling potentiat conditions of limited melt release. Other

parts of the melt which remain in the core may beled there, if water supply can be re-

established in time (also happened in TMI-2 acdid®einke et al. [19]). As shown by the

calculations, even at low system pressure of 6, lsaranching of 40 t of 1273 K debris with 2

mm diameter particles and 40% porosity is obtaimedhe lower head. Compared to the

relocated molten mass of ~20 t in the TMI-2 accid&shgal [9]), the amount of coolable debris
mass is still significant.

Quenching is supported by a higher system pres®dhde partly melting was obtained for a
homogeneous bed of 40 t of 2 mm patrticles in theetchead with temperature 1573K and decay
power 200 W/kg in case of 6 bar system pressueecdiiculation with 10 bars yielded complete
guenching. Understanding is provided by the spearilume of steam. Produced steam in
higher system pressure can escape more rapidiytaits lower specific volume. Thus, the
coolability increases with increasing system pressu

The coolability with amounts of dense parts indide debris bed was also investigated. Such
dense ranges at bottom or inside the bed may rigeuit molten parts flowing to the bottom or
into the bed, not sufficiently solidified dropscting together or from melting and relocation
processes in a dry region. Such dense regions apptto be coolable, if the porosity is too low
(< 30 %). Superposed layers of very small partitiesler especially water inflow from above
and yield significant reduction of coolability egpaly in 1D configuration (Lindholm et al.
[48]). But, in multidimensional configurations regis with higher porosity or with larger
particles may give water an easier flow path towalmver bed regions. As shown by the
calculations, quenching can even be reached wisttheer dense region (low porosity of 0.22) if
the region is not too thick (not more than 40 cim)the calculation, the water inflow to the
bottom of the dense region occurs via a region Waitiher porosity. Thus, water access to
bottom regions and resulting steam flow providdisigint cooling also in a dense region and
increase the overall coolability.

For ex-vessel configurations, a large boiling watsactor was considered and a total corium
mass of 190 tons was assumed to be dischargedifi@neactor pressure vessel as a melt jet into
the water filled cavity. A deep water pool of 7 nasmchosen (7-10 m foreseen in Swedish and
Finnish BWR as AMM). Then, the first question is etther the water pool in the cavity is
sufficient for breaking up the melt completely, hiet diameters considered as probable for
reactor conditions (10-20 cm). JEMI (Pohiner [8Z)culations showed with the release of a 20
cm diameter jet and 4 m/s initial velocity, that@herent jet length of about 4.5 m develops
which is shorter than the height of the water p@om). Thus, melt jet breakup is complete.
Further, the calculation about solidification oktfalling drops from breakup indicated that
sufficient crust formation occurs until settling soipport particulate debris formation on the
cavity floor. However, complete quenching of theseticles is not achieved until settling.
According to the JEMI calculations, the averageperature of the particles when settling is
between 1500 and 1700 K. Due to the high temperatirthe particles, water boils off
completely in the initial phase of settling. Asesult, dry and hot debris forms. Quenching of
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this hot debris against heat-up due to decay kdateinext challenge and ultimately decisive for
the coolability question in such accident scenarios

Previously, such quenching calculations were ordgsible for given debris configurations
starting from assumed initial temperatures. Howewassuming the whole bed at a uniform
initial temperature strongly misses the real preceswhich settling of partly solidified melt
drops occurs simultaneously with water inflow angbigching. Therefore, in the frame of this
work, the JEMI and MEWA models have been extendetrdat the combined process. This
combined process of simultaneous quenching duried formation should strongly favor
cooling. To explore this, quenching calculationsrevperformed in one case with an already
established debris bed starting from assumed lirtti@peratures and in the other case with
simultaneous quenching during bed formation. Infifet case, melting occurred in large parts
of the debris bed while simultaneous quenching ndurbed formation yielded complete
guenching with substantial coolability margins, do¢he more realistic modeling. Therefore, in
order to get a realistic perspective on the quemnglgrocesses, i.e. on coolability in reactor
scenarios, it is considered as necessary to applgugled treatment of bed formation and
guenching as provided here with the coupling of JBkd MEWA. Without consideration of
simultaneous quenching during bed formation, tartieg with an established debris bed which
was usually done in earlier studies, the coolabifitsignificantly underestimated.

In order to sufficiently evaluate the AMM of deepater pools, further major effects on
guenching of hot debris i.e. effects of particleesibed porosity, and shape of the bed were
investigated. Results showed that even with thdlgmaaticles in the size range of 1.8 mm and
with 30° angle of repose (high heap of 2.4 m), cletgpquenching was obtained for a large
debris bed of 190 tons with 40% porosity. Partlgltimg in the upper region was reached in the
case of a bed with very low porosity (30%) or wathather high heap (angle of repose more than
40 °). However, a very low porosity over the whbkd region or piles of particles in a limited
area yielding very high heaps appears not to bbstiea Further, coolability is not finally
excluded then, since a small melt pool forminghis tregion may be stabilized by the water
below, i.e. a maintained water flow from bottom ward the pool region. Therefore, a strong
trend to coolability can be concluded for the desper case with limited (realistic) vessel whole
and resulting jet diameter, in view of the largd la@d small particles uniformly assumed.

A problem remains that complete breakup of melt eadlability as a particulate debris bed

cannot be achieved for all possible scenarios, exdnn the deep water pool concept. With
larger vessel breach sizes (thick melt jet), sigaift parts of melt may not be solidified

sufficiently when arriving at the cavity floor. E.EMI calculations showed that with 30 cm jet
diameter the developing coherent jet length is éorthan the water pool height of 7 m. As a
result, about 40% of the melt reaches the bottothowi fragmentation. This non-fragmented
part may spread on the cavity floor and form a cachpayer of corium. With the existing SAM

measure i.e. flooding from top only, coolability sfich molten layers appears to be highly
limited to thin layers. Assuming a solidified stdte such layers and calculating steady-state
temperature profiles due to conduction, indicateat the melt layers thicker than 10 cm are not
coolable in solid state, i.e. by conduction aloaed may yield melt concrete interaction and
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basement ablation. Therefore, additional measunes improvements of the melt retention
concept would be required in such situations taeagha stable and coolable state.

A possible improvement could be the injection oftavafrom below via the cavity floor i.e.
COMET type concept (Alsmeyer et al. [11]) in whiths considered that the rapid and high
volume steam generation at the bottom of the méltcneate porosity inside the melt through
which water ingression will take place and cool thelt. The COMET concept, i.e. injection of
water from below into melt layers to yield quenahiria porosity formation, is originally based
on a dry cavity, i.e. without flooding of the caviwvith water prior to melt release from the RPV.
In principle, this concept can be combined withwet cavity concept in order to bring together
advantages of both approaches to cool the mehrisie the cavity. This was analyzed with the
MEWA-COMET model (see Appendix A) considering areatized configuration for such
combined situations, where a liquid melt layer {tagmented part) up to a certain height is
assumed to exist in the lower part of the debras (feagmented and solidified part).

Results of MEWA-COMET calculations performed in sthivork showed that melt layers
penetrating a debris bed of up to 26 cm height (andt likely also higher), can be safely cooled
by bottom injection of water. The calculated patiesi are in the range of 15 to 30% which are
sufficient to quench the melt / debris at about4l83Thus, combining bottom injection, aiming
at porosity formation in melt layers, with the wegtvity concept, aiming at particulate debris
formation from melt jet breakup, has the potertbaimprove the core melt cooling and retention
capabilities significantly. Bottom injection impres the coolability of particulate debris bed
configurations significantly and also provides akgp measure in cases when liquid melt
arrives un-fragmented at the cavity floor. Howeubese results require further confirmation,
since the present model may not sufficiently take account effects acting against the porosity
formation like plugging of porosity due to meltézng in contact with cold particles.

In general, it can be concluded that MEWA is aldédaas a suitable tool for the investigation of
coolability in reactor applications. Most importaieatures of the debris cooling dryout and
guenching behavior are well captured by MEWA udimg improved interfacial friction model.
With the coupling of JEMI and MEWA, the quenchinfjdebris can now be evaluated in a
realistic way, simultaneously with settling. Apgtons in reactor conditions highlight the
importance of supporting cooling mechanisms, esfigcihe lateral and bottom ingression of
water , established in the core region throughraact rod or bypass region, in the lower head
through the wall and in the cavity due to the sh@geap) of the bed. These cooling mechanisms
together with cooling effects of steam flow throughhot dry zone provide mechanisms to
facilitate quenching processes.
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A Porosity formation model and its validation

A.1 Porosity formation model

A special model, MEWA-COMET is also included in thi&WA code to simulate the processes
occurring during bottom injection of water into a&ltnlayer for situations where melt breakup
and quenching until settling of debris is not stiéfnt to avoid molten parts in the bed.

The crucial process for a successful cooling inGMET concept is sufficient breakup of the
compact corium layer and the formation of a porstngcture. Widmann et al. [35] introduced a
model to describe the process of porosity formatnside the melt. In this model it is assumed
that porosity inside the melt is created due tallqaessure buildup with resulting expansion.
This is primarily caused by strong evaporation Itasy from water injection from the bottom.
The restriction of vertical steam removal by fiectiin the melt then yields a strong local
pressure buildup which also produces lateral motibrsteam and water and lateral porosity
formation. Thus, local porosity formation can bensidered as being linked to local pressure
buildup in a matrix of low porosity, due to evaptwa and resulting flow of steam and water.
Finally, porosities can only be stabilized by sificdtion, linked to water inflow and resulting
sufficiently strong heat transfer. Rapid evapomatiwith resulting pressure buildup, driving
porosity formation and water into extended regicars] combined rapid heat transfer are the
basis of porosity formation and fixing porositigsdwlidification.

A heuristic formula approach for a coupling betwéderal pressure buildup (beyond the local
surrounding pressure) and a porosity formation matpresently applied in MEWA. A local
porosity production due to the increased pressuassumed if the local steam pressure is higher
than the local static pressure of the melt. Fos firioduction rate, the following correlation as
proposed by [35] is presently used

< _ N ‘ 7/6

= =— - ) — (A1)
with = gas pressure, = melt pressure! = melt density, = gravity, = porosity, =
time, = dynamic viscosity of melt. is an adaptation parameter which has been fixed by

comparison with COMET-T experiments (Alsmeyer amdriim[12]) and has a value 8f 8$™

. This approach is based on considerations abeatrsexpansion due to the pressure difference
of steam and surroundings, required gradient csqane between neighboring steam regions and
counter- effects by viscosity of the melt as walltaioyancy. Calculations start with an initial
matrix of small porosity (typically 0.05) which iprinciple represents the resistance of an
initially compact liquid melt against injection ofater and steam expansion and flow processes.
The increased pressure then leads to porosity tavmavhich should finally be essentially
independent of the initial porosity assumption. Thatrix is changed during the calculation
accordingly. Corresponding to the total increaseddecreased) porosity, the height of the melt
layer is increased (or decreased). The temperakenvelopment is calculated for the matrix in
MEWA. Hereby, the freezing enthalpy is taken intc@unt between liquidus and solidus
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temperature. Quasi freezing of porosity format®determined in the above law by the increase
of melt viscosity between liquidus and solidus.

A.2 Validation of the porosity formation model

A.2.1  Important aspects for the validation of the porosiy formation model

Local pressure buildup due to strong evaporatignltieg from water injection from the bottom
and restriction of up-flow of steam by friction nsidered as basic process for porosity
formation. Presently, a heuristic formula approfmha coupling between local pressure buildup
(beyond the local surrounding pressure) and a lpgedsity formation rate is applied. The local
pressure buildup is determined depending on thegitgrdevelopment by means of the two-
phase description of water and steam flows in MEW®&uding heat transfer and friction as
depending on the conditions. An important pointvalidation is then to reproduce with the
model the major processes observed in experimeataply the strong initial evaporation with
resulting pressure buildup, driving porosity forioat and water into extended regions, fast
cooldown and freezing of porosities by solidificatietc.

Within the validation process, MEWA-COMET was espH#g applied to the COMET
experiments of former FZK [12], now KIT (KarlsruHestitute of Technology), but also an
application to an experiment with real core mels H®een done, the VULCANO VN-U1
experiment (Journeau et al. [84]). An emphasis eoring COMET-T experiments with
simulant materials lay on checking weather majatuees observed experimentally as initially
complete evaporation of injected water, high stflam at top and lateral porosity formation can
be reproduced and understood by the model. VULCAM®-U1l experiment then vyields
especially a check weather a quantitative extrdjpolao reactor conditions is justified with the
model

A.2.2  Validation against experiments performed with corium simulant melt

The COMET-T [12] experiments used around 60 kg b2@3 / CaO melt and 5 inlets for water
injection from bottom. These basic, transient téatishout decay heat simulation) concern the
original COMET concept with an array of plastic ésbprovided with water via a lower water
filled gap. Initial data are a melt temperatureabbut 2000 K, melt height of 50 cm, diameter of
the melt area 25 cm and water overpressure atrbaifd.2 bar (above system pressure of 1 bar
+ hydraulic head of melt). The inlet nozzle diamédel cm.

For the calculation, a representative area arousidgle inlet nozzle was chosen, in order to be
able to simulate the processes in 2D cylindricaingetry. This area corresponds to an equivalent
radius of 5.5 cm around one inlet nozzle.

The major experimental features are rapid latena@djq@ssion of water in the bottom range of the
melt layer, strong evaporation to yield high stfow rates in the upper ranges and subsequent
progression of water through the upper porous mmgth start of solidification. These features
are clearly captured by the model as shown by #heulation results presented in Figure A.1.
Figure A.1 shows the results of the MEWA-COMET cidtion for porosity (top), water
fraction (middle) and temperature development (bojt
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Figure A.1l: COMET-T8.6 calculation results for psity (top), water fraction

(middle) and temperature development (bottom).
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Firstly the porosity field after 4 s shows thatlwe bottom region a porosity of 30% has already
been formed, uniformly in lateral direction. It indtes that water flows laterally in the lower

region due to pressure build up from strong evapmra Thus, supports the uniform steam

upflow over the whole cross section. While the gdgoin the lower region is formed due to

influence of inflowing water and evaporation, thergsity in the upper region is due to steam
flow. This can clearly been seen in the porositgt amter fraction (saturation) fields as well as
the water and steam velocity fields in Figure AThese porosities can only be stabilized by
solidification which is linked to water inflow amdsulting sufficiently strong heat transfer.

Following the development of the calculation, inche seen that water progresses further
upwards and comes directly in contact with the lpastill liquid melt. Thus, the interaction
region of porosity formation progresses upwardatdeast fixes the porosities by solidification.
The results at 52 s (saturation and temperatuid) fow that water volume parts of about 30%
has reached nearly the original height of layeb@fcm. This is combined with a temperature
decrease below the solidus temperature of 1700Kis,Thorosity formation has stopped there
but not the evaporation.

The final fixed porosities inside the melt are shawthe porosity distribution field at about 86 s
in Figure A.1. The calculated porosities of 50-68Pé in good agreement with the experimental
result (~50%).The calculated time after which fingtter reaches the top surface of the melt (~
86 s) is rather well in agreement with the expentalty given time of about 70 s. At this time,
the porosities are already essentially fixed byid#atation (see temperature field), as also
concluded from the experiment.

Reasonable agreement between the calculation andkexperimental result is also obtained
concerning the steam outflow rates (evaporatioeshatis shown in Figure A.2, also for COMET
T8.4. In the latter, a higher overpressure of Oa4 Wwas applied which yields a somewhat
increased maximum evaporation rate and slightlyenrapid quenching, in principle as in the
experiments

Figure A.2: Development of the rate of evaporateatew in COMET-T8.4 and
COMET-T8.6 (solid lines: MEWA calculations, poingsxperiments);
results for total number of 5 inlet channels.
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A.2.3  Validation against experiments performed with corium melt

The VULCANO VW-U1 experiment has been performedC&A (Commissariat a I'Energie

Atomique, France) to validate the COMET PCA conc@ping porous concrete for water
inflow) with prototypic corium melt [84]. In this x@eriment, approximately 40 kg melt
(UO2+ZrO2+molten concrete) have been poured inlo@OMET cooling device at an initial

temperature above 2000K. After erosion of the fia@i concrete layer the bottom flooding was
established. The melt was safely arrested, sadidlifind quenched within approximately 20
minutes.

The MEWA-COMET code is applied to the VULCANOA VWilkexperiment in order to verify
its applicability and to promote better understagdof the experimental results. A planar
approach has been used for calculations with the@2 MEWA-COMET. This approach has
been chosen here since the porous inlet are nallywdymmetric. Therefore, arrangement
should be represented to yield the total mass fluXbe areas of total inflow (porous inlets) and
of melt layer have been taken into account adetuakégure A.3 shows the geometrical
representation and numerical mesh of the experiimethie calculations, with the initial porosity
distribution. Inflow of water into the porous coate layer is in the calculation assumed at
bottom. This is in line with the injection inletswards the melt in this planar approach. The
distribution of water towards these injection islehade of porous concrete occurs via the
bottom concrete layer.
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Figure A.3: Geometrical representation of the VULGA VW-U1 experiment in
the MEWA-COMET calculations; initial porosity digiution and
nodalisation for plane 2D- case.
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As given from the experiment, an initial melt hdigif 22 cm is assumed and an injection
overpressure of 0.1 bar, i.e. about 1.2 bar absgitgssure in the inflow region.

Results of calculations with MEWA-COMET on the VUABIOA VW-U1l experiment are
shown in Figure A.4 concerning porosity formatiorddemperature development as well as the
water and steam flow patterns. The calculated pi@esare in the range of 35-50% which is
smaller than in the above mentioned COMET-T expenits. Nevertheless, rapid cooling still
occurs, supported by the lateral distribution ofgsities. After 563 s of water inflow as shown
in Figure A.4 the porosities are already fixed aotidified but at this time some parts of solid
melt where the distance to the injection nozzléaige still maintain with higher temperature
(but less than solidus temperature of 1773 K) whilthmately are cooled by water flow from
the surroundings and also by conduction
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Figure A.4: Porosity (left) and temperature (rigtiigtribution as well as liquid and
vapor velocities calculated with MEWA-COMET afte6® s for the
VULCANO VW-UL1 experiment.
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Figure A.5: Comparison of calculated and measurddl tsteam mass for the
VULCANOA VW-U1 experiment.

Figure A.5 shows a comparison for the total evaggorasteam mass: the red line from a
measurement, the green one as a best estimateskpeniment. The black line shows the result
of the MEWA-COMET calculation. The calculated stearass development is well within the
range of the experimental one.

The successful reproduction of main features arahtjiative results of COMET-T experiments

supports the understanding of the major procesbssreed in the experiments, especially the
strong initial evaporation, intensive mixing, fasboldown and freezing of porosities. The

amounts and time-scales of porosity formation inltni@yers are adequately calculated,

especially, the rapid lateral extension of poroBitynation in lower regions is reproduced. Good
agreement is also obtained with experimental measents and timing, e.g. concerning water
arrival at top, total steam flux etc.

With the same modeling and parameters also thédtsesfuithe COMET-VULCANO experiment
are rather well met. The short quenching times fthm experiment as well as the calculation
support the present understanding of the underlyihgsical mechanisms. In view of the
complexity of processes, the comparison is quitamising also concerning the quantitative
results. This supports the extrapolation capaéditbf the model. Since parameters have been
adapted to COMET-T experiments and have not beanggd for the present application, the
results also support this application with extrapioh to different material (corium) as well as to
the modified concept (COMET-PCA) using porous ceterfor water inflow. Application to
reactor scenarios is also encouraged by this.
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