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Abstract

Accident conditions involving significant core degradation are termed severe accidents /IAEA:
NS-G-2.15/. Despite the low probability of occurrence of such events, the investigation of
severe accident scenarios is an important part of the nuclear safety research. Considering a
hypothetical core melt down scenario in a VVER-1000 light water reactor, the eatly in-vessel
phase focusing on the thermal-hydraulic phenomena, and the late in-vessel phase focusing on the

melt relocation into the reactor pressure vessel (RPV) lower head, are investigated.

The objective of this work is the assessment of severe accident management procedures for
VVER-1000 reactors, i.e. the estimation of the maximum period of time available for taking
appropriate measures and particular decisions by the plant personnel. During high pressure
severe accident sequences it is of prime importance to depressurize the primary circuit in order to
allow for effective injection from the emergency core cooling systems and to avoid reactor
pressure vessel failure at high pressure that could cause direct containment heating and
subsequent challenge to the containment structure. Therefore different accident management
measures were investigated for the in-vessel phase of a hypothetical station blackout accident
using the severe accident code ASTEC, the mechanistic code ATHLET and the multi-purpose
code system ANSYS.

The analyses performed on the PHEBUS ISP-46 experiment, as well as simulations of small
break loss of coolant accident and station blackout scenarios were used to contribute to the
validation and improvement of the integral severe accident code ASTEC. Investigations on the
applicability and the effectiveness of accident management procedures in the preventive domain,
as well as detailed analyses on the thermal-hydraulic phenomena during the early in-vessel phase
of a station blackout accident have been performed with the mechanistic code ATHLET. The
results of the simulations show, that the effectiveness of the procedures strongly depends on the
ability of the passive safety systems to inject as much water as possible into the reactor coolant

system.

The results on the early in-vessel phase have shown potentially delayed RPV failure by
depressurization of the primary side, as slowing the core damage gives more time and different
possibilities for operator interventions to recover systems and to mitigate or terminate the
accident. The ANSYS model for the description of the molten pool behaviour in the RPV lower
plenum has been extended by a model considering a stratified molten pool configuration. Two
different pool configurations were analysed: homogeneous and segregated. The possible failure
modes of the RPV and the time to failure were investigated to assess the possible loadings on the
containment. The main treated issues are: the temperature field within the corium pool and the

RPV and the structure-mechanical behaviour of the vessel wall.

The results of the ASTEC calculations of the melt pool configuration were applied as initial
conditions for the ANSYS simulations, allowing a more detailed and more accurate modelling of

the thermal and mechanical behaviour of the core melt and the RPV wall.



Moreover, for the late in-vessel phase, retention of the corium in the RPV was investigated
presuming external cooling of the vessel wall as mitigative severe accident management measure.
The study was based on the finite element computer code ANSYS. The highest thermo-
mechanical loads are observed in the transition zone between the elliptical and the vertical vessel
wall for homogeneous pool and in the vertical part of the vessel wall, which is in contact with the
molten metal in case of sub-oxidized pool. Assuming external flooding will retain the corium
within the RPV. Without flooding, the vessel wall will fail, as the necessary temperature for a
balanced heat release from the external surface via radiation is near to or above the melting point
of the steel.



Kurzfassung

Storfille in einem Kernkraftwerk, die eine Kernzerstorung zur Folge haben, werden als schwere
Storfille  bezeichnet /IAEA: NS-G-2.15/. Trotz der geringen Eintrittswahrscheinlichkeit
derartiger Storfille ist die Untersuchung von schweren Storfallszenarien ein wichtiger Bestandteil
der nuklearen Sicherheitsforschung. Fir ein hypothetisches Kernschmelzszenario in einem
VVER-1000 Leichtwasserreaktor wurden sowohl die frithe als auch die spate Storfallphase mit
Beschrinkung auf den Zeitraum vor Versagen des Reaktordruckbehilters (“In-Vessel Phase®)
untersucht. Der Schwerpunkt der Untersuchungen zur frithen Storfallphase lag auf den
thermohydraulischen Phinomenen und fir die spite Storfallphase wurde die Verlagerung der
Kernschmelze in das untere Plenum des Reaktordruckbehilters (RDB) untersucht.

Das Ziel dieser Arbeit war die Bewertung von Notfallmaf3nahmen fiir VVER-1000 Reaktoren
und hierbei insbesondere die Abschitzung der maximalen Zeitspanne fir die Einleitung
geeigneter MaBBnahmen sowie das Fillen spezifischer Entscheidungen des Bedienpersonals. Bei
schweren Storfallszenarien auf hohem Druckniveau (Hochdruckpfad) ist es von vorrangiger
Bedeutung, den Druck im Primarkreislauf zu reduzieren und dadurch die Notkiihleinspeisung zu
ermoglichen. Des Weiteren sollen durch die primirseitige Druckabsenkung ein RDB-Versagen
unter hohem Druck mit direkter Autheizung des Containments und die daraus folgenden
Belastungen fiir die Containmentstruktur vermieden werden. Daher wurden verschiedene
Notfallmaf3nahmen wihrend der Frith- und Spitphase eines hypothetischen Storfalls mit

Totalausfall der Stromversorgung (Station Blackout) unter Anwendung der Rechenprogramme
ASTEC, ATHLET und ANSYS untersucht.

Der Integralcode ASTEC fiir die Simulation schwerer Storfalle wurde fiir Analysen zum
PHEBUS ISP-46 Experiment sowie fur Simulationen zu einem Kiihlmittelverluststorfall mit
kleinem Leck und zum  Totalausfall der Stromversorgung eingesetzt.  Diese
Simulationsrechnungen sind ebenfalls wesentlicher Bestandteil der vorgelegten Arbeit und leisten
einen wichtigen Beitrag zur Validierung und Verbesserung von ASTEC. Mit dem Systemcode
ATHLET wurden Untersuchungen zur Anwendbarkeit und zur Effektivitit von
Notfallmaf3nahmen in der Frithphase eines Station Blackout Storfalls sowie zu den hierbei
auftretenden  thermohydraulischen Phinomenen  durchgefihrt. Die Ergebnisse der
Simulationsrechnungen zeigen, dass die Effektivitit der Notfallmainahmen in starkem Mal3 von

der aus den passiven Systemen in den Reaktorkithlkreislauf eingespeisten Wassermenge abhingt.

Die Berechnungen zur Frihphase des Storfalls Totalausfall der Stromversorgung haben gezeigt,
dass das Versagen des RDB bei Anwendung der primirseitigen Druckentlastung zeitlich
verzogert wird. Durch die Verlangsamung der Kernschiadigung stehen dem Bedienpersonal mehr
Zeit und Moglichkeiten fir Interventionen zur Verfiigung, um Systeme wieder in Betrieb zu
nehmen und alternative Notfallmallnahmen zu planen und umzusetzen, wodurch die
Storfallfolgen begrenzt oder Kernschiden sogar vermieden werden konnen. Das ANSYS Modell
tir die Beschreibung des Schmelzepools im unteren Plenum des RDB wurde um ein Modell fir
einen geschichteten Schmelzepool erweitert. Zwei verschiedene Poolkonfigurationen wurden

analysiert: homogen und geschichtet. Die méglichen Versagensmechanismen des RDB und die



Zeit bis zum Versagen wurden untersucht, um mogliche Beanspruchungen fiir das Containment
abzuschitzen. Das Temperaturfeld im Inneren des Schmelzepools und des RDB sowie das

strukturmechanische Verhalten der RDB-Wand standen dabei im Zentrum der Untersuchungen.

Die Ergebnisse der ASTEC-Simulationen fiir die Zusammensetzung des Schmelzepools wurden
als Anfangs- und Randbedingungen fiir die ANSYS-Simulationen genutzt. Diese Vorgehensweise
ermoglicht eine detailliertere Modellierung und eine genauere Berechnung des thermischen und
mechanischen Verhaltens der Kernschmelze und der RDB-Wand.

Mit dem Finite Elemente Code ANSYS wurde die spite Storfallphase unter Annahme einer
RDB-Auflenkiihlung als Notfallmal3inahme mit dem Ziel untersucht, die Schmelze im RDB
zurtiickzuhalten. Fir den homogenen Schmelzepool wurden die hochsten thermo-mechanischen
Belastungen in der Ubergangszone zwischen der elliptischen und der vertikalen
Druckbehilterwand beobachtet. Im Fall der segregierten Schmelze traten die hdéchsten
Belastungen im vertikalen Teil der Druckbehilterwand auf, welcher in Kontakt mit

geschmolzenem Metall steht.

Bei Anwendung der RDB-Aullenkthlung wird die Kernschmelze im Inneren des RDB zurtick-
gehalten. Ohne externe Flutung wird die RDB-Wand versagen, da die notwendige Temperatur
fir eine ausgeglichene Wirmeabgabe durch Wirmestrahlung von der RDB-Aullenseite nahe oder
tber dem Schmelzpunkt des Stahles liegt.



Pe3rome

ABapuiHI CHCTOAHHUA XAPAKTCPUUPAIIN CE ChC 3HAYUTEAHO Pa3pylllaBaHE HA AKTHBHATA 30HA
Ha peakropa ce Aepurupar kato texkn aBapun /IAEA: NS-G-2.15/. HesaBucumo ot Huckara
YeCcTOTa HAa BB3HUKBAHE HA TAKHBA CHOMTHA, M3CACABAHETO HA TEKKM aBAPHH € BAKHA YACT OT
obaacTTa Ha AAPEHATA OE30IIACHOCT. AHAAM3MPAHA € XUIIOTETUYHA aBAPHA CbC CTOIABAHE HA
3oHata Ha peaktop ¢ Aeka BoAa Tun BBEP-1000. Pasraepanm ca ABere moa-dasu Ha
BBTPEITHOKOPITYCHA TEKKATA aBapHA: PaHHA BBTPEITHOKOPITyCHA pa3a - ¢ POKYC BBPXY TEPMO-
XUAPABAUYHHTE ABACHUA U KbCHA BBTPEIIHOKOPITyCHA pa3a - ¢ POKYC BBPXY IPUABIKBAHETO U

ITO3UITHOHUPAHETO HA CTOIIMAKATA B AOAHATA YACT HA KOPIIyca Ha PEAKTOpa.

Ilea Ha HacTOMAIIATA PAOOTA € AHAAW3 M OIICHKA Ha ITPOIICAYPH 32 YIPABACHHUE HA TEHKKH aBAPUI
3a peaktopu turr BBEP-1000 karo manpumep onpeaeAsHe Ha MAKCUMAAHUA IIEPHOA OT BpeMe 32
IIPEATIPHEMAHE Ha TIOAXOAAIIM ACHCTBHA M PEIIECHHA OT CTPaHa Ha IIEPCOHAAA Ha ASApPEHATA
nenTpasa. Ilo Bpeme Ha cpOHTHE TEKKA aBapHA IIOA BUCOKO HAAATAHE M3KAIOUHTEAHO BAKHO €
HAMAASIBAHE HAa HAAATAHETO IIO IIBbPBH KOHTYP, KaTO IIO TO3M HAYHH MOKE AQ CE€ OCBIIECTBU
ITOAABAHE HA BOAQ B KOHTYpa OT CHCTEMHTE 32 OE30ITACHOCT Ha PEAKTOPa M B CBHIIOTO BpeMe ce
IIPEAOTBPATABA PA3KbCBAHE HA KOPITYyCa HA PEAKTOPA ITOA BICOKO HAAATAHE, KOETO OH AOBEAO AO
AMPEKTHO 3arpABaHE H OIACHOCT 32 CTPYKTypaTa Ha KOHTCHHMEHTA. AHAANSHPAHHU €A PA3AHYHI
MEpPKH 3a YIPaBACHHE Ha TEKKH aBapUMd IIO BpPEME Ha BBTPEIIHOKOPITyCHATa asa 3a
XUIIOTETHYHO MHHUIIUHPAIIO ChOUTHE “IIbAHO OOE3TOYBAHE Ha IIeHTpaAaTa’ (3aryba Ha BBHIIHO
1 BBTPEIIHO EAEKTPO3aXpaHBAaHE) C IIOMOINA Ha HHTErpaAHHA KOA 3a Texkn aBapun ASTEC,

mexaaugaud KOA ATHLET u komepcraanms koa ANSYS.

AnaAnsu HampaBeHH Ha 0Oaszata Ha excrepumenta PHEBUS ISP-46 kakrto m koMIIFOTBPHO
MOACAHpaHEe Ha aBapun “Maabk Ted oT mppBu KOHTYpP  (SBLOCA) u “mpanO 0obezrousame
(SBO) ca npuHOC KbM BEepHMPUITHPAHETO U BAAUAHPAHETO HA HHTETPAAHHSA KOA 32 TEKKH aBAPUN
ASTEC. Hampasenu ca H3CAEGABAHHA 3a IIPUAOKHUMOCTTA U €(DEKTHBHOCTTA HA MEPKHTE 34
ABAPHIHH IIPOIICAYPH B 9YaCTTA IIPEAIIA3HU MEPKH, KAKTO U ACTAHAHM aHAAU3M Ha TEPMO-
XHAPABAHYHHTE ABACHNA 1 eDEeKTH 110 BpeMe Ha paHHaTa (hasa Ha aBapud “[IbaHO 0Oe3TOUYBaHE
Ha OAOKa™ ca mpoBeaeHHu ¢ romorna Ha MexaHmgHuA KoA ATHLET. Iloayuenure pesyararu
ITOKa3BaT, 4€ e(PEKTHBHOCCTA HA aBAPHIHHTE IIPOIECAYPH 3aBUCH CHAHO OT CIIOCOOHOCTTA Ha

ITACUBHUTE CHCTCMH 324 AOCTAaBAHC HAa BOAA AO PCaKTOpAa.

Pesyaarmre OT aHaAM3NWTE Ha pPAaHHATA BBTPEIIHOKOPIYCHA (paza IIOKA3BaT, Y€ IIPU MAPKa
“HamMaAfBaHE HAa HAAATAHETO IO IIBPBHU KOHTYP® BPEMETO AO IHPOIIyKBaHE Ha KOpIIyca Ha
peakTopa ce yAbAXKABA, KAKTO M 3a0aBAHETO Ha IIPOIeCA HA Pa3pyIlaBaHE HA AKTHBHATA 30HA Ha
peakropa OM AOBEAO AO IIOBEYE BPEME 34 BBH3CTAHOBABAHE HA CHCTEMHUTE 32 OE30IIACHOCT, KOETO
OT CBOS CTpaHA OH CIIOMOTHAAO CIIMPAHE HA aBAPUATA HAM CMEKYABAHE HA ITOCACACTBHATA OT
apapusTa. [1o TO3M HaYMH olepaTopuTe Ha IIEHTPAAA OMXa NMAAU IIOBEYE BPEME 334 M PA3SANYIHU

BB3MOKHOCTU 34 ACUCTBHE.

3a ommcanme Ha IIOBCACHHUCTO Ha CTOIIMAKATa B AOAHATa 9aCT Ha KOPIIyCa Ha pPeakropa ¢

IIPHAOKEH MOAEA Pa3pabOTeH Bb3 OcHOBaTa Ha KOMIOTHpHHA KOA ANSYS. Tosm moaea e



AOITBAHEH YpE3 HOBOPa3pabOTEH MOAEA OTYHTAIL BB3MOKHOTO PAa3ACASHE HA CTOIIHMAKATA.
AHaAM3UpaHH ca ABE KOH(HIYPAIIMHM: XOMOICHHA CTOIIMAKA M Pa3AEAEHA CTOIIMAKA.
W3zcaeABaHn ca pasAMYIHHUTE PEKUMU Ha CIYKBAHE HA KOPITyCca HA PEaKTOPa KAKTO U BPEMETO AO
paspylaBaHe Ha KOPIyca HAa PEakTopa 3a OIIEHKAa Ha ITOCAEACTBHATA BBPXy CTPYKTypaTa Ha
KoHTEHHMeHTA. OCHOBHO €a PABIACAAHN TEMIIEPATYPHOTO ITOAE B CTOITHAKATA U PEAKTOPA KAKTO

U CTPYKTYPHO-MEXAaHHMYIYHOTO IIOBEACHHEC HAa CTECHATA HA KOPIIyCa HA pEaKTOpAa.
y

Pesyararure, moaydenn Bb3 ocHOBa Ha KoMmioTbpHuA KOA ASTEC mpm moaeampanero Ha
KOH(UTYPAITHATA Ha CTOIIMAKATA B ABHOTO Ha KOPITyCa Ha PEAKTOPa Ca IIPUAOKEHH KATO BXOAHH
sauHn pu MoaeaupaneTo ¢ ANSYS. Mo To3u HAYHH € OCHIYPEHO IIO-TOYHO MOACAHpPAHE Ha

TCpMI/I‘-IHOTO 1 MEXAHUYHOTO ITIOBCACHUE HA CTOIIMAKATA B CTEHATA Ha KOpHyCﬂ Ha peaKTopa.

ITo Bpeme Ha kbcHaTa (pasa, KATO MAPKA 32 HAMAAABAHE HA ITOCACACTBHATA OT TEKKA aBAPUf, €
HM3CACABAHA BB3MOKHOCTTA 32 3aAbP/KAHE HA CTOIIMAKATA B KOPIIyCa Ha PEAKTOPa YPe3 BHHIITHO
OXA@KAAHE Ha peakropa. AHaamsure ce ocHoBaBaT Ha Koaa ANSYS mo meroaa Ha kpaiiHHTE
eremernTr. Hali-BHCOKOTO TepMO-MEXaHHYHO HATOBApBAaHE Ce HAOAIOAABA B IIPEXOAHATA 30HA
MEKAY CAUIITHYHATA M BEPTHKAAHATA YACT OT CTEHATA HA KOPITyCca HA PEAKTOpa B CAydall Ha
XOMOTEHHA CTOIIMAKA M BbB BEPTHKAAHATA YACT OT CTE€HATA Ha pEaKTopa B CAydaill Ha
cerperupaHa CrommAka. llpuaaramero Ha MApKka BBHIIHO OXAQKAAHE Ha peakropa Ou
CIIOMOTHAAO 3aABPHKAHETO HAa CTOIIMAKATA B KOPITyCa Ha peakTopa. be3 BBHIIHO OXAaKAaHE
IIEAOCTTA HA CTEHATA HA KOPIIyCa HA peaKkTopa IIe ce HapyIu (CKbCBaHE Ha CTEHATA Ha KOPITyCa
Ha PEaKkTopa), ThbH KaTO HEOOXOAUMATA TEMIIEPATypa 32 ODAAAHCHPAHO OTBEKAAHE HA TOIIAMHATA
Ha BBHIIHATA CTCHA YPE3 PAAHAIIMOHHO U3ABYBAHE € IPUOAHSHTEAHO PaBHA MAH IIO-BUCOKA OT

TOYKAaTa HAa TOIICHEC Ha KOPIIyCHATaA CTOMaHa.
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1 Introduction 1

1 Introduction

It is the main objective of the nuclear safety to maintain the barriers for the retention of
radioactivity in order to protect the workers and the public from the hazards of nuclear radiation.
The safety functions required to achieve this fundamental protection goal are implemented by the
operational and safety systems. All these systems are elements in a staggered safety concept,
known as the defence-in-depth concept, which is meant to optimize the interaction of the
manifold systems in respect to their effect on the safety of the nuclear power plant. The defence-
in-depth concept consists of five levels and these levels are aiming /IAEA: INSAG-10/, /TAEA:
INSAG-12/ at:

Level 1: Prevention of abnormal operation and failures using the operational systems. The

realization is supported by conservative design, high constructional and operational quality

Level 2: Control of abnormal operation and detection of failures by the operational systems in

combination with the limiting and protection systems
Level 3: Control of design basis accidents by the safety systems

Level 4: Control of severe plant conditions, including prevention of severe accidents and

mitigation of their consequences by accident management measures

Level 5: Mitigation of the radiological consequences of significant releases of radioactive

materials by off-site emergency response.

Methods of deterministic safety analysis /IAEA: SSG-2/ as well as probabilistic safety analysis
(PSA) /TAEA: TECDOC-1200/ are applied to provide an evaluation of the balance of the plant
design and operation with regard to safety. They deliver a quantification of the risk in terms of
core damage frequency and the related radioactive source term. In this way they reveal whether
the protection measures and functions are adequate. An important objective is also to avoid, if

possible, the damage to the core and the failure of the reactor pressure vessel.

Usually, the safety case has to be demonstrated for design basis accidents (IDBAs) and for beyond
design basis accidents (BDBAs) /TIAEA: 23, TAEA: NS-R-1/. DBAs represent a class of



postulated accidents to, which the safety systems and functions of the nuclear power plant (NPP)
had been designed in order to control the event and to exclude the release of harmful amounts of
radioactivity. Despite the low probability of occurrence, the investigation of severe accident
scenarios is an important part of the nuclear safety research. The probability of occurrence of
severe accident in light water reactors lays in the order of 10° + 107 per reactor year /IAEA:
INSAG-12/. The initiators to severe accidents can be very complex /MAG 2005/, including

multiple failures of safety systems, faulted conditions, man-made and natural hazards.

On the one side, it is the aim of the severe accident research to better understand the
phenomena, involving thermal-hydraulics, physico-chemical and mechanical processes. On the

other side the investigations strive for effective severe accident management measures.

Severe accident progression in light water reactors can be classified in two phases: in-vessel phase
(covering core degradation, corium behaviour in the lower head, reactor pressure vessel failure)
and ex-vessel phase (covering melt ejection, possibly direct containment heating, molten core-

concrete interaction, hydrogen generation and combustion or detonation).

At a postulated accident sequence with loss of all emergency core cooling systems, and if no
additional cooling of the reactor core is provided by passive systems, external means and sources,
the primary circuit starts to boil off, the core starts to heat-up, because of the residual power, the
fuel progressively overheats, the fuel claddings crack, and the reactor core melts down. An
additional source of heat is given by the strong exothermal steam-oxidation, arising from the
contact of the zirconium in the cladding material and the vapour in the reactor core, resulting in
additional generation of heat and substantial production of hydrogen. The interaction of the fuel
with the cladding material produces low-melting-point eutectics, resulting in the relocation of
material in the core. During the process of corium slumping downwards, and by the contact of
hot slumping debris pieces with colder zones of still not melted materials in the reactor, corium
pools are formed. With the further core degradation, the molten materials continue relocating
downwards. Finally, the molten corium accumulates in the lower plenum of the reactor pressure
vessel and causes thermal and mechanical stresses of the reactor pressure vessel wall material,

which can lead to the failure of the reactor pressure vessel.

The reactor pressure vessel is the last barrier to keep the corium inside the reactor, and thus to
prevent higher loads to the containment. Because of that, it is important to keep this barrier
intact as long as possible. A particular aspect is that the load to the vessel exponentially decreases
with the decreasing of the decay heat in the corium pool. This means that the longer the corium

can be retained in the vessel, the easier it is to keep it there.

To assess the behaviour of a nuclear power plant during transient or accident conditions, proper
computer models are needed, which have gone through extended verification and validation. The
assessment of the implemented models is generally realized by comparison of the results to
experimental data (code-to-experiment comparison), comparison of the results to code data
(code-to-code comparison) and application of combination matrix considering complex physical
effects and phenomena, applied codes, relevant accident sequences and types of nuclear power

plants.
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In the framework of this doctoral thesis, the ASTEC code was applied for the investigation of
the whole accident progression till failure of the reactor pressure vessel (RPV). For further
validation, the ASTEC code capability in simulation of severe accident phenomena has been
checked and proved against the PHEBUS ISP46 FPT1 experiment. Detailed investigation on the
main phenomena arising during the early in-vessel phase of the severe accident scenario was done
with ASTEC and the results were compared to results provided by the validated mechanistic
code ATHLET. Moreover, ATHLET was applied for the investigation of applicability,

effectiveness and optimization of accident management measures.

The results of the ASTEC code covering the late in-vessel phase of severe accident scenario were
used as input data into the finite element code ANSYS, to analyse the thermal and mechanical
behaviour of the RPV after core melting. A comparison of the time from fully developed molten
pool in ASTEC and ANSYS till failure of the RPV was done. Additionally, external cooling of
the RPV was analysed with the help of ANSYS as severe accident management measure for in-

vessel melt retention (Appendix D, Appendix F).

This thesis is devoted to the investigation of aspects relevant to the in-vessel phase. Considering a
hypothetical core melt down scenario (a station blackout accident) in a VVER-1000 pressurized
water reactor (PWR), the early in-vessel phase scrutinizing the thermal-hydraulic phenomena, and
the late in-vessel phase focusing on the melt relocation into the reactor pressure vessel lower

head, were investigated.

The thesis consists of eight parts. In the first Chapter a brief introduction to the problem of the

severe accidents is given.

Based on a literature review in the second Chapter, an overview is given and the status of
research is described, concerning severe accidents in pressurized water reactors, and the different
strategies for management of a severe accident. A brief description of the Fukushima accident, a
station blackout scenario in boiling water reactor (BWR), and a comparison of the sequence of
events following a station blackout for both BWR- and PWR-type of reactors are additionally
provided.

The third Chapter covers the most commonly used codes for severe accident analyses, the
requirements for the simulations and the specifics and the modules of the currently developed

integral severe accidents code ASTEC.

Chapter four focuses on the validation of the ASTEC code by performing post-test analyses of
the PHEBUS FPT1 ISP-46 test. The calculated code results are compared against experimental
data.

Chapter five includes the code modelling of the eatly in-vessel phase of a severe accident of a
VVER-1000 reactor. The main characteristics of a VVER-1000 nuclear power plant and the
building of the ASTEC input deck are pointed out. The ASTEC and ATHLET models used for

the early in-vessel phase investigations are described.

Chapter six includes the accident sequence analyses accomplished with the computer code

ASTEC. Transient analyses up to reactor pressure vessel failure were performed without



application of accident management measures (AMM) and with application of AMM. Code-to-
code comparison in predicting the main thermal-hydraulic phenomena was performed with the
validated mechanistic code ATHLET. The possible accident management strategies and operator

actions were analysed.

The seventh part focuses on the late in-vessel phase of a severe accident, when the molten
corium is already relocated into the reactor pressure vessel lower head. The severe accident
management procedures related to the late phase, as well as the thermal-hydraulic phenomena
important for the late phase and the molten pool behaviour are discussed. The possibility is
investigated for in-vessel melt retention by ex-vessel cooling of the reactor pressure vessel of a
VVER-1000 reactor. A new mathematical model, describing the molten pool behaviour and heat
transfer into the corium pool is implemented in the finite element method (FEM) code ANSYS.
The output data of the early in-vessel phase from the ASTEC code serve as initial input data in
ANSYS. Two possible molten pool configurations were considered: homogeneous pool and
segregated pool. The heat transfer in the molten pool, the thermal and the structural results of
the numerical study are discussed. For the segregated pool configuration, a parameter study on

the critical thickness of the metal layer is done.

The summary and the main conclusions are presented in the last part of the theses, Chapter eight.
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2 Overview and status of the research

This Chapter gives an overview of the severe accident research, focusing on relevant safety
aspects of the pressurized water reactors, different measures and strategies for severe accident

management, as well as the current status of the ongoing research.

2.1 Severe accidents in pressurized water reactors —
classification and safety related aspects

The reactor safety issues are of primary importance for preserving the health of the population
and ensuring no release of radioactivity and fission products into the environment. Nowadays the
work of many nuclear safety and research organizations in that field is focused on improving the
safety of existing nuclear power plants, developing new methods, computer codes and state-of-
the-art standards. Many experimental programmes have been launched to support the ongoing
theoretical research, to validate physical models, to qualify computer codes and to elaborate or
optimize safety related standards, guidelines and accident management procedures. Activities to
enhance the safety cover a wide range of topics including siting, design, construction,
commissioning, utilization and decommissioning, and at the same time improving the safety
analysis and the safety management. Special attention has been given to the assessment of the
source term, radionuclide transport within containment, and respectively confinement, and
releases to the environment. The reactor safety plays a significant role for all operating nuclear

power plants, the plants under construction and also for future plants design and concepts.

The safety of the NPPs is based on the “defence-in-depth” concept, which relies on successive
physical battiers /TAEA: INSAG-10/: fuel matrix, cladding, primary system pressute boundary
and containment, and other provisions to confine the radioactive materials and on multiple levels
of protection against damage to these barriers. Within the design basis of a NPP, a number of
initiating events are considered NPP /TAEA: 23/. According to the probability of occurrence
and potential consequences, an event may be classified as an anticipated operational occurrence
(also called a transient) or a design basis accident (DBA).



An accident exceeding the design basis of the NPP is called a beyond design basis accident
(BDBA). Such an accident may or may not involve degradation of the reactor core /IAEA: 23/.
An accident involving core degradation, typically with core melting, is also called a severe
accident (SA). This group of the events are with low probability of occurrence. They may occur
by multiple failures of safety systems. If the safety systems, delivering water to the reactor core,
are not restored, significant core degradation may arise and the integrity of the barriers can be

lost, involving overheating of the nuclear fuel and leading to release of fission products /TAEA:
NS-G-2.15/.

Studies, research and efforts are a continuing process made at improving the safety and reliability
of existing and newly developed nuclear power plants at prevention of a core melt accident.
Accidents like TMI-2 (March 28", 1979), Chernobyl (April 26", 1986) and Fukushima (March
11", 2011) show that even with a low probability of occurrence, such accidents can not be
excluded. The hazard of the core melt accidents to the public, if the containment fails, must be
additionally assessed. Therefore, knowledge-base for prevention or mitigation of those accidents
is being acquired. According to /TAEA: NS-R-1/, the severe accidents should be taken into
account in the design and operation of NPPs. On national level this is determined by the national

nuclear regulatory agencies.

Referring to /IAEA: NS-G-2.15/ and /IAEA: 56/, for identification of the severe accidents
events, and the respective preventive and mitigative measures, probabilistic safety analysis
methods are combined with engineering judgement. The identification of the source events

should be based on realistic or best estimate assumptions, methods and analytical criteria /TAEA:
NS-R-1/.

The severe accident phenomena include the interactions between the melted core materials with
the inner reactor structures, the persisting water inside the reactor pressure vessel, the release,
transport and deposition of fission products. Therefore the analysis of these phenomena is very
complex /SEH 2001/, /SARNET 2006/, /SARNET 2008/. The interaction of the core melt
could lead to ablation of structures, steam explosions, vessel failure, concrete melting and
generation of gases, spreading/dispersion of debris /SARNET 2008/. These phenomena involve
the thermal-hydraulic behaviour, chemistry processes and phenomena arising at high
temperatures, material interactions at high temperatures, physics of aerosols etc.. Investigated is
the behaviour of the reactor, the reactor safety systems and the containment. The loads on the
containment are determined by the way how an accident would proceed, the level of the fuel
damage, maintaining the molten fuel within the reactor pressure vessel or spreading of the
corium mass out of the reactor. They are classified into the following basic groups: loads to the
containment (1) at which the containment remains intact, (2) which could lead to containment
failure early and (3) which could lead to containment failure much later. The “early” versus the
“late” distinction is based on the physical loads on the containment (e.g. steam-concrete and
corium-concrete interaction, high temperature and pressure loads, chemical reactions and H,-
explosions), as well as on the physical processes that control the concentration of fission product
aerosols in the containment atmosphere /SEH 2001/, /SARNET 2006/

The phenomena and the associated severe accident phases are typically divided into two groups:
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e In-vessel phase: covering core heat-up, fuel degradation, release of fission products (the
source term), hydrogen production, material relocation, mass and composition of the
melt, thermal and mechanical loads on the reactor pressure vessel, failure of the reactor
pressure vessel, release of molten corium into the containment building, loads on the

containment

e Ex-vessel phase: covering thermal and chemical interaction between core debris and
containment structures, and containment behaviour, including transport of radioactive

substances, ex-vessel hydrogen production, loads on the containment.

For evaluation of accident management strategies a precise description of the physical processes
and the phenomena during the in-vessel accident progression is essential. The early in-vessel
phase of an accident should be assessed as correct as possible as it exert an influence on the late

in-vessel phase processes, as well as on the ex-vessel phase of a severe accident.

Parallel to the ongoing research and experimental programmes special attention is given on the
development of computer codes that simulate the behaviour of the whole nuclear power plant,
covering all phenomena from heat generation in the reactor core and heat transfer to the
secondary side up to core melting, fission products release and interaction with reactor pressure
vessel (RPV) and containment structures. Computer modelling is also used to assess the
probabilities and the consequences of hypothetical incidents and accidents in nuclear power
plants, and accordingly to that basis to determine the effectiveness of the preventive and
mitigative accident management measures and procedures. Nevertheless, research and
experimental programmes are needed for obtaining, renewing and updating the data bases taken

into consideration in the process of code development, validation, assessment and application.

2.2 Severe accident management measures for pressurized
water reactors

The severe accident management is straightforwardly related to the defence-in-depth concept. In
accordance with defence in depth, each design level should be protected individually,
independently of other levels. The main objectives of severe accident management are /TAEA:
32/:

e Prevention of the accident from leading to core damage

e Termination of core damage

e Maintaining the integrity of the containment for as long as possible

e Minimizing on-site and off-site releases and their adverse consequences
e Achieving a long term stable state.

Two basic ways are followed in the severe accidents research: preventive domain and/or
mitigative domain. Plant specific severe accident management guidelines (SAMGs) are developed

and implemented. Different countries apply different approaches of severe accident management



measures. Two approaches are usually followed: the so called “Westinghouse approach” and the
“French approach”. For implementation of the SAMGs, depending on the plant design, each
plant is performing procedural, operational as well as equipment changes. Observed is the
capability of usage of safety and non-safety systems beyond their originally intended function and
anticipated operating conditions /IAEA: NS-G-2.15/.

Main issues in the severe accident management are keeping the primary circuit integrity, keeping
the pressurized premises integrity and creating of conditions for cool-down of the reactor core or

of the debris after its damage.
Basic SAM actions are /SARNET 2006/, /SARNET 2008/, /IRSN 2007/:
e Cooling a degraded core

This strategy is realized by water injection into the RPV. It is included as a severe accident
management strategy in the SAMG of many nuclear power plants. Injecting water to the hot core
would accelerate the exothermal steam-zirconium reaction, leading to increased steam and
hydrogen production and resulting in higher loads to the containment structures. This action
would help in the process of stopping the core degradation and retention of the degraded core

materials inside the RPV. The procedure is water delivery to the core as soon as possible.

To make available the water delivery to the core by means of active or passive safety systems, or
by external sources, another accident management strategy is applied i.e. “Reactor coolant system
depressurization”. 'The different safety systems start to pour water in the RPV at different
pressure levels. This strategy can be realized by means of safety valves installed either on the
primary side of the reactor coolant system - so called Primary Side Depressurization (PSD) or on
the secondary side of the reactor coolant system - so called Secondary Side Depressurization
(SSD). The preferred way for PWRs is the SSD by the secondary “Bleed and Feed” procedure -
first depressurization and then feeding the steam generators’ secondary side and thereby cooling
down the primary side and reducing its pressure. If this action is ineffective or not available,
depressurization can be accomplished by direct opening of the pressurizer relief- and safety
valves - PSD, primary “Bleed and Feed” procedure. The application of this strategy would help
the water delivery to the core and in that way high pressure melt ejection and direct containment
heating could be avoided. The possible drawbacks at application of this strategy are the high

hydrogen production rates and higher possibility of in-vessel energetic fuel-coolant interaction.

Another strategy is flooding of the reactor pressure vessel compartments. Regarding its
application there is a considerable variation among the countries. The strategy of in-vessel
retention (IVR) by ex-vessel cooling (EVC) is one of the adopted strategies for mitigation of a
severe accident. This concept has been already approved by the Finnish Regulatory Agency
(STUK) to be a part of the severe accident management procedures for the Loviisa NPP,
Finland, with a VVER-440 reactor /KYM 1997/, /BEC 2008/. Besides its feasibility for such
small power reactors, the concept is also investigated for some GEN III and advanced light water
reactors with higher core powers, such as the Westinghouse AP1000 /KOL 1996/, /KOL
1999/, /SCO 2003/, /ESM 2004/, /REM 2005/. This strategy strongly depends on the design

of the reactor cavity. By applying the strategy of in vessel retention of corium, the possible
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violent fuel-coolant interaction in the reactor cavity and thus the pressure loads in the cavity and

respectively to the containment could be avoided.
e Management of combustible gases

This strategy is applied to reduce the H, and the CO inventory in the containment. Depending
on the type of the reactor different equipment, which could deal with the combustible gases is
used. Generally PWRs operating countries have installed passive autocatalytic recombiners in the
containment building. They can reduce the H, and CO concentrations to keep the containment
pressure at a low level. Some PWRs and also BWRs have applied igniters, to produce intentional
H, or CO burns. Containment venting is a strategy considered also for the reduction of the

combustible gas inventory.
e Management of containment temperature, pressure and integrity

This strategy is realized by the automatic or manual usage of the containment sprays. In that way
a condensation of the released steam is realized. Sprays are also used in longer term in
conjunction with heat exchangers, which can extract the heat from the containment to avoid
pressurization. Fan cooler systems in PWRs can extract heat and avoid late pressurization due to
release of non-condensable gases during melt coolant interaction (MCCI). Containment flooding

is also considered in PWR NPPs, as it depends on the containment size too.

Many European countries include also the strategy of containment venting, to avoid late failure

due to over-pressurization by non-condensable gases released during MCCI.
e Management of the radioactivity releases

This strategy is realized by the containment heat removal system and the venting systems. The
purpose here is reduction of the containment pressure. A strategy for reducing the inventory in
the containment is the initiation of the containment sprays. They are designed for eatly operation
and steam condensation after loss of coolant accidents (LOCA) and not for long term operation
as in case of severe accidents. Sprays could provide effective aerosol deposition due to
interception of droplets. The availability of the system strongly depends on the AC power.
Applied are also filtering systems (as HEPA filters).

2.3 Status of the research worldwide

Severe accident research programmes ate established /IRSN 2007/ in many countries with
nuclear power sector i.e. the United States, Japan, France, Germany, Belgium, Canada, South
Korea, Switzerland, Sweden and Russia. Basically, each country has focused on one or more
particular aspects in the severe accidents research field. Worldwide the nuclear safety research
programmes are concentrated from one side on representation of the severe accident phenomena
experimentally, and on other side in the development of simulation codes for safety analysis.
Joint research programmes supported by the European Commission through its Framework
Programmes for Research and Development (FPRD), within the frames of the Organisation for
Economic Co-operation and Development (OECD) have been initiated. For optimizing the data
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base knowledge in the severe accident research, a part of the Sixth Framework Programme was
the Severe Accident Research Network of Excellence (SARNET) project, coordinated by IRSN.
The SARNET project has involved 49 participants from 19 different countries, either members
of the European Union or new candidates for membership, as well as Switzerland. Basic issue has
aimed at improvement of the scientific knowledge. The focus has laid on the development and
validation of the integral severe accidents code ASTEC and methodologies for probabilistic
safety analysis (PSA) level 2.

A large number of in-pile and out-of-pile experiments have been used to develop models and
codes to allow a complete simulation of reactor accidents. In particular, one of those
programmes is the PHEBUS FP programme /PHE 2001/ catried out by CEA, France, with
international collaboration. This programme has been of the few programmes of a global nature
within the severe accident research performing core melt experiments on a prototypic rod bundle
with fission products transport through a representative primary system and the containment of a
PWR. Through the Committee on the Safety of Nuclear Installations (CSNI), the OECD

coordinates research programmes in the field of the severe accidents.

Experimental programmes to quantify the effects from severe accidents have been widely
discussed also in Germany. From the latest big experimental facilities are the QUENCH facility
/IS 1/ to investigate the physico-chemical processes and to get data on the hydrogen soutce
term, the COMET facility /ALS 1999/to examine the late vessel melt behaviour and the DISCO
facility /IS 2/ to study the core melt dispersal.

Experiments covering investigations in the field of the late in-vessel phenomena, behaviour of
the molten pool, heat fluxes in case of IVR in the RPV lower plenum include the COPO
experiments /KYM 1993/, /HEL 1997/, /HEL 1998/ conducted in Finland, which provide
data for heat fluxes as a function of the azimuthal angle for a half scale slice representation of the
torospherical (VVER-440 vessel model) and hemispherical lower head. Isothermal upper
boundary conditions and crust formation were modelled in some of the experiments. In France
was employed the BALI facility /BON 1998/, which is a full-scale slice geometty representation
of the spherical lower head of the French PWRs. The UCSB experiments were performed on the
mini-ACOPO and ACOPO facilities /THF 1997a/, /THF 1997b/. The facility represents a
hemi-spherical half-scale three-dimensional model. The heat fluxes are imposed on the inner

surface of the vessel wall by a heat generating fluid.

The SULTAN facility (France, CEA) /ROU 1997/ for large scale vessel coolability investigates
the heat transfer during the boiling process on the outer surface of the vessel due to cavity

flooding. The impact of the critical heat flux on the ex-vessel cooling has been also investigated.

In the Nuclear Energy Agency of the Organisation for Economic Co-operation and
Development (NEA-OECD) the RASPLAV project /IS 3/ have been used molten salts as
simulant material as well as in the SIMECO facility at the Royal Institute of Technology, Sweden
/1S 4/. The RASPLAV project results have provided data on the behaviour of molten corium

pools and the heat load on the lower head of the reactor pressure vessel, as the thermal
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conditions affect the lower head failure mode. The project also covers the issue of the accident

management strategies during a reactor core meltdown scenario /IS 5/.

A collaborative project called MASCA carried out at the Russian Research Centre “Kurchatov
Institute” (RRC KI) /IS 6/, /IS 7/ in co-operation with a number of scientific and tresearch
associations of Russia: IBRAE RAN, NPO Luch (Podolsk, Moscow region), NPO ThermIKS
sponsored in collaboration with the NEA-OECD has focused on experiments and analysis
within the field of the retention of molten corium within the light-water reactor (LWR) lower
vessel head. The MASCA and MASCA-2 experimental programmes have followed the
RASPLAYV project and have been focused on investigation of the in-vessel phenomena during a
severe accident. For the case of in-vessel melt retention by external cooling of the RPV a focus
should be given if the melt configuration is coolable by the supplied water quantity. Conservative
methods are used. In that case the RPV sustainability on thermal and mechanical loads should be
proved. Challenging issue for the IVR is the critical thickness of the molten steel layer situated

above the oxide pool.

Analytical models and codes are used for analyses of the results derived from different
experimental programmes. The conclusions derived from the experiments are adapted to reactor

applications and benchmarking.

Concerning the applicability and effectiveness of accident management measures in the
preventive domain (early phase of severe accidents), usually system codes like RELAP,
CATHARE or ATHLET are widely used to investigate the response of the reactor coolant
system until heating up of the core. For VVER-1000 type of reactors several investigations on

accident management strategies and possible operator actions have been carried out by using the
computer code RELAP-5 /CHE 2008/, /GEN 2005/, /MUE 2007/ and /PAV 2007/.

2.4 The Fukushima accident

On the area of the Fukushima I nuclear power plant on March 11" 2011 a severe accident leading
to major consequences on the reactor Units 1-4 and the sutrounding area has occurred /GRS
2011/, /US NRC 2011/. The accident was primarily caused by an earthquake and tsunami,
resulting in a loss of internal and external power supply, as well as a failure of all diesel generators
— a station blackout accident. Additionally loss of ultimate heat sinks (UHS) has led to
unavailability of service or house water supply, necessary to cool down the nuclear plant safely

after the accident has occurred.

A main objective of the work presented in this thesis is investigation on accident progression,
typical phenomena and especially on possible countermeasures during a hypothetical station
blackout accident for a VVER-1000 PWR-type of reactor (Chapters 5, 6 and 7). Even though the
reactor types are different, the consequences and to some extent also the countermeasures after a
station blackout are similar (e.g. loss of residual heat removal, loss of emergency core cooling,
mass loss from the reactor coolant system, core uncovery, core heat up and core damage at high

or low pressure). Regarding that, a brief description of the Fukushima accident and the applied
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countermeasures, as well as a comparison for the general course of events after a station blackout

for both reactor types are given.

At the site of Fukushima I six BWRs are installed /TEPCO1 2011/, /GRS 2011/, /NIS 2011/.
These reactors are LWRs with a total electric power output of 4.7 GW . They are enveloped in
two containment structures: primary and secondary containment. The emergency power supply is
realized by two diesel generators as 1 of 2 are shared with the neighbouring unit. Table 2-1

summarizes the main characteristics for Units 1-6.

Table 2-1: Main characteristics of the Fukushima I boiling water reactors, Units 1-6

Reactor Reactor Containment Operating
power type type pressure
Unit 1 460 MW BWR-3 Mark I 7.03 MPa
Unit 2-5 784 MW BWR-4 improved Mark I 7.07 MPa
Unit 6 1100 MW BWR-5 Mark 11 7.07 MPa

In a station blackout accident the increase of the reactor pressure usually is limited or reduced by
the operation of the relief and safety valves and the residual heat is removed by the steam dump
to the pressure suppression pool. Due to loss of power supply the residual heat removal system,
necessary for cooling the pressure suppression pool, is unavailable. As a consequence the

temperature in the pressure suppression pool starts to rise.

In accidents with decreasing water inventory different emergency core cooling systems can feed
the reactor pressure vessel with water from the pressure suppression pool or from a storage tank.
Depending on the working principle and the ability to inject at different reactor pressure, the
systems are separated as active/passive and high/low pressure systems. After a station blackout
the active systems are unavailable and only the systems working on passive principles can feed
the reactor coolant system. The emergency core cooling pumps powered by steam turbines are
used to inject water also at higher pressures. The steam produced in the reactor is directly
transferred to these turbines and from there it is condensing in the pressure suppression pool
(wet-well). The pump is injecting water from the pressure suppression pool (or from a storage
tank) back to the reactor. Another system, which was installed at Fukushima I Unit 1, is the so
called isolation condenser. It consists of a tube bundle installed in a water pool; the tubes are
connected to the reactor pressure vessel. In accident conditions, inside of the tubes the steam is
condensed and the condensate flows back to the reactor, thereby establishing a heat removal
driven by natural circulation and temperature differences. But these systems are not really passive
systems, because they need at least battery power supply to operate (e.g. for pump regulation or

valve activation).

For Units 1-3 the earthquake with 9.0 magnitude has caused reactor SCRAM, turbine trip and
loss of the house load electric power supply. Caused by the severe damages in the surroundings
also the external power supply (off-site power) has been lost. At the moment of the earthquake

Units 4, 5 and 6 were in periodic inspection outage. The following description focuses on the
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main events observed in Units 1-3. The timings for the events in the three units are different, but
the general progression of the accident is similar. It is not within the scope of this work to
provide a detailed analysis of the Fukushima accident. For that reason a more general description

of the accident progression is given.

Units 1, 2 and 3 were automatically shut down by the reactor protection system (reactor
SCRAM), as it should normally be. The turbine stop valves have been closed, the recirculation
pumps and feedwater pumps have stopped and the containment has been isolated. After the loss
of house load and off-site power the emergency power supply system (diesel generators, DG) of
Units 1, 2 and 3 has been automatically activated. Though stop of the fission reaction the decay
heat from the reactor core is still a source of heat to be removed (around 6 % from the nominal
reactor power after SCRAM, continuously decreasing to less than 0.5 % after some days). After
loss of the main heat sink (the turbine and the steam dump to condenser), the increasing reactor
pressure is limited by the operation of the relief valves and later on it has been reduced by the
automatic depressurization (ADE). The steam produced in the reactor core is released by steam
dump to the pressure suppression pool. Caused by the decrease of the reactor level the
emergency core cooling system has started water delivery to the reactor core. As long as the
pressure suppression pool has not lost its ability to condense steam, the residual heat from the
reactor can be removed by steam dump to the pressure suppression pool and feeding from the

emergency core cooling system. The plant has been in a stable-state condition.

The emergency diesel generators have been operating for an hour and as a result of following
extreme tsunami wave the diesel generators station and the essential service water building for
cooling of the diesels have been flooded and totally destroyed (common mode failure). With the
loss of house load supply (the turbine) and failure of all diesel generators the plant in-site power
has been lost. The loss of in- and off-site power supply has led to a total loss of power supply
(station blackout). No active safety systems supplying water to the core have been available, as
they are electrically power supplied. Also the batteries have been flooded and as a consequence
the safety systems, which need battery power to operate, have been failed. The loss of UHS has
led to unavailability of water supply for cooling down the reactor units. Mobile diesel generators

have been delivered to the site nine hours later and have been connected to the plant.

Due to the continuous increase of the temperature in the wet-well, the pressure suppression pool
as remaining heat sink was lost. More steam in the reactor is produced, which could not be
effectively removed from the core. The continuous boil off and further decrease of the reactor
level lead to core uncovery and heating up of the reactor core. The decay heat and the absence of
heat removal from the core result at increase of the fuel and cladding temperatures. At
temperatures above 1100 °C the fuel cladding material zircaloy reacts strongly by the contact with
the steam in the core. Due to the oxidation processes in the core, resulting in exothermal steam-
zirconium reaction with release of great amount of hydrogen and heat, melting of the core
materials is expected. Continuous increase of the core temperature has caused ballooning and
partial cracking of the fuel cladding leading to release of fission products. The pressure in the
containment has continuously increased. Probably due to venting or due to lifting off the primary

containment vessel cap hydrogen has been released to the secondary containment and by the
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contact with the air it has deflagrated (Units 1 and 3). This has caused serious challenge to the
containment structures. Accident management measures for containment depressurization were

performed. For Unit 2 a hydrogen explosion inside of the primary containment occurred.

Mobile diesel generators have been delivered to the units to re-establish the water injection to the
reactor core. Additionally to mobile and fire-extinguishing pumps also helicopters, water cannon
trucks and concrete pumps have been used to supply water to the units. Besides the most
important task to provide sufficient core cooling, the supplied water has also been used for
cooling the reactor vessel outer wall (ex-vessel cooling) and to re-establish the cooling of the

spent fuel storage pools.

To the time of writing this sub-Chapter, the Fukushima accident is still on-going and it would be
premature to draw conclusions on the severity of the current state of the plant, the damages on
the reactor core, the release of fission products and the environmental assessment. It is supposed
that 2/3 of the fuel elements on Unit 1 are damaged, partial core melt on Unit 2 and partial core
damage on Unit 3. On May 15" TEPCO have stated that /TEPCO2 2011/: “Results of the
provisional analysis show that the fuel pellets of Unit 1 were melted and fell down to the bottom of RPV at
relatively early stage after the tsunami reached the plant. Although RPV” is damaged in this provisional analysis,
the actual damage of the RPV" is considered to be limited according to the temperatures presently measured around
the RP1/.”. Contamination of the drinking water and food with elements I-131 and Cs-134/137
above the allowed levels has been detected. The Fukushima accident has been initially rated as
level five according to the INES scale as later this rate has been increased to level seven due to

the high radioactive releases in the first few days of the accident.

Though the conceptual design and the design parameters differences between the boiling water
reactors (BWRs) and the pressurized water reactors (PWRs) a raw comparison of the accident
progression caused by a station blackout (SBO) event could be made. A simplified scheme for

the accident progression in both reactor types is to be seen in Figure 2-1.

The initiating event (SBO) leads to reactor SCRAM, turbine trip, stop of recirculation pumps
(BWR) and main circulation pumps (PWR), as well as to loss of feedwater supply (for the reactor
in BWRs and for the steam generators in PWRs) and failure of all active emergency core cooling
systems. The increasing pressure in the reactor coolant system is controlled by relief and safety
valves. After reaching the corresponding set-points, in the BWRs pressure regulation (limitation)
or ADE is actuated and the residual heat is removed by steam dump to the pressure suppression
pool. The primary to secondary heat removal in the PWRs is realized with the help of the
secondary side steam generator relief and safety valves (steam dump to atmosphere). Due to the
failure of the pressure suppression pool cooling systems in the BWRs the wet-well temperature
increases. As a consequence the pressure suppression pool as a heat sink for steam dump is lost.
In PWRs a similar behaviour can be observed. After steam generators depletion (break down of
primary to secondary heat transfer) the remaining heat sink is lost and after that the increasing

primary pressure is limited by operation of the pressurizer relief valves.

For both reactor types only passive safety injection systems are available. In comparison to a

PWR in the BWRs emergency core cooling starts eatlier, depending on the decrease of the
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reactor water level (caused by pressure regulation or automatic depressurization). Without
depressurization the further accident progression occurs at high reactor pressure, with
depressurization at low pressure (Figure 2-1). In most BWRs the passive core cooling systems
utilize turbine driven pumps, capable to inject water at high pressure. The remaining passive core
cooling systems in PWRs are the hydro-accumulators. To activate their injection, the primary
pressure has to be reduced below 5.8 MPa in the VVER-1000 reactor or to even lower values for
Western-type PWRs. For the primary side depressurization (PSD) the pressurizer relief and safety
valves are fully opened (Chapter 6). Without PSD the further accident progression occurs at high
primary pressure, with PSD at low pressure (Figure 2-1). After failure of the passive core cooling
systems due to batteries depletion, heat up of the pressure suppression pool or low system
pressure in BWRs, and after depletion of the hydro-accumulators in PWRs, the continuously
decreasing water mass in the reactor leads to core uncovery. Without depressurization for both
reactor types the core will heat up and core damage under high pressure is well to be expected. In
case that depressurization has been performed heating up of the core and core damage is

expected but at low pressure path scenario (Figure 2-1).

The possibilities to prevent or/and mitigate a severe accident resulting from initial event SBO in
BWR reactor types are: restoration of the AC power as soon as possible, at high system pressure
depressurization of the reactor pressure vessel, restoration of the water injection to the reactor
core, injection of boron B-10 (to preclude re-criticality) and flooding of the containment to retain
the core/molten materials in the reactor pressure vessel (ex-vessel cooling). The accident

management measures and strategies for PWRs are discussed in Chapters 5 to 7.

The accident progression in the Fukushima nuclear power plant, as well as the studies presented
with this thesis show, that it is of primary importance to ensure the heat removal and core
cooling by passive means for a time period as long as possible. Passive systems play a very
important role during a station blackout accident and the power supply from the batteries must
be also available as long as possible. One lesson learned from the Fukushima accident is, that
after a station blackout the restoration of the power supply can last for a much longer time than a
few hours and how difficult it can be to provide power supply and core cooling under such
circumstances. For that reason possible accident management measures and strategies have to be
carefully investigated and they must be optimized for a grace period as long as possible, as well as
for their effectiveness (Chapter 06).
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3 Severe accident analysis and applied codes

In the following Chapter the requirements necessary for the simulations performed with different
computer codes, general description of codes for severe accident analysis and particularly the

ASTEC code structure are discussed.

3.1 Requirements for the simulations

Basically the assumptions made in accident analyses are related to the reactor design, accident
scenarios, which are going to be investigated, specific requirements of national regulatory
authorities, international requirements and computer codes. Key issues at performing accident
analysis are the selection of computer code relevant for a given accident scenario, selection of the
initiating event and acceptance criteria, initial and boundary conditions (input data) for the
simulation and assessment of the simulation results. The accident analyses should be done by
validated codes /TAEA: 23/.

Two principal methods are applied in the field of safety analysis: probabilistic and deterministic
methods. The safety proof for a nuclear power plant is based on deterministic as well as on

probabilistic methods.

The probabilistic analyses provide information on the availability of systems, the failure
probability of components and safety functions, and finally on the probability of occurrence of
accidents as well as on the risk in terms of damage frequency, e.g. for core melt or reactor

pressure vessel (RPV) failure.

The deterministic analyses aim at a more realistic simulation of the course of events in accidents,
to evaluate the thermal-hydraulics or balance-of-plant behaviour and to derive preventive or
mitigative measures for accident management. Different models have to be applied depending on
the accident scenarios under investigation, e.g. neutron-kinetics for the heat generation in the
reactor core, thermal-hydraulics including heat conduction and heat transfer to account for the

primary to secondary heat removal and structural mechanics to model the mechanical response
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of components, like piping or the RPV. Two options are widely used with respect to the
availability of safety systems and to the initial and boundary conditions:

e Application of best estimate codes with conservative assumptions for the availability of
safety systems (e.g. application of single failure criterion and repair) and conservative

initial and boundary conditions

e Application of best estimate codes with conservative assumptions for the availability of
safety systems and realistic initial and boundary conditions considering uncertainties in

the physical models, input and output parameters.

On one hand acceptance criteria are used to assess the accuracy and reliability of the results of
safety analysis. On the other hand acceptance criteria based on the defence-in-depth concept are
used to evaluate, if a safety proof was successful or not, it means whether an accident can be

controlled by the safety systems or not.

Derived from the basic safety goals to protect individuals, the society and the environment
against radiological hazard, several acceptance criteria for the different protection goals are
formulated like:

¢ (ladding temperatures and maximum local cladding oxidation must be below certain

limits to ensure the core cooling
e Shut-down reactivity must be ensured for control of reactivity

e Limited number of damaged fuel rods and limited amount of oxidized zirconium for

retention of radioactivity.

By developing of the input data basis for a computer code, the sources serving as a basis are the
documentation on the plant design, the technical specification of the equipment, operational
documentation of the plant (limits and conditions, operating instructions and records of the
operational regime, set points and function of operational, reactor protection and safety systems)
as well as emergency operating procedures and severe accident management guidelines. All the
necessary data like geometry, neutron-kinetic and thermal-hydraulic parameters, material
properties, characteristics of the systems and drawings, are collected in “Database for safety

analysis”.

The creation of a plant model for computer codes includes selection of a nodalization scheme
and preparation of the code input deck. Depending on the objectives of the analysis, the plant
model, or the code input deck, could be accident dependent. Typically for safety proofs different

kinds of accidents are investigated, like:
e Reactivity initiated accidents (RIA) and anticipated transients without SCRAM (ATWS)
e Loss of coolant accidents (LOCA), including small, medium sized and large breaks
® Loss of heat sink and loss of power supply.

Verification of the input deck is needed to check its correctness. Validation is performed after the

completion of the input deck verification and before starting the accident analysis. The purpose



3 Severe accident analysis and applied codes 19

of validation of the input data is to demonstrate that the model adequately represents the
functions of the modelled systems /IAEA: 23/. In that way the limits of the NPP could be

assessed.

3.2 Codes for severe accident analysis

The numerical simulation of the severe accident is realized by a two-path approach:

e Integral codes that simulate the entire accident from the initiating event to the possible
release of fission products outside the containment and taking into account the main

safety systems

® Mechanistic codes that provide more detailed simulation of specific accident phenomena

and a more detailed modelling of operational, reactor control and safety systems.

Referring to the severe accident analysis, well known and widely applied severe accident codes are
MAAP4, MELCOR, ICARE/CATHARE, SCDAP/RELAP5 and ASTEC.

Objective of the MAAP4 code /IS 8/, /IRSN 2007/, developed for the Electric Power Research
Institute (EPRI), is to predict core meltdown sequences, using simple models. MAAP is a
modular nodal code, representing the reactor cooling primary system, the secondary system, the
engineered safeguard systems, and the containment and auxiliary buildings. The solver matrix is
based on the mass and internal energy conservation equations for each control volume.
Momentum conservation equations are not differential equations and can be considered as
Bernoulli equations. The code models cover large and small break LOCAs and transients. Due to

the relatively coarse nodalization, MAAP4 calculations require minimal computation time.

MELCOR code /IS 9/, /IRSN2007/is developed by the Sandia National Laboratories (SNL).
The code has a modular structure with large number of physical models. It covers a broad range
of severe accidents phenomena, such as core degradation, fission product (FP) release and
transport, ex-vessel corium behaviour and fission product and aerosol behaviour in the
containment building. The applied models are parametric-mechanistic, based on empirical
correlations. The nodalization schemes could be more detailed. MELCOR runs at a moderately
fast speed.

SCDAP/RELAP5 code /IS 10/, /IRSN 2007/ is developed by Idaho National Engineering
Laboratory (INEEL). The code is based on detailed, mechanistic models of both thermal-
hydraulic and severe accident phenomena. Nodally structured, the code uses a large number of
components to describe the primary system. The simulations are time-consuming. Generally it is
applied for LOCAs and transients within the primary system, reactor core phenomena and fission

product release from the fuel.

The ICARE/CATHARE system is developed by IRSN /IS 11/, /IRSN 2007/. It is applied for
accident analysis of light water reactor (PWR, VVER, EPR, etc.) and probabilistic safety analysis
(PSA) level 2. This system is a combination of the ICARE2 mechanistic code for core
degradation developed by IRSN and the CATHARE2 thermal-hydraulic code developed in
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collaboration by CEA, IRSN, EDF and FRAMATOME-ANP. ICARE/CATHARE is modular
code as each module deals with a specific phenomenon: thermal-hydraulics, mechanics,

chemistry, fission products, movement of materials, debris beds, core meltdown.

Currently developed and in process of validation European integral severe accidents analysis code
is ASTEC (Accident Source Term Evaluation Code). General description of the code structure

and capabilities are given below.

3.3 ASTEC code

The integral code ASTEC is commonly developed by IRSN and GRS with the aim to get a fast
running code for the simulation of severe accidents sequences in LWR from the initiating event

up to the possible fission products (FPs) release out of the containment. The applications are:
e Source term determination studies
e DPSA level 2 studies
e Accident management studies

e Dhysical analyses of experiments to improve the understanding of the

phenomenology.

The code shall cover all important phenomena, which can occur in PWR, including VVER, BWR
and new reactor designs like EPR. The purpose is code application to accident sequence studies,
probabilistic safety assessments, investigations on accident management procedures and to the
support to experiments. ASTEC plays a central role in SARNET (Severe Accident Research
Network) project under the 6" and 7" BEuropean Framework Programme, in order to

progressively become the reference European integral code.

The code has modular structure. The basic modules are /PIG 2002/, /ALL 2005/, /AST 2006/,
/DOR 2006/, /GIL 2007a/, /GIL 2007b/:

CESAR

CESAR module simulates the early front-end phase of the accident. Accounted is two-phase
thermal-hydraulic behaviour. The vessel and the loops are defined by a simplified modelling.
After the beginning of the core degradation phase two-phase thermal-hydraulics is calculated in
the loops and in the vessel upper plenum only. The physical models are based on the reference
French thermal-hydraulic code CATHARE /GIO 2001/.

Two phases are considered: water and gas (steam and one non-condensable gas), as in present
only one non-condensable gas is considered - hydrogen. The numerical approach is a five-
equation one: two mass balance equations, two energy balance equations and one momentum
equation for gas velocity with a drift flux correlation for water velocity. The state variables are
total pressure, void fraction, gas enthalpy, water enthalpy, partial pressure of hydrogen and gas

velocity.
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The reactor coolant system is discretized into volumes, either homogeneous or with a swollen
level model. A volume can be also nodalized in axial direction. The specified volumes are

connected with junctions. The wall heat transfer models close the energy balance equations.
Special components represent pumps, valves and breaks.
DIVA

This module describes in-vessel core degradation. The module is directly derived from the IRSN
mechanistic code ICARE2 for core degradation: same general structure and same modelling
approach. The module simulates the early-phase degradation with fuel rod ballooning and failure,
cladding oxidation, fuel rod heat-up, molten mixture candling, etc. and then the late-phase
degradation with corium accumulation within the core channels and formation of blockages,

corium slump into the lower head and corium behaviour in the lower head until vessel failure.
Some specific models were developed to avoid too high computation times:
e Tor core thermal-hydraulics: multi-1D channel liquid and 2D gas

e Tor corium behaviour in lower plenum: 2D meshing of vessel lower head, three 0-D

corium layers (oxide layer, metal layer, debris).
The main models are:

e Heat conduction and heat transfer: between two walls, between rod and cladding
(including the gap), convective heat transfer between fluid and wall, radiation in a reactor
core or in a bundle. Radiation from the lower core structures to the residual water in

lower plenum is also modelled, which favours vaporisation of water

e Power: simulated can be the nuclear power generated by fission products or electric

power generated as in the case of experiments

e Chemistry: oxidation of Zr by steam, oxidation of stainless steel by steam, dissolution of
UO, by solid and liquid Zr, dissolution of Zr by liquid steel, oxidation and degradation of

B,C control rods

e Rod mechanics: creep of zircaloy cladding, loss of integrity of fuel rods (using user-

defined criteria)

e Material relocation: in eatly-phase of core degradation, radial/axial movement of a
mixture of molten and solid masses within or along the rods and then slump into the

lower plenum

e Vessel lower head mechanical failure: melt-through, or mechanical failure (either
instantaneous plastic rupture or creep rupture) or user-defined criteria (such as

temperature, degradation rate, stress)
¢ Reflooding of quasi-intact or slightly degraded cores (i.e. still in rod-like geometry).

The description of geometry of vessel lower head allows the modelling of any type of shape such
as semi-elliptical one for VVER reactor types.
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CPA

The CPA module simulates thermal-hydraulics and aerosol behaviour in the containment. It
consists of two main sub-modules THY (thermal-hydraulics behaviour) and AFP (aerosol and
fission product behaviour). The containment discretization through a “lumped-parameter”
approach (volumes represented by nodes connected by junctions) simulates simple or multi-
compartment containments (tunnels, pit, dome) with possible leakages to the environment or to

normal buildings, with more or less large openings to the environment.

e Thermal-hydraulics in containment CPA-THY: describe phenomena such as pressure and
temperature build-up and history, local temperature and pressure distributions, local gas,
local heat transfer to walls (free and forced convection, radiation, condensation), 1D heat
conduction in structures (plates or cylinders, consisting of several material layers), and

hydrogen combustion

e Aecrosol and fission product behaviour in containment CPA-AFP: describe phenomena
such as volume condensation and growth of insoluble and soluble aerosol particles,
behaviour of chemically different aerosol components, and agglomeration and deposition

processes.
ELSA

This module simulates release of fission products and structure materials from the core. It is
strongly coupled with the DIVA module. For intact fuel rods, the semi-empirical approach deals

with three classes of fission products: volatile, semi-volatile and non-volatile.
SOPHAEROS

This module simulates transport of fission products vapours and aerosols in the reactor coolant
system. Using families of species (elements, compounds, gas, volatile, non-volatile) and five states
(suspended vapours, suspended aerosols, vapour condensed on walls, deposited aerosols, sorbed
vapours), the mechanistic and semi-empirical approaches model the main vapour-phase and

aerosol phenomena.
RUPUICUV

This module simulates the direct containment heating (DCH), i.e. ex-vessel corium discharge into
the cavity (vessel blow-down, cavity pressurization) and potential corium oxidation and

entrainment from the cavity to the containment.
Two kinds of cavity geometries are considered:

e “Closed” cavities such as in USA-type PWR, ie. without direct connection with

containment, but through a series of intermediate compartments

e  “Open” cavities such as in Western European PWR, i.e. with an annular space towards

the containment.
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CORIUM

This module simulates the behaviour of corium droplets transported by high pressure melt
ejection (HPME) into the containment atmosphere and sump. Hot gases entrain these droplets.

Heat transfer between corium and gas is modelled in each containment zone (DCH).
MEDICIS

This module uses the lumped-parameter 0D approach with averaged melt/crust layers. It
assumes either well-mixed or stratified (heavy oxide, metal, light oxide) corium, and it calculates

concrete ablation and corium oxidation.
IODE

This module simulates iodine behaviour in the containment, i.e. the main chemical reactions in
sump and gas phase. Transport of iodine species through compartments of the containment is

computed by CPA module.
ISODOP

This module simulates decay of fission products and actinide isotopes in different zones of the

reactor. It starts the calculation using an initial isotope inventory.
SYSYNT

This module simulates the management of engineered safety features (for instance spray system,

safety injection system, management of steam generators).
MDB

This material data bank (MDB) library groups together all material properties under a unique

simple readable format.

There are also some specific couplings between the modules, as during the front-end phase,
CESAR alone calculates the thermal-hydraulics in the whole reactor coolant system, using a
simplified core modelling of 1 radial mesh. An automatic switch to DIVA for simulation of in-
vessel core degradation phenomena has been elaborated. This switch will be effective around
time of start of core uncovery, and in any case before the start of rod zircaloy oxidation by steam.
After the switch, CESAR calculates only the loops and the vessel upper plenum, and DIVA

calculates the remaining part of the vessel (core, lower plenum, and downcomer).

For the accident analyses performed in the following Chapters, different release versions of the
ASTEC code have been used. This is because of the fact that the code is still in validation

process.



24




4 Validation of the ASTEC in-vessel modules against ISP46 PHEBUS FPT1 experiment 25

4 Validation of the ASTEC in-vessel modules
against ISP46 PHEBUS FPT1 experiment

This Chapter focuses on the validation of the ASTEC code against the PHEBUS ISP-46 FPT1
experiment, investigating the release of fission products, their transport and deposition in a PWR
during a hypothetical severe accident. Main issue of the presented investigation concerns
representation of the severe accident phenomena, thus the ASTEC code application in simulation

of severe accidents.

4.1 Description of PHEBUS FPT1 experiment

The PHEBUS Fission Product (FP) programme /PHE 2001/, /PHE 2004/ had been initiated in
1988 after major severe accidents in nuclear reactors at Three Mile Island (TMI), USA, in 1979
and at Chernobyl, Ukraine, in 1986. The main objective of the programme had been investigation
of the release, transport and retention of fission products in an in-pile facility under conditions
representative of severe accidents in a Light Water Reactor (LWR). Cooperation formed between
the “Institut de Protection et de Sareté Nucléaire” (IPSN) of the “Commissariat a 'Energie
Atomique” (CEA) and the Commission of the European Communities (CEC) agreed in

performing six tests in collaboration with other international partners, namely:
e The United States Nuclear Regulatory Commission (NRC)
e The Japanese Nuclear Power Engineering Corporation (NUPEC)
e The Japan Atomic Energy Research Institute (JAERI)
e The Canadian Candu Owners Group (COG)
e The Korean Atomic Energy Research Institute (IKAERI)
e The Swiss Paul Scherrer Institute (PSI)

e The Swiss Federal Nuclear Safety Inspectorate (HSK).



26

The programme had been directed by the “Département de Recherche en Sécurité” (DRS) at
CEA-Cadarache and the Joint Research Centre (JRC) of the CEC /PHE 2001/.

The FPT1 test is the second experiment of the international PHEBUS FP programme conducted
by the French IPSN of the CEA. The programme is launched to study the severe accident
phenomena in a light water reactor (LWR). Severe accident situations assume total or partial
malfunction of the reactor protection and safety systems, leading to core meltdown. They also
assume total or partial failure of emergency operating procedures intended to prevent these
accidents or to mitigate their consequences. Thus, the PHEBUS FP experimental programme has
been aimed at estimation of the amounts of radioactive fission products and aerosols, released by
fuel elements, to investigate their behaviour both in the primary circuit and in the containment,

and to provide an experimental basis for computer code validation.

The FPT1 test was conducted in July 1996, in order to study the release of fission products and
their subsequent transport and deposition in primary circuit and the containment of a pressurized
water reactor. ISP-46 provides the opportunity to assess the capability of severe accident
modelling codes in an integral manner, covering core degradation through to the late phase with
melt pool formation, hydrogen production, fission products release and transport, circuit and
containment phenomena, and iodine chemistry. The general objective is to assess the capability
of computer codes to model in an integrated way the physical processes taking place during a
severe accident in a pressurized water reactor, from the initial stages of core degradation to the
behaviour of released fission products in the containment. The codes are supposed to be used in
a similar manner as they would be used for plant studies, employing standard models and options

as far as possible, with representations of the facility in similar details as used for plant studies.

Figure 4-1shows the general scheme of the FPT1 expetiment /PHE 2001/.
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Figure 4-1: PHEBUS FPT 1 (ISP-46) general experimental scheme
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The specific objectives of the FPT1 test could be described separately for the fuel rod bundle, the
experimental circuit and the containment. The experimental circuit simulates some of the PWR

components, including the primary side of a steam generator.
In the fuel rod bundle

The objective was to generate significant degradation of the bundle by reaching the liquefaction
temperature of the fuel in order to produce large releases of fission products into the
experimental circuit. This required that the liquefaction of at least ~2 kg of fuel (i.e. ~20% of the

total mass of fuel) from the bundle had to take place under low pressure in a steam-rich carrier
gas.

In the experimental circuit

The main objectives were to investigate fission product retention within the primary circuit of the
reactor at low pressure (around 0.2 MPa) without steam condensation and to provide data on
fission product chemistry including interactions of these fission products with pipe walls at high

temperature.

A secondary objective was to explore phenomena in the section just above the bundle exit where
sharp changes in the carrier gas temperature were expected. In the FPT1 test, a section of the
liner, in the temperature controlled part of the vertical line above the bundle, was made of
stainless steel, allowing differences in deposition on this material and the Inconel, which was used

elsewhere in the circuit to be studied.
In the containment

The main objectives were to study fission product chemistry and especially iodine radiochemistry
in the sump water and the atmosphere, and the effect of paints in the realistic chemical
conditions of a severe accident. An additional objective was to take advantage of the actual
aerosol source to assess aerosol physics codes, especially the models for deposition with steam
condensation (diffusiophoresis) onto internal condensing surfaces (condensers). The reduced
volumetric scale factor compared to a PWR with 900 MW power is approximately 1/5000. A
further important objective is the study of core degradation phenomena, especially during the late

phase of the process.

The FPT1 test bundle consists of 21 fuel rods, which are in a 5x5 lattice configuration with a
pitch of 12.6 mm. The rods are hold by two zircaloy spacer grids. Among these 21 rods, 18 rods
are PWR fuel rods (~3.75% enrichment in U235) previously irradiated to a mean burn-up of 23.4
GWd/tU and two instrumented fresh fuel rods (~3.5% enrichment in U235). These rods have a
fissile length of 1 m, housed in a zircaloy (Zry) cladding of 1.12 m. The last rod is an absorber
silver-indium-cadmium (AIC) control rod with stainless steel cladding housed in a zircaloy guide
tube. The FPT1 test bundle was ~1 m in length and contained a total fuel mass of ~11 kg. The
bundle was housed in an insulating shroud, limiting the radial heat losses, which was introduced
into an in-pile tube cooled by a pressurized water circuit. The shroud is composed of four layers:
a 2.5 mm thick thorium inner layer, 8 mm thick insulated region of porous zirconium and a 6 mm

thick Inconel-625 pressure tube, flame-spray coated with a 2 mm thick high density zirconium
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layer on its inner surface. There are two gaps in the shroud (0.5 mm at room temperature)
surrounding the porous zirconium sleeve. The test train was set in a cell in the centre of the
PHEBUS reactor. The bundle was pre-irradiated for ~7 days with a mean bundle power of
~205 kW in the PHEBUS reactor before the experimental phase of the test itself in order to
generate short-lived fission products in the fuel. The main instrumentation in the PHEBUS core
and the test train has been used to control the experiment on-line. After the pre-conditioning
phase, a period of 36 hours was necessary to bring down reactor xenon poisoning and to

establish the boundary conditions of the experimental circuits.

The fuel degradation phase had lasted five hours, during which the inlet steam flow rate injected
at the bottom of the test train had been varied from 0.5 to 2.2 g/s providing oxidizing conditions,
while the bundle power had been progressively increased from 0.65 kW up to 36.5 kW. The
bundle degradation phase consisted of two main periods. The first one, devoted to the thermal
calibration of the bundle lasted ~7900 s. During this period, the bundle power and the steam
flow rate were changed step by step in order to check the thermal response of the bundle. The
second period was the real temperature transient and degradation phase of the test, lasting from
~7900 s to ~17000 s. The degradation phase was especially devoted to the release of fission
products, bundle, structure and control rod materials in order to study their transport and
retention in the experimental circuit. After the degradation phase the experiment continued with

aerosol phase, washing phase and chemistry phase.

4.2 ASTEC model

The investigation presented in Chapter 4 aims at modelling of the main phenomena arising
during the late phase of a severe accident, such as molten pool formation, hydrogen production,
fission products and aerosol releases. An ASTEC model, using ASTEC v1.1 code version, has
been applied to simulate the PHEBUS FPT1 experiment. To model the main phenomena
occurring in the late phase of a severe accident, the CESAR, DIVA, ELSA, SOPHAEROS,
IODE and CPA modules have been activated (Chapter 3, Part 3.3). Special attention has been
given to a proper modelling of the fuel rod bundle and different nodalizations schemes have been

applied to study the sensitivity of the calculated results on the axial meshing.

The model consists of several main structures including simulation of the FPT1 reactor bundle,

the circuit and the containment vessel, as follows (Figure 4-1):

e The fuel rod bundle consists of 20 fuel rods: 18 irradiated fuel rods, 2 fresh fuel rods and
one silver-indium-cadmium (AIC) control rod. The reactor bundle is surrounded by
insulated shroud composed by high density zirconium. The core is also surrounded by

measurement instruments

e The circuit consists of: upper part section, which is represented as a vertical line ~3 m
high; an isothermal horizontal line ~9 m long; vertical steam generator U-tube ~4 m

high; and another isothermal horizontal line ~4 m long
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The vertical and the first horizontal line together simulate the hot leg of PWR primary

circuit, while the second horizontal line simulates the cold leg

The containment vessel reproduces the reactor containment. It is used for estimation of

the released iodine isotopes.

Alternative nodalizations are concerned in order to investigate the code response according to

the different meshing methods.

The primary circuit is represented by 23 volumes as follows (Figure 4-2):

Upper part - consists of 6 volumes

Hot leg - consists of 4 volumes

Steam generator - divided into 11 volumes

Cold leg - consists of 2 volumes.

Steam Generator, U tube

Cold leg

[] | I || I
g |:| Hot leg
2 % i
* 0
L]
Core,
Fuel bundle
0.0 m

Ref.

Case 1

Case 2

Case 3

Core,

Axial
meshing

Figure 4-2: FPT 1 ASTEC nodalization for the primary circuit and the core axial meshing

By the axial meshing of the fuel bundle several cases have been investigated (Figure 4-2). As a
reference, a case with 17 mesh points has been used. Three additional cases for comparison with

the reference case have been applied to study the effect of the different nodalizations on the

calculated results:

Simplified case with 10 axial points, separated at 2 parts (0-1.0 m), and (1.0-1.12 m) with

various steps/spaces between the mesh points in each part
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e Three sectioned case with a sequence of 28 mesh points, separated at 3 parts (0-0.5 m),

(0.5-1.0 m) and (1.0-1.12 m) with various space between mesh points in the each part

e Uniform case with a sequence of 38 mesh points with coextensive steps - space 0.03
between the all mesh points in the entire sequence (0-1.12 m) long.

All the cases are presented in Table 4-1. The finer nodalization in the upper part of the core
model aims at calculation of the onset of the severe accident from the start of core uncovery. In
radial position the meshing is kept as the basic input deck (as in the reference case). The radial
meshing is composed of two adjacent channels inside the bundle. The 21 rods modelled (1 AIC

and 20 fuel rods) are divided into 4 rings of rods. The containment is modelled as a single
volume.
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Table 4-1: Meshes of the FPT1 bundle axial meshing. Length coordinates in m

38

Ref. Case 1 Case 2 Case 3
Mesh No/Cases (Mesh 17) (Mesh 10) (Mesh 28) (Mesh 38)

] 0.00 0.00 0.00 0.00
) 0.05 0.20 0.10 0.03
N 0.15 0.40 0.20 0.06
4 0.25 0.60 0.30 0.09
5 0.35 0.80 0.40 0.12
P 0.45 1.00 0.50 0.15
. 0.55 1.03 0.55 0.18
g 0.65 1.06 0.60 0.21
9 0.75 1.09 0.65 0.24
10 0.85 112 0.70 0.27
1 0.95 0.75 0.30
" 1.00 0.80 033
3 1.02 0.85 0.36
14 1.05 0.90 0.39
5 1.07 0.95 0.42
16 1.08 1.00 0.45
17 112 1.01 0.48
13 1.02 0.51
19 1.03 0.54
0 1.04 0.57
o 1.05 0.60
”» 1.06 0.63
”3 1.07 0.66
o4 1.08 0.69
- 1.09 0.72
% 1.10 0.75
” 1.11 0.78
28 112 0.81
2 0.84
0 0.87
3 0.90
» 0.93
3 0.96
a4 0.99
35 1.02
6 1.05
. 1.08
1.12
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4.3 Code-to-experiment comparison

4.3.1 Boundary conditions

The gaseous flow in the bundle is modelled according to the definition of two adjacent channels.

An internal, which has 23.99 mm internal radius and external, which has the radius of the

thorium layer of the shroud. The outlet pressure at elevation 1.12 m is set to 2.2 bars.

The inlet steam temperature is kept at a constant value of 438 K during the whole transient. The

axial power profile is given in Figure 4-3:

Axial power profile
1
09 —— Axial power profile
0,8
g 0,7 1
g 0,6 1
k=)
Z 05
g
= 041
£ 03
0,2 1
0,1
0 T T T T T T T T
0 02 04 0,6 0,8 1 12 14 16 1,8
Axial factor (-)

Figure 4-3: FPT1 experiment, axial power profile

The total duration of the test is 17039 s. The bundle degradation phase is divided into five

representative periods:

Calibration period (from 0 to 7900 seconds)
Pre-oxidation period (from 7900 to 11060 seconds)
Oxidation period (from 11060 to 13200 seconds)
Power plateau (from 13200 to 14580 seconds)
Heat-up period (from 14580 to 17039 seconds).

The calculation is ended by the isolation of the containment from the primary system.
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4.3.2 Results of the simulations

The evaluation of the calculation focuses on the following phenomena:
e Tirst fuel cladding rupture
e Thermal behaviour and fuel temperatures for the different mesh cases
e Hydrogen production during the calculations
e Relocation of materials at the end of the calculations.

In Table 4-2 are presented the main events calculated by ASTEC for the different cases and the
results are compared to the experiment. Figure 4-4 to Figure 4-35 depict the calculated results by
the ASTEC code. With the help of the selected parameters a comparison to the experimental

results has been done and is described in the text below.

The first total core uncovery is at the beginning of the calculation for all the cases. According to
the post-experimental analyses of the FPT1 test, the clad ballooning and bursting due to the
internal overpressure had occurred during the third temperature plateau of the calibration period
(~5700 s). The first fuel cladding rupture for the different cases is arising around 4960 s (Case 3,
Mesh 38) — 5670 s (Case 1, Mesh 10), corresponding to the calibration period of the experiment.
The closest results to the experimental ones are calculated in Case 1 with a coarse bundle
nodalization: 5700 s experiment/5670 s calculated (Table 4-2).

The burst of the cladding results in a release of fission gas and aerosols from the fuel pellets.
According to /PHE 2001/ it is supposed that probably the cladding failed at different times in
the axially hottest region at 0.5 m elevation. At the time of the cladding failure, the maximum
measured experimental temperature of ~845 °C (1118 K) is in a good agreement with the
ASTEC code calculated results in all cases. The release of fission products from the fuel pellets is
at 5690 s calculated by ASTEC in Case 1 versus 5800 s in the experiment. The calculated times in
Case 2 (5110 s) and Case 3 (4980 s) are underestimated. The reference case with 17 meshes gave

a time for the start of FP release around 5140 s, which is also underestimated.

The start of the structural material release for the different cases is varying between ~8740 s
(Case 3, Mesh 38) and ~8970 s (Case 1, Mesh 10) corresponding to the pre-oxidation period of
the experiment. In all cases the start of structural material release is underestimated in

comparison to the experimental results of 9690 s.

Differences in the results are also observed for the time of beginning of oxidation. The
experimental results have shown beginning of oxidation at about 8580 s from the first total core
uncovery. Case 3 with 38 meshes gave the closest time to the experimental data (8800 s). The
coarse meshing of the bundle (Case 1) as well as the reference case with 17 meshes largely

overestimates the experimental results (10443 s and 10733 s respectively).

Figure 4-4 to Figure 4-15 show the evaluation of the thermal behaviour - temperature evolutions
at levels 0.2 m, 0.5 m and 0.8 m. This is respectively the lower part, the mid-part and the upper
part of the bundle. FUEL2, FUEL4 stay for the modelled fuel elements (inner and outer) and
SHR11, SHR27 stays for the shroud elements (inner and outer).
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According to the test data provided, during the first thermal calibration period of the test, the
failure of zircaloy cladding due to internal over-pressure occurred at ~845 °C (referring to the
maximum temperature measured at the bundle mid-plane). At the end of the calibration period
(~7900 s) the maximum temperature measured in the bundle was stable at ~920 °C (1193 K).
Referring to the FPT 1 Final Report /PHE 2001/ at ~7900 s of the transient, the nuclear power
generated in the bundle was increased and the steam flow rate was increased from 0.5 g/s to
2.2 ¢g/s in ~37 min (until ~10160 s). Respectively, the ASTEC code calculated results for that
period of time are in a good agreement to the measured experimental data. The temperature
escalations detected in the FPT1 experiment in the upper part of the fuel bundle with a peak
around ~11300 s, which are due to the oxidation runaway, have been predicted by the code
(Figure 4-12 to Figure 4-15) in all the simulated cases, but less pronounced in the Case 1 with 10
meshes bundle nodalization scheme (Figure 4-13). Correct agreement is predicted on the
evolution of bundle temperatures in all the studied nodalization cases, but underestimation of the
oxidation peak in comparison to the experimental data 2200 °C (2473 K).

The analyses of the thermal behaviour of the bundle and the shroud clearly indicate a large fuel
relocation and accumulation during the last ~20 min of the test (until ~16000 - ~17039 s). The
materials (fuel and cladding) relocated away from both the upper and the lower half of the
bundle. At the end of the heat-up phase, as could be seen from Figure 4-32 to Figure 4-35, the
molten material is progressively accumulated inside the molten pool at 0.19 - 0.26 m elevation.
Figure 4-32 to Figure 4-35 show the distribution of the different materials depending on the
height of the core and the core radius. Referring to /PHE 2001/, the temperature inside the
molten pool at the lower elevation has probably reached ~2500 °C (2773 K) at the end of the
degradation phase. The extension of the mass of the molten pool associated with the complete
failure (melting and/or dissolution) of the lower grid has produced a second axial movement of
materials. The hydrogen mass flow rate (Figure 4-28 to Figure 4-31) has increased during this
phase too, and probably has been due to the second downward progression of the molten pool
below the lower grid leading to temperature escalation and oxidation of the partially oxidized

cladding.

Generally, the thermal behaviour does not vary much for the different cases viewing all the
temperature evolution curves before the runaway oxidation period. Differences in the
calculations appear locally later during the oxidation period and the heat-up period and these
differences, observed mainly at the bottom of the bundle (Figure 4-4 to Figure 4-15 and Figure
4-32 to Figure 4-35) are due to relocation processes i.e. when hot masses become in contact with

colder ones.

With the beginning of the zircaloy oxidation, hydrogen production in the experimental circuit

(sensor in the containment) has been detected around 8580 s.
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Table 4-2: Main events, FPT1 experiment vs ASTEC code simulations

Event/C FPT1 Reference Case 1 Case 2 Case 3
VERH/ASES | Expetiment | (Mesh 17) (Mesh 10) (Mesh 28) (Mesh 38)
First rotal core -1 1.00000E+00| 1.00000E+00| 1.00000E+00| 1.00000E-+00

uncovery, [s]

First fuel cladding | ¢ 5505103 5120785403 | 5.67078E+03 | 5.09078E+03 |  4.96078E+03
rupture, [s]

Start of FPs

release from fuel 5800E+03 | 5.14078E+03| 5.69078E+03| 5.11078E+03| 4.98078E+03
pellets, [s]

Start of structural o (o0 03] §63713E403 | 8.97078E+03 | 8.00078E+03|  8.74078E+03
material release, [s]

Beginning of 8.580E+03 | 1.07333E+04| 1.04436E+04| 8.85078E+03| 8.80078E+03
oxidation, [s]

. 1.86608E+04 | 1.86608E+04 | 1.86608E+04| 1.86608E+04| 1.86608E+04
isolation, [s]

Hydrogen ~112 ~115 ~114 ~118 ~112
production, [g]

Figure 4-28 to Figure 4-31 show the total hydrogen production. The chemical reaction has started
in the upper part of the bundle as fuel temperature has exceeded 1100 °C (1373 K). The
experimental results, as well as the calculated ones, show that due to the exothermically chemical
reaction, produced during the oxidation of the zircaloy cladding in the steam atmosphere, results
in temperature increase of the fuel rods. Until ~8580 s there is only a minor hydrogen
production. The hydrogen production increased slowly and progressively after that time, between
~8580 s and ~9140 s, as the maximum temperature in the fuel bundle exceeded ~1100 °C at

0.5 m elevation.

In accordance to the calculated results by the ASTEC code a good agreement to the experimental
results for the total hydrogen production is received for Case 2 with 28 meshes and for Case 3
with 38 meshes. The oxidation rate of zircaloy is accelerated considerably at temperatures around
1675 °C (1948 K) at ~11300 s. A second smaller hydrogen generation peak is detected cleatly as
well in the reference case with 17 meshes as in the detailed case with 28 meshes (Case 2).
According to the post-experimental results, this second hydrogen peak is observed in the last
~20 min of the test. That is explained with the download relocation of the molten pool to a zone
where probably the cladding was not completely oxidized. The calculated hydrogen production
results in Case 3 gave the exact value of 112 g as of the experiment. In the other nodalization

cases the production of hydrogen is overestimated by the code (Table 4-2).

Figure 4-32 to Figure 4-35 show the final degraded state of the test bundle. In the figures with
AIC is indicated the position of the Silver-Indium-Cadmium control rod, STEEL - indicates the
position of the steel elements in the bundle, ZR — the zirconium elements, ZRO — the zirconium
oxide elements, ZRO2 — the zirconium dioxide elements and MIXTU corresponds to the

mixture (the molten) elements. A resolidified molten pool could be observed, which generally
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consists of uranium and zirconium oxides, homogeneous pool. The most degradation of the fuel
bundle and material slumping has been observed during the heat-up period of the experiment.
The relocation of materials has started from the upper part of the fuel bundle and proceeded
downwards to the lower parts. Melt is accumulated at elevation 0.2 m from the bottom of the test
bundle, which leads to formation of a melt pool, trapped by the lower grid. The relocation
processes calculated by the ASTEC code and according to the experimental results started at
temperatures below ~2100 °C - 2200 °C (2373 K — 2473 K), as that process could be explained
with the formation of eutectic mixtures between the material and the control rod from one side,
and from another the oxidized cladding and the fuel rods, leading to fuel dissolution and loss of

integrity of the fuel pellets.

According to the experiment the molten pool moved down probably because of the partial
failure of the lower crust at the level of the grid. There is also a second movement of materials,

which is probably due to the total failure of the lower bundle grid.

In Figure 4-16 to Figure 4-27 are depicted the release of fission products, separately for volatile,
semi-volatile and low-volatile trends, calculated by the ASTEC code.

According to the FPT1 experimental results the first detection of most isotopes of volatile fission
products (noble gases, isotopes of Cs, Te, I, Sb) at different locations in the circuit occurred
between 10960 s and 11340 s. Good agreement in the ASTEC code calculated results to the
experimental ones is observed. The high temperatures lead to almost complete release of the high
volatile fission products. During that time period the escalation of the oxidation reaction resulted
in strong material release in the circuit and significant increase of isotopes of volatile nuclides -
Cs, Te, I, Sb (Figure 4-16 to Figure 4-19). The maximum fraction of volatile fission products
release, according to the experimental results, is reached around 13500 s to 13800 s. The noble
gases, such as Kr and Xe, which are highly volatile and non-reactive towards circuit surfaces,
have reached a maximum release fraction of 84 % - 94 % calculated by the code. In comparison
to that the experimental data indicate that 77.4 % of the initial bundle inventory of Xel35
reached the containment, and for Kr - respectively 84 % (fact that intact fuel remained at the
bottom of the test bundle after the bundle degradation phase).

The semi-volatile fission products release (Figure 4-20 to Figure 4-23), such as Ba and Ru during
the FPT1 test transient was very limited, with release fractions representing of the order of 1 %
of their bundle inventory or less. The code calculated results show that the Ba release is largely

overestimated.

The code calculated results for the low-volatile fission products are shown in Figure 4-24 to
Figure 4-27. Zr arises mainly from bundle structure material. The low-volatiles have not been

determined with sufficient accuracy in the FPT experiment.

The main phenomena that could occur during severe accidents in PWRs were reproduced in the
FPT1 test and were simulated by the ASTEC code i.e.: (1) cladding burst, (2) zircaloy oxidation
and hydrogen generation, (3) control rod failure and relocation of the absorber materials, (4) fuel
rod liquefaction, material accumulation and molten pool formation and (5) fission product and

aerosol releases, transport and retention in the primary circuit and the containment. During the
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heat-up and transient phase the temperatures as well as the hydrogen generation are calculated in
good agreement to the experiment. The onset of temperature escalation in all the calculated cases
is very well predicted. The nodalization studies on the fuel bundle have shown that even with a
coarse meshing Case 1, a good agreement of the experimental results is achieved. Case 3 with a
detailed nodalization has represented the exact hydrogen production. The timing of key events is
well predicted. The agreement of thermal-hydraulic variables is good. The simulation of the
fission products release show reasonable agreement with the experiment, considering the
uncertainties from the modelling and (partly indirect) comparison with the measurements. The
total fractional releases from the bundle and circuit are satisfactory for most radionuclides. Good
agreement has been obtained for the high volatile fission products, but for some, like ruthenium
and uranium, the difference between simulation results and experimental measurements is by an

order of magnitude.

According the different meshing the models with finer nodalization at the top of the bundle and
a coarser nodalization in the lower part show that most of the main events can be predicted with
good accuracy. The finer nodalization at the top is important to predict the onset of the severe

accident phenomena following the first core uncovery as exact as possible.

The relatively low relocation temperature of the fuel rods as estimated in the FPT1 test (2100 °C
- 2200 °C) is an important point. The melting temperature of the accumulated corium in the
lower part of the FPT1 bundle as measured in the post-irradiation examinations (PIE) was found
to be ~2500 °C. These parameters must be considered in the calculations simulating severe
accidents in PWRs.
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Figure 4-4: ASTEC v1.1, FPT1, Ref. Mesh 17,
Temperature evolution at 0.2 m

Figure 4-5: ASTEC v1.1, FPT1, Mesh 10,
Temperature evolution at 0.2 m
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Figure 4-6: ASTEC v1.1, FTP1, Ref. Mesh 28,
Temperature evolution at 0.2 m
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Figure 4-7: ASTEC v1.1, FTP1, Mesh 38,
Temperature evolution at 0.2 m
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Figure 4-8: ASTEC v1.1, FPT1, Ref. Mesh 17,
Temperature evolution at 0.5 m

Figure 4-9: ASTEC v1.1, FPT1, Mesh 10,
Temperature evolution at 0.5 m
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Figure 4-10: ASTEC v1.1, FPT1, Mesh 28,
Temperature evolution at 0.5 m
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Figure 4-11: ASTEC v1.1, FPT1, Mesh 38,
Temperature evolution at 0.5 m
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Figure 4-12: ASTEC v1.1, FPT1, Ref. Mesh 17,
Temperature evolution at 0.8 m

Figure 4-13: ASTEC v1.1, FPT1, Mesh 10,
Temperature evolution at 0.8 m
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Figure 4-14: ASTEC v1.1, FPT1, Mesh 28,
Temperature evolution at 0.8 m
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Figure 4-15: ASTEC v1.1, FPT1, Mesh 38,
Temperature evolution at 0.8 m
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Figure 4-16: ASTEC v1.1, FPT1, Ref. Mesh 17,

Volatile FPs release

Figure 4-17: ASTEC v1.1, FPT1, Mesh 10, Volatile
FPs release
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Figure 4-18: ASTEC v1.1, FPT1, Mesh 28, Volatile

FPs release

Figure 4-19: ASTEC v1.1, FPT1, Mesh 38, Volatile
FPs release
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Figure 4-20: ASTEC v1.1, FPT1, Ref. Mesh 17, Semi-
volatile FPs release

Figure 4-21: ASTEC v1.1, FPT1, Mesh 10, Semi-

volatile FPs release
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Figure 4-23: ASTEC v1.1, FPT1, Mesh 38, Semi-

volatile FPs release
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Figure 4-24: ASTEC v1.1, FPT1, Ref. Mesh 17, Low-
volatile FPs release

Figure 4-25: ASTEC v1.1, FPT1, Mesh 10, Low-
volatile FPs release
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Figure 4-26: ASTEC v1.1, FPT1, Mesh 28, Low-
volatile FPs release

Figure 4-27: ASTEC v1.1, FPT1, Mesh 38, Low-
volatile FPs release
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Figure 4-28: ASTEC v1.1, FPT1, Ref. Mesh 17,

Figure 4-29: ASTEC v1.1, FPT1, Mesh 10, Hydrogen
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Figure 4-30: ASTEC v1.1, FPT1, Mesh 28, Hydrogen
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Figure 4-31: ASTEC v1.1, FPT1, Mesh 38, Hydrogen

production
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Figure 4-32: ASTEC v1.1, FPT1, Ref. Mesh 17,
Bundle view

Figure 4-33: ASTEC v1.1, FPT1, Mesh 10, Bundle
view
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Figure 4-34: ASTEC v1.1, FPT1, Mesh 28, Bundle
view

Figure 4-35: ASTEC v1.1, FPT1, Mesh 38, Bundle

view
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5 Modelling of VVER-1000 for early in-vessel
phase simulation

Chapter five describes the modelling applied for the simulation of the early in-vessel phase. The
applied codes are ASTEC and ATHLET. General description and main characteristics of a
VVER-1000 nuclear power plant (NPP) are included /OVC 1992/, /NEA 1998/, /FOB 2005/,
/GEN 2005/, /PAV 2007/, /CAC 2010/.

5.1 General description and main characteristics of a
VVER-1000 NPP

The VVER-1000 reactors belong to the second generation nuclear reactor types (Gen. II), as in
patticular the model VVER-1000/V-320 has been developed during 1975-1985 petiod, as a new
Soviet nuclear standard design covering the international operational and safety design

experience.

Other plants of the V-320 type exist in Russia (Balakovo 1-4, Khmelniski-1, South Ukraine 3,
Zaporozye 1-6), Czech Republic (Temelin) and Bulgaria (Kozloduy 5-6). The Temelin plant has
been upgraded with Western instrumentation, control equipment and fuel but the reactor and
containment design and safety systems of relevance to severe accident performance are of V-320
type. In general, the VVER-1000 reactor system resembles the Western pressurized water
reactors (PWR).

The VVER-1000/V-320 is a PWR with a thermal electric power of 3000 MW and gross electric
output of 1000 MW. The unit is with four circulation loops, each including a main circulation
pump and a horizontal steam generator (Appendix F). All elements of the primary side are

situated in a steel-lined, cylindrical, concrete containment building.
The main equipment of the primary side includes:

o Reactor with internals. Within the reactor the reactor core with its fuel assemblies is

located
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e TFour main coolant pumps (MCPs), type GCN-195M, providing circulation of the coolant
through the primary circuit

e Tour steam generators (SGs), type PGV-1000, horizontally aligned, U-tube type. The
heat, generated in the reactor core, is transferred through the steam generators to the

secondary side

e DPressurizer (including the relief and safety valves, a heater and a spray system), connected

to one of the main circulation loops
e Main circulation pipelines.
The secondary side includes:

e Seccondary side of the steam generators, the steam lines, the collector, relief and safety

valves
e Steam turbine type K-1000-60/ 1500
e (Generator
e Condenser
e Deaerator
e TFeed water pumps.

In the VVER-1000 primary system the coolant enters into the reactor vessel through four inlet
pipelines with nominal diameter DN 850 mm associated with the four primary loops. The flow
then passes into the downcomer between the reactor vessel and the inner vessel. The flow enters
the lower plenum of the reactor vessel and passes through orifices in the inner vessel and then
enters slots in the fuel support structures that lead directly to the fuel assemblies. The flow passes
through the open bundles of the core. The pressure drop in the core is approximately 0.18 MPa
at rated flow conditions. The fuel assemblies are in the configuration of a hexagon with each
containing 312 fuel rods. There are 163 fuel assemblies of which 61 have control rods. The fuel
pins are arranged on a triangular pitch. After exiting the reactor core, the coolant flows into the
upper plenum, which contains the shielding block, and then out to the hot legs of each of the
four primary loops in the system (Appendix F).

The hot leg nozzle for each loop of the reactor is located on the reactor pressure vessel directly
above the cold leg nozzle for each corresponding primary loop. The distance between the centers
of the hot and cold leg is 1800 mm. The hot leg pipeline runs directly to the nearest steam
generator header and has only one elbow of 90 degrees. This configuration provides the shortest

path to the steam generator and reduction of the hydraulic losses at the same time.

The coolant inventory in primary side is regulated by make-up and let down systems. The make-
up system delivers water to cold legs of primary loops No 1, 2, 3 and 4. The letdown system
(Drain system) is connected to cold legs of primary loops No 2 and 3.

The pressurizer is a vertical cylindrical vessel with electric heaters and sprays. The bottom of the

pressurizer is connected to one of the hot legs of the loop by a piping system called surge line
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while the top of the pressurizer has sprays with piping connected to a cold leg and the make-up
system. This configuration for the spray injection inherently allows the high pressure in the cold
leg to inject water into the pressurizer, but other systems are available to inject water to condense

steam and to reduce the pressure in the system.

The pressurizer is the only location within the primary side of a pressurized water reactor that has
a steam/liquid interface duting normal operation. The interface reduces the risk from water
hammer and provides a compressible steam (gas) space, which is used to set and regulate the
pressure of the primary system. The function of the pressurizer is crucial for the regulation of the

primary pressure.
The pressurizer system consists of the following components:
® Pressurizer
e Barbotage tank with a breaking membrane to the containment volume
e Spray system with spray valves
e Safety relief valves (SEMPELL type):
- Control valve: opening pressute 18.11 MPa/closing pressure 16.67 MPa

- First group of safety valves: opening pressure 18.60 MPa/closing pressure

17.07 MPa
- Second group of safety valves: opening pressure 18.60 MPa/closing pressure
17.07 MPa
e Flectromagnetic relief valve, which actuates and closes the regulating relief valve
[ ]

Electromagnetic relief valve, which actuates all SEMPELL type valves at specified

setpoints.

The pressurizer logic is the following: the pressurizer controls the pressure in the primary system
by several means. If the pressure decreases, the heaters are switched on. This increases the
steam content, which increases the pressure in the system. If the pressure is too high, the spray

system is initiated into the steam volume, which causes a decrease in the pressure.

For the normal operation of the main coolant pumps the following supporting systems are

required:
e Oil lubrication system
e Intermediate circuit water system
e Secaling water system
® Service water system
e Independent cooling circuit.

In case of loss of service water or intermediate circuit water the operation of the main coolant

pumps is available up to 180 s. In case of loss of sealing water — the operation of the main
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coolant pumps is available up to 7200 s. In case of primary saturation (loosing of subcooling
margin) or containment overpressure protection signals, 15 s after the closure of the isolation
valves the main coolant pumps are stopped by self-protection on low oil pressure. The pump
coast down time in case of loss of power supply is 55 s for 1 out of 4 main coolant pumps and

210 s for 4 out of 4 main coolant pumps.

Though VVER-1000 reactor types are in principal quite similar to the Western European reactor
types, the behaviour of horizontal steam generators is very different in comparison to Western
types, which have vertical steam generators. The steam generators play a very important role for
safety and reliability of VVER nuclear power plants. The transient response of horizontal steam
generators can be very different than that of Western type vertical steam generators due to the
higher water mass and the larger water surface (water/steam interface) in horizontal steam
generators. This higher water mass can affect the reactor transient response particularly during
secondary side occurrences and in a station blackout scenario (SBO). The steam generators
include horizontal U-shaped heat exchanger tubes and provide natural separation on the
secondary side without the use of coarse separators. The lower part of the steam generator
contains cylindrical primary collectors with 11000 horizontal U-tubes. There are moisture
separators in the upper part. In the horizontal steam generator there is a relatively large secondary

water volume of about 66 m’.

The steam generators are fed by two different feedwater systems. Each feedwater system consists
of turbine-driven pumps and piping connecting the feedwater line at four different locations to

each steam generator.

The feedwater system supplies water from the condensate storage tank back into the steam
generators through the high pressure heaters (or bypassing them), which controls the steam

generator water level during plant operation. The system consists of:
e Two turbine driven feedwater pumps
e Two auxiliary electrically driven feedwater pumps
e Ten control valves.

The steam produced in the steam generators is transported to the turbine by the main steam
lines. It is also used for in- house supply of steam to the turbo-pumps. The main steam lines

system includes the following components:
e 8 steam generator safety valves
e 4 steam dump to condenser valves BRU-K
e 4 steam dump to atmosphere valves BRU-A
e 4 fast actuation isolation valves BZOK
® 4 check valves CV

® 4 main steam isolation valves.
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Depending on the state of the plant, the safe operation is ensured by the reactor control and
protection systems and by the activation or interaction of the operational and safety systems.
These systems respond to the changes in the state of the nuclear power plant and activate certain

operations that assure that the plant remains in a stable and safe condition.

Besides the retention of radioactivity and the control of reactivity the cooling of the reactor core
is an important protection goal in all transients and accidents. In LOCA the emergency core
cooling system (ECCS), as a part of the safety systems will be activated to inject water into the
reactor and the primary loops and to ensure that the reactor core is covered with water. Two

types of safety systems are used: passive and active ECCS.

Alctive systenr: The active systems are those that need a power supply to operate, e.g. motor driven
pumps. These systems are automatically activated when the set-points are reached and without
any operator intervention. Three active systems (each of them consists of three trains) are used to

inject water in the primary circuit depending on the pressure of the primary system:

e High pressure injection system (HPIS): capable to inject concentrated boric acid solution

if the primary pressure is in the interval 0.1 to 17.8 MPa

e Medium pressure injection system (MPIS): starts to inject water at primary pressure below
11 MPa

e Low pressure injection system (LPIS): starts to inject water at primary pressure below
2.16 MPa.

Passive systenr: Beside the active safety systems in the plant, there are also several systems that
respond in a passive manner. These systems respond without operator action. The passive
systems utilize the basic laws of the physics to function without electric power supply, e.g. hydro-
accumulators as a part of the ECCS.

The nuclear power plant has four hydro-accumulators, which are located in different parts. They
are located at diagonally opposite positions near the inner surface of the containment wall.
Within each part, they are at different levels. The accumulators located at higher elevation
discharge into the lower elevation nozzles; they are injecting water into the downcomer of the
reactor vessel. The lower elevation accumulators discharge water into the higher level nozzles,
connected to the upper plenum of the reactor pressure vessel (RPV), (Appendix F). The hydro-
accumulators start automatically to inject into the primary circuit if the primary pressure drops
below 5.8 MPa.

The VVER-1000 reactor core is characterized by hexagonal geometry: the fuel assemblies have
hexagonal form and the control rods/assemblies are atranged also on a basis of hexagonal
symmetry. The fuel rods are arranged in a triangular lattice. The fresh UO, pellets have central

holes, which can affect the fission gas release mechanism. The hole disappears at higher burn-
ups.
The cladding material is a Zr+1%Nb alloy. It has good operational experience in the low

temperature range and it is more resistant to oxidation in comparison to the Zircaloy (ZrSn)

applied in the Western PWRs. The cladding thermo-mechanical phenomena (as plastic
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deformation) take place at 800 °C - 1000 °C. The cladding is capable to take slightly more
hydrogen at high temperatures in comparison to the Western PWRs claddings, and the material

becomes brittle at lower oxidation rates.
Operation of the equipment during severe accidents (SA)

The availability and operation of essential safety systems and components like pumps or valves
depend on the availability of electric power supply. The different systems and components are
assigned to different categories of electrical supply, mainly category I and II. The VVER-1000
has 3 diesel generator (DG) stations with a nominal active capacity of 6.2 MW plus 1 additional
DG station. At loss of offsite power accidents the DGs provide the power supply to all systems
of category II. Operability of the available equipment during severe accident sequences is of
primary importance for prevention or mitigation of the accident. Depending on the applied
accident management strategy, availability of different equipment is issued (Appendix F). The
following severe accident management strategies have been implemented in the VVER-1000

reactor type:
e Primary side depressurization

Using of the pressurizer safety valves is the most appropriate and effective way to depressurize
the primary circuit. The pressurizer safety valves are available due to first category supply. In all
the initiating events: design basis accidents (DBAs), beyond design basis accidents (BDBAs) and
severe accidents, including SBO, the pressurizer relief and safety valves are available. The
efficiency of the gas removal system is as that of the pressurizer safety valve. The valves of the
gas removal system are second category electric power supply. In severe accidents with SBO it

will be impossible to use these valves for primary circuit depressurization.
e Depressurization on the secondary circuit

The secondary side has a large amount of water and using steam dump to atmosphere valves (the
BRU-A valves) the operators have extra time for avoiding heating-up of the primary circuit.
Depressurization of the secondary side can be realized either by the steam dump to condenser,
steam dump to the atmosphere, house load steam system, or by the steam generator safety valves.
Application of the strategy is possible when coolant is available in the steam generators. When
electrical supply is available and when the normal operation systems are available, the strategy is
realized with the steam dump to condenser and the steam dump to the atmosphere valves.
Application of the strategy is possible when the steam generators are not isolated from the main

steam header through the fast acting isolation valve.

At loss-of-offsite power only electrical supplies of categories I and II are available. When entering
severe accident management guidelines (SAMG) this strategy is possible to be implemented by
the steam dump to atmosphere and the steam generator safety valves only. At total loss of
electrical supply for the secondary side depressurization procedure the operator must use the
steam dump to the atmosphere or the steam generator safety valves. In SBO scenario, after loss
of battery supply (after two or more hours), the operator should use manual manner to open the

steam dump to the atmosphere valves or the steam generator safety valves at place.
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As condition of use of the procedure the operator must ensure feeding of the steam generators
together with steam generators’ depressurization procedure to avoid the risk of tube creep
rupture or mechanical damage of the U-tubes and the steam generator header due to thermal
shock, if cold water is injected into a dry steam generator. Steam generator tube rupture or crack
of the steam generator header would lead to a leakage from primary to secondary side with
subsequent release of radioactivity to the environment. In case of SBO, applying secondary side
depressurization at the earliest possible time will start passive feeding as early as possible with the
relatively hot water stored in the feedwater system and the steam generators’ depletion can be
delayed. In that way the risk for damages to the steam generator U-tubes or the steam generator
header due to high temperature differences can be reduced. Under the conditions of a severe
accident the steam dump to the atmosphere valves and the steam generator safety valves can be
opened in place by the operator, in all beyond the design basis modes of operation, even at SBO.
Disadvantage is when there is no power supply, it is impossible to execute remote control of the

valves.
e Injection into primary circuit

The strategy is realized by the usage of the design specific features: high pressure injection
system, medium pressure injection system, low pressure injection system and the passive safety
system - the hydro-accumulators. Preceding the application of this strategy is the depressurization

of the primary side. Availability of the diesel generator station is necessary for the active ECCS.
e Injection into secondary circuit

The entering criterion in this case is the level in the steam generator. In case of SBO the turbine
driven feedwater pump, the auxiliary feedwater pumps, the emergency feedwater pumps (EFWP)
and the steam generator blowdown system are not available. Before passive feeding can be
organized, secondary side depressurization has to be performed (see above). Passive feed of the
steam generator from the deaerators on the feed part can not be provided in case of feed water

collector rupture.

If the initial event has not brought to a loss of the turbine driven feedwater pump and there is
enough steam receipt in the on-site service steam head, the make up of the steam generator can
be realized by one turbine driven feedwater pump, while the second one will be put to
recirculation mode of operation by the operator. In case of an off-site electrical power supply loss
it is possible to supply auxiliary feedwater pump by an all-unit diesel-generator station. When the
turbine driven pump and the auxiliary feedwater pump are unavailable for make up of the steam
generator the operators can use the emergency feedwater system to the steam generator. The
pumps are with category II electric power supply and they are available at a “Loss of house
power supply” mode of operation. In case that it is impossible to pass water up to the damaged

steam generator, this steam generator is left to be dried.

The application of the strategies “Secondary bleed and feed” and “Primary bleed and feed” in a
SBO accident is discussed in Chapter 6, Parts 6.2.4 — 6.2.8.
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e Containment depressurization

When entering SAMG there are two possibilities: the spray system starts under interlock or the
operator starts the spray system if there is a failure in the automatic actions. In loss of offsite
power only electrical supplies of categories I and II are available. The spray system can operate by
category II power supply (diesel generator). In case of SBO accident, the spray system is not
available. In this case the only filtered venting system will operate and protect the containment
against overpressurization. The catalytic recombiners are passive system too, and will operate in
SBO conditions.

5.2 ASTEC and ATHLET models for the reference VVER-
1000 NPP

Two thermal-hydraulic codes have been used for the early in-vessel phase simulations presented
in Chapter 6. The main goal for applying two codes is validation of the ASTEC code with help of
ATHLET for the eatly in-vessel phase. In this Chapter (Part 5.2) a common description of both
ASTEC and ATHLET models is given. Specific aspects related to the physical models of the
codes, as well as difficulties met by the modelling are discussed in Chapter 5, Parts 5.3 — 5.5.

The reactor coolant system models for both ASTEC and ATHLET include all the major
components of the primary and the secondary side, as well as the necessary safety injection
systems. The models describe the main components of a VVER-1000 - the reactor pressure
vessel, the reactor core, upper plenum, lower plenum and downcomer, the main coolant pipes,
main coolant pumps, the pressurizer, steam generators, feed water systems and steam lines,
turbine, pressure regulation and safety valves for the primary and secondary side, respectively.
Besides the coolant circuits all necessary reactor protection systems, as reactor power control,
reactor SCRAM and turbine trip, as well as activation of safety systems, are also taken into

consideration.

For both codes a multi channel approach (parallel 1-D fluid channels) has been used to model
the reactor core. In ASTEC the core is discretized in axial and in radial direction - ten positions
in axial direction and five rings in radial direction, including additionally the baffle and the barrel.
An additional ring has been added to take into account the downcomer and the reactor vessel.
For ATHLET the core is subdivided into two thermal-hydraulic channels, each including two
fuel rod models with different axial profile and linear rod power. In axial direction the core

channels are discretized in ten nodes.

The ASTEC v1.3.0 input file developed for the SBO sequence (Chapter 6, Part 6.2) includes the
modules CESAR, DIVA and CPA, and it has been modified for a proper modelling of steam
generator safety valves - the BRU-A valves, which function is a controlled discharge of steam
from the steam generators to the atmosphere. The valve starts operating at abnormal increase in
steam pressure and after a sudden drop of turbine load. They must maintain the preset steam

pressure in the main steam header. The safety valves of the steam generators have been also
modelled.
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The ATHLET input deck was elaborated in co-operation with GRS, the Kurchatov-Institute and
OKB Gidropress. Requirements for a realistic simulation of the sophisticated performance of
safety and regulation valves (BRU-A and pressurizer safety valves) in VVER-1000 plants, which
were not considered in ATHLET, led to some source code modifications. This specially

developed version has consequently been used for this analysis, too.

In the ATHLET model for the horizontal type steam generators no main flow direction exists as
it is the case for vertically oriented steam generators. The steam generators play an important role
for the safety and reliability of the nuclear power plants. The heat, generated in the reactor core,
is transferred through the steam generators to the secondary side. In a SBO scenario the
decreasing water level on the steam generators’ secondary side leads to reduction of the steam
generator power (primary to secondary heat transfer) and as a consequence to increase of the
primary pressure. After reaching the set-point of the pressurizer relief valve the mass loss on the
primary side could lead to a core heat-up. For preparing countermeasures the time for steam
generators’ depletion is an important factor. Because of that, special attention has been paid to
the modelling of the horizontal steam generators of the VVER-1000 with respect to the mass
inventory and the spatial orientation with the specificities in the heat transfer characteristic
(Chapter 5, Part 5.4).

For ATHLET a thorough investigation was performed to account the specific conditions in
VVER-1000 steam generators. Finally, a so called 2-path nodalization for the steam generator’s
secondary side has been realised for the calculation at hand (Figure 5-1). This approach allows for
circulation of the water inventory. Within the channel (S1-OP) where the tube bundle is located
the water is heated, thereby establishing an upward flow direction. Consequently a downward
flow direction is induced for the other channel (S1-PO) with the relatively colder water inventory.
The main feed water injection is connected to the non-heated part and the heat transfer from the
primary to the secondary side is modelled within the heated part of the drum. On the primary
side the horizontal oriented U-tubes have been subdivided into three parallel bundles with five
nodes in horizontal direction (Figure 5-4) and the flooding based drift model with a special
option for horizontal tubes has been applied. Like the tube bundles, the heated section of the
secondary side has been subdivided into three vertical parts, so that a more realistic behaviour

can be simulated for scenarios, where the water inventory in the steam generators is decreasing.
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Figure 5-1: ATHLET model of 2-channel approach for secondary side of SG with horizontal design

/BEL 1995/

In ASTEC the steam generator is modelled as a VOLUME for the primary and secondary side,
containing cold and hot collectors and the U-tubes. In axial direction the tubes are grouped into
three parts (described as VOLUMZEs), and horizontally the tubes are divided into four CELLs.

The ASTEC and ATHLET nodalization schemes are depicted in Figures 5-3 and 5-4,
respectively. The ASTEC scheme represents the reactor pressure vessel, two of the four main
circulation loops, the pressurizer and the hydro-accumulators, which are connected to the upper
plenum and the downcomer, respectively. For ATHLET a similar schematic representation of
the reactor pressure vessel, pressurizer, main circulation loops No 1 and No 4 and the hydro-

accumulators is given. A more detailed nodalization scheme including all four loops is given in

The decay power modelled in the input of ASTEC and ATHLET is graphically presented in

VVER-1000/V320: Station Blackout

- ASTEC - Decay Power
- ATHLET - Decay Power

Appendix A.
Figure 5-2.
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Figure 5-2: Decay power as a function of time
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The applied nodalization schemes are shown in the following figures.
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5.3 ASTEC model specifics

The ASTEC modules used for the modelling, in a coupled mode, of the in-vessel phase, are
CESAR, DIVA and CPA.

The input model includes the description of the following nuclear plant sub-components:
e Reactor core
e Reactor pressure vessel
e Primary loops
e Pressurizer
e Hydro-accumulators
e Steam generator secondary side

¢ Containment geometry.

5.3.1 Core model

The reactor core in ASTEC is specified by the DIVA module, described with the VESSEL_D
structure (Appendix B). The reactor core has been divided into five radial rings. One more ring
has been added to model the downcomer. The axial discretization consists of ten identical
meshes. The fuel, the fuel cladding, the control rods, the control rod cladding, the guide tubes,
the barrel, the baffle and the vessel are defined in structures (STRU MACR) with a type TYPG
CYLINDER (Appendix B). The height of the respective elements, as well as the internal and

external radii and the initial element temperature are specified.
The following elements of the reactor core and in-vessel structures are modelled:

e Tuel rods consisting of the fuel column and cladding. The total number of fuel rods is
50856

e Absotber rods of boron carbide. Modelled are the absotber rods themselves, their

claddings and guide tubes. The total number of such rods is 1098
e Baffle
e Barrel
e Part of reactor vessel
e Part of downcomer
e Lower plenum
e Bottom head.

All the fuel rods located in five internal radial zones are modelled with one representative rod.

The representative fuel rod is described in the input deck by two macro-components: fuel
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column and cladding. Respectively, every representative absorber rod is modelled by three

macro-components: guide tube, cladding and absorber of boron carbide.

Additional structure (STRU LOWE) is modelling the reactor pressure vessel lower plenum. The
bottom of the reactor vessel is modelled by a hemisphere connected with the cylindrical part of
the reactor vessel. The bottom is represented by one macro-component and is split into 15 cells
in the spherical part, 2 cells in the cylindrical part and 5 cells in radial direction. Coolant in the
lower plenum is modelled by two macro-components — fluid and gas. Separately in the special

thermal-hydraulic data the pressure losses in the reactor core are specified.
The components of the modelled system consist of the following materials:
e UO,— fuel
o Zr+1%NDb — fuel rod cladding and guide tube material
e B,C — absorber material

e Stainless steel — material of the claddings of the absorber rods, the baffle, the barrel, the

reactor vessel, the lower plenum.

The physical interaction between the fuel, cladding, control rods and guide tubes are described in
STRU COND (Appendix B). The creep of the cladding is described under STRU CREE. The
stainless steel oxidation by vapour (FEOX), the dissolution of UO, by molten Zr (UZRL),
oxidation model used for cladding, shroud or debris oxidation by steam (ZROX), the liquefaction
of B,C by solid stainless steel (BCSS), the oxidation of B,C (BCOX) are implemented.

The usual applied temperature criterion in the severe accidents codes for liquefaction and
relocation of core materials is 2800 K, corresponding to liquefaction of the ceramic phase
mixture at the eutectic point in the UO,-Z1rO, phase diagram. “Nevertheless, poor representations of the
observed relocation of core debris in the FPTO test are produced by the codes when this defanlt criterion is used.
Much better representations of relocation are obtained in codes predictions by artificially reducing the “melting
point” of fuel to 2500-2600 K to simulate the effects of non-equilibrinm material interactions in the Zr-U-O
system.” /PHE 2007/. Such attificial temperature reduction is needed to obtain an adequate

simulation of the thermal evolution in the core.
The core input parameters have been defined as follows:
e Fuel rod cladding melts at 2400 K
e Fuel relocation occurs at 2550 K
e Relocation of control rod cladding occurs at 1730 K.

The CAND structure is implemented to account the axial relocation of molten U-O-Zr mixture,
the radial relocation is taken into account due to the decanting model. The radiation in the core is
implemented. The material properties are specified in STRU MATE.

Figure 5-5 gives the fission and decay power, the fission power is approximately one order of

magnitude larger at the beginning of the transient, but negligible after a few hundreds of seconds.
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Figure 5-5: Fission power and decay power as function of time

5.3.2 Primary side

The description of the primary circuit (STRU PRIMARY) is treated by the CESAR module. The
reactor downcomer, the upper plenum (subdivided into two volumes), the hot legs, the steam

generator primary side (the tubes), the cold legs, the hydro-accumulators and the pressurizer are
specified as volumes (STRU VOLUME).

Every circulation loop is split into the following volumes (Figure 5-3): hot leg, hot header of the
steam generator, steam generator tubing is modelled by 3 volumes in vertical direction, cold
header of the steam generator, downward oriented part of the cold leg, raising section of the cold
leg including main coolant pump, horizontal section of the pipeline from the main coolant pump
to the reactor inlet nozzle. Every volume is defined with its geometry data, the elevation at which
the volume is situated, the hydraulic diameter and the heat exchange surface area. The thermal

data describing the volume are pressure, temperature, enthalpy and void fraction.

The volumes are interconnected by junctions (STRU JUNCTION). The primary to secondary
interface is defined in STRU WALL (Appendix B). The walls are specified in every steam
generator cell. They represent the total surface of the sections of the tubing located in this cell.
The heat exchange between the primary and secondary circuits is modelled by STRU
CONNECTI between the tubing walls facing the primary circuit and the tubing walls facing the

secondary circuit.

As mentioned above, the steam generator’s U-tubes are modelled by three vertically separated
parts (tube bundles). In ASTEC a tube bundle is defined as a VOLUME. For each bundle the
total volume, hydraulic diameter and the elevation of the center line have to be specified. The

total heat transfer area of all 11000 tubes is 6115 m” The secondary side is modelled as a single
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volume. The following characteristic data have been used for the tube bundles (Chapter 5, Part
5.4, Figure 5-6):

Elevation of bundle center line No. of tubes Heat transfer area

Bundle 1: 9.6185 m (above zero level) 2418 1344.2 m*
Bundle 2: 10.293 m (above zero level) 4060 2257.0 m®
Bundle 3: 10.996 m (above zero level) 4522 2513.8 m®

The NPP components as pumps and systems are defined in a separate structure (STRU
SYSTEMS). The characteristics of the main coolant pumps are specified in the STRU SYSTEMS.
The pump connection to the section of the primary pipeline is done with the help of STRU
CONNECTL

The pressurizer and the pipeline connecting it with the primary circuit are modelled by PRZ and
SRG_LINE volumes. The regulations are defined in STRU REGU.

5.3.3 Secondary side

The secondary side is defined similar to the primary side by volumes, walls and junctions. The
secondary circuit is modelled with the following volumes: four steam generators from the side of
the secondary circuit; four corresponding steam headers; main steam header. The characteristics
of the feedwater pump are specified in the STRU SYSTEMS, and feedwater supply to steam
generators from the side of the secondary circuit is introduced with the help of STRU
CONNECTI. The heat exchange between the primary and secondary circuits (as was mentioned
above) is modelled with the help of STRU CONNECTI between the tubing walls facing the
primary circuit and the tubing walls facing the secondary circuit.

5.3.4 Containment

The containment is modelled with five volumes (three zones, where large components are
located, a main containment dome and a cavity). The environment is modelled as a very large

volume.

5.4 ATHLET model specifics

The thermo-fluiddynamic (TFD) module is the basic module of ATHLET /ATH 2001/, /ATH
2003/. In a first step the simulated system is discretized in space. It is pattitioned into a net of
adjacent spatial entities, called control volumes (CV), interconnected by junctions. The control
domain of the junctions is defined between the centers of the left and right CVs. In a second step
the partial differential equations are spatially integrated using the CV as integration domain for

those model equations based on the mass and energy conservation law and the junction as
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integration domain for those model equations based on the momentum conservation law. In the

ATHLET case this system of ordinary differential equations is of first order and non-linear.

The thermo-hydraulic model describes the main components of the VVER-1000 (Figure 5-4) -
the RPV, the reactor core (multi-channel modelling), upper plenum and lower plenum, the main
coolant pipes, main coolant pumps, the pressurizer, steam generators, feed water and steam lines,
pressure regulation and safety valves for the primary and secondary side respectively. All the four

primary circulation loops are modelled, as the pressurizer is connected to the loop number four

(Appendix A).
The nuclear heat generation is simulated in ATHLET within the module NEUKIN. The power

generation in the reactor core consists of two parts: the prompt power from fission (kinetic
energy of fission fragments) and the decay heat from the short- and long-lived fission products.
The time dependent behaviour of the prompt power generation is calculated either from a point-
kinetics model or from a one-dimensional neutron kinetics model. For the simulations presented

in Chapter 06, the point-kinetics model has been applied.

The simulation of the heat conduction in structures, fuel rods, and electrical heaters is performed
within the basic module HECU. It permits assigning of heat conduction objects (HCOs) to all
thermal-fluiddynamic objects of a given network. The one-dimensional heat conductor module
HECU provides the calculation of the temperature profile and the energy transport in solid

materials, as well as the heat transfer between structures and fluid.

The regulation and control of the operational and safety systems is realized within the GCSM
block-oriented simulation language for the description of balance-of-plant systems in ATHLET.
In the GCSM module the signals for the reactor control, reactor protection and activation of the
safety systems have been modelled. For the SBO simulations, presented in Chapter 6, the

following types of signals have been taken into account:

e Nominal values and lower/upper limits for primary/secondary pressures and

temperatures as well as for the RPV, the pressurizer and steam generator levels

e Signals for core outlet temperature and unavailability of power supply to activate the PSD
and SSD procedures, as well as modified regulation and control of pressurizer and steam

generator relief and safety valves for the procedures

e Set points for activation of SCRAM, turbine trip, main coolant pumps’ coastdown and
ECCS.

As already mentioned in Chapter 5, Part 5.2, the geometric and thermal-hydraulic characteristics
of the horizontal oriented steam generators play an important role during a SBO accident. The
continuous mass release through the steam generators’ relief valves (BRU-A) after the loss of the
main heat sink leads to a decrease of the steam generator level. To predict the time for steam
generators’ depletion and the following primary side pressure increase and core heat-up as
accurate as possible, special attention has been paid to the modelling of the steam generators and
their heat transfer characteristic, e.g. the effective heat transfer area of the steam generator U-

tubes depending on the water level on the steam generators’ secondary side (part of the U-tubes
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covered by water). With decreasing steam generator level the effective heat transfer area is more
and more reduced and as a result the primary to secondary heat transfer (steam generator power)
decreases too. After depletion of the steam generators the primary to secondary heat transfer

breaks down, leading to the pressure increase on the primary side.
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Figure 5-6: Heat transfer characteristic of the VVER1000-type steam generator (NPP data vs. ASTEC- and
ATHLET-model) and simplified nodalization schemes

In Figure 5-6 the heat transfer characteristic for a reference VVER-1000 steam generator is
compared to the steam generator model in the ATHLET and ASTEC input decks (Chapter 5,
Part 5.3.2).

In the ATHLET model the total number of 11000 U-tubes for one steam generator has been
sub-divided into three tube bundles, each bundle models a U-tube with an average length
multiplied by a factor for parallel thermo-fluiddynamic objects (TFO). With the help of the
corresponding heat conduction objects (HCO) the heat transfer from primary to secondary side
is modelled, thereby connecting the primary side of each tube bundle to one of the three vertical
oriented parts of the steam generators’ secondary side (Figure 5-6). The following data have been
used for the three tube bundles:

Elevation on sec. side No. of tubes Heat transfer area
Bundle 1: 0.108 = 0.790 m 2424 1347.6 m*
Bundle 2: 0.790 —=1.493 m 4172 2319.4 m”

Bundle 3: 1.493 —2.195 m 4404 2448.3 m’
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The steam generator U-tubes have an outer diameter of 16 mm and an average length of 11.06 m.
Total heat transfer area for all 11000 U-tubes is 6115.3 m”.

Additional modelling for simulation of the primary side depressurization (PSD) and secondary
side depressurization (SSD) procedures for the SBO sequence is included (Chapter 6, Part 6.2.4).
Both procedures utilize the bleed and feed strategy, feed of the primary and secondary side,
respectively, is provided by use of passive systems. The PSD procedure is performed by fully
opening of the PRZ relief and safety valves. After sufficient primary pressure reduction the
passive ECCS (hydro-accumulators) start to inject water into the RPV. In the ATHLET input
deck the hydro-accumulators and their connections to the RPV have been modelled (Chapter 5,
Part 5.2, Figure 5-4), considering the pressure losses in the connecting pipelines. The input deck
has been modified to activate the PSD-procedure by using a temperature criterion (core exit
temperature, Chapter 6, Part 6.2.4, 6.2.5 and 6.2.7).

To simulate the passive feeding of the steam generators for the SSD-procedure, the complete
feedwater system has been modelled. The system consists of two feedwater tanks, the feedwater
lines including the preheaters, the feedwater distribution header and the connections to each of
the four steam generators. A check valve in the feedwater connection line prevents a possible
backflow from the steam generator towards the feedwater system. The check wvalve is
opening/closing depending on the pressure difference, measured between the downstream and
upstream sides of the valve position. For the pipelines the pressure losses, important for an
accurate modelling of the passive feeding of the steam generators, have been considered. In
Figure 5-7 the nodalization scheme for the feedwater system and the connection to SG1 is
depicted. The ATHLET input deck has been modified to activate the SSD procedure by full
opening of two BRU-A valves 30 minutes after the initiating event (Chapter 6, Part 6.2.4). The
passive feeding of the steam generators’ secondary side starts if the secondary pressure has been
reduced below the pressure in the feedwater system. First the relatively hot water, stored in the
feedwater pipelines behind the preheaters, starts to feed the steam generators. After sufficient
pressure reduction the colder water from these tanks provides an additional quantity of coolant
to feed the steam generators’ secondary side. In this way the continuous decrease of the steam
generator levels during a SBO accident can be temporarily stopped and the depletion can be
significantly delayed, thus partially re-establishing the primary to secondary heat transfer via the

steam generators.

To avoid a possible damage of the steam generators, the possibilities for secondary
depressurization and cool-down procedures are restricted if the steam generator levels drop
below a certain limit /PAV 2007/. For that the operators have to follow the plant specific
instructions. As already mentioned in Chapter 5, Part 5.1, starting SSD as early as possible would
reduce the risk for tube rupture or crack of the steam generator header. For the generic
investigations in Chapter 6, Part 6.2.6, additional feeding with cold water (e.g. with help of mobile
pumps), what could cause damage due to thermal shock, as well as plant specific measures or
restrictions for secondary side oriented procedures after a significant decrease of the steam

generator levels have not been taken into account.
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Figure 5-7: VVER-1000, ATHLET nodalization for feedwater system, connection to SG 1

The characteristic data presented in Table 5-1 have been applied to the ATHLET feedwater

model:

Table 5-1: Main characteristics for the secondary side feedwater system

Feedwater tank

Pressure, [MPa] 0.61
Total volume (one FW tank, water/steam), [m’] 210
Water mass (one FW tank), [t] 131
Temperature, [°C] 159
Nominal level, [m] 2.2
Feedwater pipelines
Total water mass stored between FW tanks and FW

AR 218
distribution header, [t]
Water mass stored in the connection line between FW 3.5
distribution header and steam generator (one SG), [t] )
Temperature (in FW distribution header), normal 295
operation / after SBO, [°C]
Steam generator, secondary side
Water mass during normal operation (one SG), [t] 46.5
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5.5 Difficulties met by the modelling

Difficulties are met at the process of unification of the both applied input decks for simulation of
a SBO accident.

The SBO sequence without any active safety systems has been applied, as to be easily studied the
thermal-hydraulic response of the reactor coolant system, main phenomena arising during the in-
vessel phase, i.e. up to beginning of core heat-up process. Such scenario is suitable for checking
of the correct modelling of the reactor coolant system heat sinks, heat transfer from primary to
secondary side, heat losses from the reactor coolant system surfaces and proper function of the

pressurizer and steam generators relief and safety valves.

Despite the very different structure used for the input files of the codes, an in-depth analysis of
the input data for specification of the boundary conditions has been performed. The most
important data like, e.g. decay heat, water inventory, and heat transfer area have been compared
and, if necessary, adjusted. Besides, the codes do not always use identical approaches for
modelling of specific phenomena, so an exact match could not be ensured. As an example, the
form-loss coefficient for a valve can be defined for valves within ATHLET calculations, whereas

it is in general not possible for a valve in ASTEC.

A reference input file, reviewed and approved by the ASTEC maintenance team in IRSN,
September 2005, for VVER-1000 plants, has been used as a basis for the ASTEC calculations
here performed. General description of the input deck is provided in /FOB 2005/.

The first ASTEC calculations were performed with the standard valve type for the steam
generator safety valves (I'YPE SGVALVE), i.e. the BRU-A valves, and the respective valve type
for the pressurizer safety valve (TYPE PRESSUVA). A comparison of the calculation results
obtained with this input data with those results calculated with ATHLET revealed major
discrepancies. As for the primary and secondary pressure ASTEC predicted some kind of cycling
behaviour for the BRU-A valves, which influenced the whole sequence. A thorough investigation
of the real behaviour of the valve suggested, that the ATHLET results seemed to be more

realistic, as explained below.

The steam dump to the atmosphere valves (BRU-A): there is one relief valve per steam generator
(opening pressure 7.26 MPa, closing pressure 6.28 MPa, flow rate 4x900 t/h). They are
emergency power supplied and resistant to external impacts. After failure of the bypass station
BRU-K and the auxiliary power reducing station BRU-SN relieve excess steam to the atmosphere
and so reducing the pressure. They can be controlled automatically or manually. In the automatic
position, the cool down process is controlled by cool down rate. The maximum section of the
BRU-A steam dump valves is 0.0225 m’. At steam generator pressure above 7.26 MPa the BRU-
A valve is forced to open until the pressure decreases below 7.26 MPa, afterwards a controller is
switched on with a set value of 6.67 MPa. After the full closing of the BRU-A valve with delay
100 s the controller switches over in awaiting mode. When the pressure decreases below
6.27 MPa the BRU-A valve closes fully.
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Pressurizer safety valves (SEMPELL): the first group of the pressurizer valves opens at a pressure
of 18.11 MPa and closes at a pressure of 16.67 MPa, whilst the second and third group of valves
open at a pressure of 18.60 MPa and close at a pressure of 17.07 MPa. The maximum section of
the pressurizer valves is 0.007854 m” There are three independent parallel valve units, installed

on a pipe connected to the pressurizer.

A series of ASTEC calculations have been performed in order to choose the most proper type of
valve, available in the ASTEC code, in order to simulate the real plant behaviour during the

operation of the designated valve.
Several options for valve simulation in ASTEC could be chosen in STRU SYSTEM/VALVE:
e TYPE SAFETYVA
e TYPE PRESSUVA
e TYPE SGVALVE
e TYPE STANDARD
e TYPE KEVALVE
e TYPE CHECKVAL
e TYPE CPA_OLD.

The only valve type available in ASTEC that could simulate the behaviour of the BRU-A valve
more realistically was found to be a valve of type PRESSUVA. According to the CESAR manual
/GIO 2001/ this type of valve aims at simulating the pressurizer operated relief valves- as this
type of valve will open if the upstream volume pressure exceeds p,,., and be closed if the
pressure becomes below p,... In between, a hysteresis is taken into account. After modification
of the ASTEC input data the results showed a similar trend as the ATHLET results.

For the pressurizer safety valves a similar phenomenon could be detected, as the assumed cycling
of the pressurizer safety valves could not be realized by defining the valve as of type
PRESSUVA. As the behaviour of the pressurizer safety valve is opening when the primary
pressure reached a set value for opening, and closing when the pressure limit for valve closing is
reached, in accordance to this cycling with opening/closing pressute values, a valve of TYPE
SGVALVE will simulate the behaviour of the pressurizer safety valve in more realistic way. A
very similar behaviour comparable to the ATHLET results could be achieved. The differences in
the behaviour of both types of valves are graphically represented in Figure 5-8.

Besides, it is interesting to note, that independently of the valve type chosen for the calculation,
the general trend and the integral mass released through the PRZ valves is almost identical
(Figure 5-9). On the other hand, the mass flow rates are quite different and for the SGVALVE

they are too high with view to the nominal value.

For the calculations discussed in the next Chapter a type PRESSUVA valve was taken for the
BRU-A and a type SGVALVE was taken for the pressurizer valves.
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6 Investigations on the early in-vessel phase of
severe accident for VVER-1000

The dominant accident sequences starting from normal operation and leading to a core melt in
VVER-1000 /NEA 1998/ could result from the following initiating events:

e Loss of in-site and/or off-site power

e Loss of heat removal in the secondary side
e TFeedwater and steamline rupture

e Loss of coolant accidents (LOCA).

In this Chapter a cold leg break to represent LOCA accident response and a total loss of electric
power supply (station blackout - SBO) with core degradation until failure of the reactor pressure
vessel (RPV) are scrutinized.

6.1 Small break loss of coolant accident

The LOCA events are postulated accidents characterized with loss of coolant from the reactor
during which the make-up system of the reactor can not compensate the leakage. LOCAs are
subdivided mainly into three categories: small (SBLOCA), medium-sized (MBLOCA) and large
(LBLOCA) breaks. The SBLOCAs are characterized by an extended period after the occurrence
of the break, during which the primary system remains at a relatively high pressure and the core
remains covered /AKS 2007/. The rates of coolant discharge, the pressure variations with time
and the decay heat removal via the steam generators and/or the leak are major characteristic
differences between the three LOCA categories.

This investigation has been performed within the framework of the SARNET Project WP4 RAB
under the EURATOM 6" framework programme. It emphasizes the modelling approach of a
SBLOCA sequence for VVER-1000 reactors and describes the input assumptions for the integral
ASTEC v1.2 computer code. Purpose of this study is to estimate the behaviour of the ASTEC
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code, its capability for simulation of severe accidents and to determine the primary/secondaty
and the containment response to such accident. It is a contribution to the validation of the
ASTEC code.

6.1.1 Initial and boundary conditions, assumptions for the simulation

Activated modules are CESAR for the thermal-hydraulic behaviour in the circuits, DIVA for the
core degradation and CPA for the containment. In order to achieve proper initial conditions for
the transient calculation the steady-state iteration procedure has been applied. After 500 s a stable
stationary state has been obtained. The imposed reactor nominal parameters are controlled
during steady-state by regulation procedures for pressurizer water mass, primary and secondary

mass flow, as well as system pressure and temperatures.
The following assumptions were made:
¢ (60 mm leak in the cold leg of the pressurizer loop next to the RPV

e The isolation valves are closed in the steam pipeline, thus preventing steam supply to the

turbine
e Stop of feedwater supply to the steam generators
e All the active emergency core cooling systems and hydro-accumulators fail

e Tailure of secondary side heat removal (BRU-K, BRU-A, secondary cooldown

procedures)
¢ No feeding with the auxiliary borating system
e No fission products/aerosol calculation.

This calculation has been performed for a total “problem time” of 8.3 hours (about 30000 s)

therefore it is focused only on the “in-vessel phase” of the accident (up to lower head vessel
failure). The ASTEC model is described in Chapter 5, Part 5.2.

The initial state of the plant is a full power of 3000 MW, and normal operation of all relevant
systems. The structure CONNECTT of the type “BREAK” is defined in the input deck to model
the break. This structure is connected to the volume, which models the cold leg between the
main coolant pump and the RPV in the thermal-hydraulic system PRIMARY. The EVENT
structure defined in the input deck for transient calculation changes the status of this connection
from “OFF” to “ON” at time zero, thereby opening the leak in the cold leg of loop 1.

Switch CESAR-DIVA (TH-core degradation)

Two factors were taken into account on choosing the time of the DIVA module switching on
(key-word: tstar_di). On one hand, the steam content in the primary circuit must be quite high
that provides for the DIVA module normal functioning. On the other hand, the time of the
DIVA module switching on should be early enough to detect the first degradation. This time was
chosen as 2400 s.



6 Investigations on the eatly in-vessel phase of severe accident for VVER-1000 71

6.1.2 Results of the simulation, course of the transient

In Table 6-1 the main events of the accident sequence are listed.

At 0 s simulation time a 60 mm SBLOCA occurs in the cold leg of the pressurizer loop next to
the RPV. The SCRAM, TURBINE TRIP and MCP OFF signals are actuated by the reactor
protection system. The turbine isolation valve closes 10 seconds after the reactor SCRAM signal.
As a consequence, the feedwater supply to the steam generators stops, being provided by the

turbine driven pumps.

In the beginning of the accident sequence (during the first 250 s), the primary pressure decreases
very rapidly due to the loss of coolant through the break. In Figure 6-1 is depicted the reactor
coolant system primary and secondary pressure. With P-prima is noted the primary pressure, with
P-secon — the secondary side pressure and UP-plenu stays for the pressure in the upper plenum
of the reactor. The leak mass flow leads to a decrease of the pressirizer level. The water level in
the reactor drops. At the beginning of the accident the secondary pressure is immediately
increasing and at around 60 s when the set points for opening of the secondary side safety valves
are reached, the steam generator safety valves open and start cycling. From approximately 250 s
till 2500 s the primary pressure follows the secondary pressure. The decreasing primary inventory
and the increasing void fraction lead to deteriorated primary to secondary heat transfer. After
2500 s the primary to secondary heat transfer breaks down and the primary pressure decreases
below the secondary pressure. From this time the decay heat is only removed via the leak. The
steam generators are in hot standby. The continuous loss of coolant leads to the beginning of
core heat-up. With the propagation of the dry out, and without injection from the ECCS, the

core starts to heat-up, the fluid and the rod temperatures start rapidly to increase.

The thermal-hydraulic phenomena related to the break behaviour can be described as follows. At
the beginning of the transient only single phase fluid (water) is released through the break, thus
the RPV level starts to decrease. Voiding is observed in the reactor upper plenum and in the
primary loops and starts to increase. Due to the increasing void fraction the decrease of the
primary pressure is slowing down. At approximately 550 s — 600 s the void fraction at the break
position (in the cold leg) starts to increase (Figure 6-3) and after that there is a release of two-
phase fluid through the break. After 2500 s only single-phase fluid (steam) is released through the
break.

The continuous loss of coolant leads to heating-up of the core (Figure 6-2). At about 6000 s up
to 10000 s the simulation shows an increase of the primary pressure due to corium slumping

(Figure 6-1 and Figure 6-5). After this the pressure continues to decrease till the vessel failure.

After core uncovery the fuel temperature increases due to the low heat transfer to steam. The
predicted fuel temperatures are shown in Figure 6-4, where Tful05, Tful1l0 and Tful14 indicate
the temperature of the fuel at different elevations in the core: bottom, middle and top,
respectively. The fuel temperatures are calculated by the DIVA module, as the core degradation
has started at 4042 s. Because of that from 0 till 4042 s the temperatures in Figure 6-4 are not
calculated from the core degradation module, but from the thermal-hydraulic module CESAR.

The high temperatures lead in the low pressure sequences to the mechanical deformation of the
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cladding: ballooning and rupture. The ASTEC calculated maximum fuel temperature is about
3200 K. Melting of the core components and break-up of the fuel rods lead to the loss of rod-like
geometry and to subsequent debris formation (Figure 6-5). The UO, fuel pellets are liquefied by
the dissolution of the molten Zr1%NDb or by the interaction of the UO, and the ZrO, below their
melting points /NEA 1998/.

Extended dry-out in the reactor core is observed. The high temperature interaction of steam and
cladding results in oxidation and hydrogen generation. Beginning of the noticeable hydrogen
generation (time moment by which > 1 % of hydrogen is generated) corresponds to 4900 s.
Figure 6-6 shows the in-vessel hydrogen mass released during the degradation of the core. Fe
stays for the hydrogen produced by the iron, B,C stays for the hydrogen produced by the contact
with the boron carbide, UO,-Zr stays for the hydrogen generated by the contact uranium
dioxide-zirconium and Total stays for the total hydrogen production. The total mass of hydrogen

generated by the end of the reviewed time interval is 252 kg,
The beginning of the release of fission products takes place at 5398 s (Table 6-1).

If the accident is unmitigated, the molten material of the degraded core relocates to the lower
regions of the core. Figure 6-5 shows the mass of the relocated corium in the lower plenum of
the RPV.

From the thermal-hydraulic point of view the typical phases of a SBLOCA accident (e.g. the
depressurization phase, the coupling of primary and secondary pressures and the break down of
primary to secondary heat transfer followed by a decrease of the primary pressure below the
secondary pressure) are predicted very well. The major parts of expected severe accident
phenomena in VVER-1000 were modelled in ASTEC v1.2 calculation, namely: the core heat-up;
the cladding oxidation, the degradation of the core components, the melt relocation and the

vessel failure. Lower head vessel failure time predicted by ASTEC is at around 17995 s (~ 5 h).
Table 6-1: ASTEC, SBLOCA 60 simulation without active and passive ECCS, Main events

ASTEC v1.2

No Event Time, [s]

Opening of the break with D=60 mm equivalent diameter in
1 (Loopl) cold leg next to the nozzle, SCRAM, the main coolant 0
pumps are switched off

2 Turbine stop valves are closed 10
3 Start of DIVA module 4042
4 First total core uncovery 4587
5 Start of FP release from fuel pellets 5398
6 First cortum slump 5622
7 Pool formation into the lower plenum 9500-10000
8 Lower head vessel failure 17995




6 Investigations on the eatly in-vessel phase of severe accident for VVER-1000

73

Primary & Secondary Pressure

p
2.E4+07 - s

L "1 P—pcima

- : ' . 2 P-secon
R R Himsminimmninizis L LR Lt B 7). 0% P

1.E+07 |

5.E+06

iTimE (s)

e =Y O S leta) )
5000. 10000. 15000. 20000.

VVER—-1000 60mm—SBLOCA

o J S N

B

Reactor inlet&outlet temperatures

K
B0 posmmmnnnns R R B LR ELEE R PP R

= 1 Out—wate
200: - : | 2 In—water

F 3 Out-stea
2000. . In—-steam
1500. |-
1000.

s500. |-
E : ! time (s)
0. S N Y Y Y T S N 1 L1
0. 5000. 10000. 15000. 20000

VVER—1000 &0mm—SBLOCA

Figure 6-1: ASTEC v1.2, SBLOCA 60mm, Primary
and secondary pressure

Figure 6-2: ASTEC v1.2, SBLOCA 60mm, Reactor
inlet and outlet temperature

Void Fraction at Break Location
Void Fraction
1 2
c 3 3 :
C o ‘ ] : 1 x_alfa
o
- 4
C |
0.8 --f oo
[ 1
[ R R L TR PP ST
C
Ik . . i
[ T R . T R T
Ll 3 3 3
[ : : ; Time (s)
0. L 1 1 L L L L 1 1 1 1 1 1
Q. 5000. 10000. 15000. 20000.
VVER—1000 60mm—SBLOCA

Fuel temperature
K
4000.
A Tful05
B Tful10
3000. C Tfuli4
2000.
1000.
0 ! time (s)
0. 5000. 10000. 15000. 20000.
VVER-1000 60mm-SBLOCA

Figure 6-3: ASTEC v1.2, SBLOCA 60mm, Void
fraction at break location

Figure 6-4: ASTEC v1.2, SBLOCA 60mm, Fuel
temperatures calculated by DIVA module

Corium mass in the lower plenum
k
30000.
25000.
20000.
15000. 1o
|
i
10000. l
5000, i i
F ¥ —1- }f‘ T |
C LR 3 3 ‘time (s)
0. L= PP e | TR EER Y e
[¢] 5000. 10000 15000. 20000.

HZ production in the core
) o _4_3 1 Fe
—~ Tt 2 BaC
3 ; |3 U02-Zc
. - 4 Total
Ll eml==] ; 'i_izﬁ; time (s)
La5] 1 2l Il L ) L 3. Il 1
10000. 15000. 20000.

Figure 6-5: ASTEC v1.2, SBLOCA 60mm, Cotium
mass in the lower plenum

Figure 6-6: ASTEC v1.2, SBLOCA 60mm, Hydrogen
production




74

6.2 Station blackout

A comparative investigation on a SBO accident scenario with ASTEC v1.3.0 and ATHLET 1.2d
codes has been performed. The purpose of this study is to assess ASTEC code behaviour in the
modelling of main thermal-hydraulic phenomena in the primary and secondary circuit arising
during a hypothetical severe accident, in this case a station blackout sequence. The performed
analyses cover a SBO sequence without and with passive safety injection systems (hydro-

accumulators) and without diesel generators (DGs) operation, in order to investigate the thermal-
hydraulic response of the ASTEC code.

The main targets of this study are:

e Estimate of the behaviour of the ASTEC code, its capability for simulation of the main
thermal-hydraulic phenomena arising during the early in-vessel phase of severe accidents,
including safety systems and accident management (AM) procedures; i.e. estimation of
the maximum period of time for taking appropriate measures and particular decisions by

the plant personnel
e Understanding of the discrepancies between ASTEC v1.3.0 and ATHLET 1.2d

e TFormulation of proposals for improvement of ASTEC capability in the simulation of the

early phase (in-vessel phase) of severe accident scenarios.

The investigation on the ASTEC code has been elaborated within the framework of WP19
Spreading of Excellence of the SARNET Project of the EURATOM 6" framework programme.
It presents the modelling approach of a SBO sequence for VVER-1000 reactors with
ASTEC v1.3.0.

The ATHLET calculations have been performed with a reference input file for a VVER-1000
and it has been modified to simulate a SBO sequence without and with consideration of passive
and active emergency core cooling systems. Moreover, the two basic accident management
measures — secondary and primary side depressurization — have been implemented, to investigate
the effectiveness of the secondary bleed and feed and the primary bleed and feed procedures in a
SBO accident. A more detailed description of the applied ASTEC and ATHLET models is given
in Chapter 5.

The ATHLET code has been used as a reference computer code for the comparison study with
the ASTEC code. The main topics considered for this comparison study are: primary system
pressutization/depressurization during the in-vessel phase, operation of steam generator BRU-A,
operation of pressurizer relief and safety valves (SEMPELL), and their influence on the thermal-
hydraulic behaviour during the early phase of the SBO sequence.

The calculation results demonstrate the capability of the ASTEC code to model the early phase
of the accident with satisfactory agreement in a reasonable period of time. Major events
characterizing this phase, e.g. the relief and safety valves’ operation and their effect on the
thermal-hydraulics, the time for steam generators dry-out, the break down of the natural

circulation and the start of the core heat-up have been successfully modelled.
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The discrepancies attributed to the behaviour of both the steam generator relief valves and the
pressurizer safety valves have been reduced by modifying the valve type within the ASTEC
calculation (Chapter 5, Part 5.5). Furthermore, it is an outcome of this investigation that a proper
nodalization to account for the specific requirements of the horizontal steam generators typical
for VVERSs is necessary for evaluation of the accident management measures (Chapter 5, Parts
52-5.4).

It has to be stressed that the objective of these analyses was by no means to deduce statements in

order to assess the safety standards of any specific nuclear power plant.

In the following Chapters after a general description of the SBO scenario a detailed discussion of
the main phenomena related to the early phase of the accident is given. With the help of the
comparative study, using both ATHLET and ASTEC codes, an evaluation of the capabilities of
ASTEC to model the main thermal-hydraulic phenomena is provided. By applying secondary and
primary bleed and feed, the effectiveness and a possible optimization of the AM strategies are

investigated.

6.2.1 General description of the SBO scenario

The analyses have been performed assuming a station blackout (loss of the offsite electric power
system concurrent with a turbine trip and unavailability of the emergency AC power system),
leading to unavailability of all major active safety systems, such as the high pressure injection
system (HPIS), the low pressure injection system (LPIS) and the emergency feedwater system
(EFWS) /TUS 2007/. The initiating event results in reactor trip, trip of all main coolant pumps
and feedwater pumps. With the main coolant pumps coast down the coolant flow rate through
the reactor decreases and the decay heat is removed from the core in natural circulation mode.
After the reactor SCRAM and main coolant pumps’ trip, the steam content in the water on the
steam generators’ secondary side decreases and the mixture level in the steam generators
decreases, too. With closing of the turbine stop valves, the heat generated on the primary side can
not be transferred through steam dump to the condenser and consequently the pressure in the
secondary circuit is increasing. After reaching the set-point of the steam generator BRU-A valves
(steam dump to atmosphere) the secondary pressure is stabilized from the operation of the
valves, and is maintained constant at a value of 6.67 MPa. The steam mass flow is determined by

the BRU-A valves operation.

Because the feedwater is stopped and the secondary water inventory is continuously evaporating,
the steam generators’ level is decreasing. When the secondary side heat sink is depleted the core
decay heat causes a gradual increase of primary coolant temperature and pressure followed by the
opening of pressurizer relief valves and drainage of primary coolant first to the relief tank in the

containment and later on to the containment itself.

The effect of the sprays on the containment atmosphere has not been studied, as the sequence
here investigated refers to the accident phase prior to vessel failure and assumes no intervention

of systems power supplied by diesel generators.
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Without additional measures the described scenario would lead to further depletion of the

primary side, resulting in core uncovery and core heat-up at high pressure (Appendix E).

6.2.2 Initial and boundary conditions

Before performing a transient simulation, for both input decks a steady-state calculation for
adjusting the boundary conditions necessary for the analyses of the discussed accident sequences
has been performed. In that way the initial plant conditions as reactor power, steam generators
power, pressure and temperatures on primary and secondary side and mass flow rates are
achieved. In Table 6-2, the main steady state parameters before initiation of the transient

simulation are listed.

Table 6-2: Steady state parameters of the reference VVER-1000 plant

Parameters Plant Data | ASTEC | ATHLET
Reactor power, [MW,, | 3000 3000 3000
Primary pressure — upper plenum, [MPa] 15.70 15.66 15.67
Average coolant temperature at reactor outlet, [°C] 320.1 319.2 319.5
Maximum coolant temperatute at reactor inlet, [°C] 290.0 288.7 288.8
Mass flow rate through one loop, [kg/s] 4400 4400 4440
Pressure in steam generator (steam dome), [MPa] 6.27 6.26 6.25
Mass flow rate through one steam generator, [kg/s] 408.0 408.0 410.5

The following assumptions have been applied to both ASTEC and ATHLET simulations:
e Start at nominal operating conditions (100 % reactor power)
e Conservative approach for decay heat curve (high limit), Figure 5-2
e Steam generator pressure regulation is available (BRU-A)
e BRU-A stops at 7200 s (after batteries depletion)
® DPressurizer relief and safety valves are available
e Active safety injection systems are not available
e Dassive safety injection systems are available.

Additionally to the unavailability of all active safety injection systems a conservative approach for
the decay heat curve has been applied. With this assumption the general course of the transient is
accelerated, leading to an earlier core heat-up with the minimum time margin available for the
operators to prepare counter-measures. For the generic investigations the applied assumptions

lead to conservative results.

For the SBO accident with primary side depressurization (PSD) applied as an accident

management measure an additional simulation, assuming start of one diesel generator and one
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LPIS-train has been performed (Chapter 6, Part 6.2.7.2), to evaluate the latest possible time for

restoration of the power supply and thus avoiding heating-up of the core.

In order to make an assessment of the phenomenology and the thermal-hydraulic behaviour
(only of the in-vessel phase), several characteristic parameters in ASTEC and ATHLET have
been chosen. These parameters, listed here below, have been also used for a graphical

representation and discussion of the results, presented in Chapter 6, Parts 6.2.3-6.2.7:
e Primary and secondary pressure
e Reactor inlet and outlet temperatures
¢ C(ladding temperatures
e Primary to secondary heat transfer (steam generators power)
e Hydro-accumulators mass inventory
e Coolant amount in the steam generators (water mass/liquid level)
e Mass flow in the primary loops
e (Coolant amount in pressurizer
e Mass loss through BRU-A valves
e Mass loss through the PRZ valves (SEMPELL).

6.2.3 Results of the ASTEC simulation — accident progression without
application of accident management measures

The SBO calculations (Chapter 6, Part 6.2) have been performed with the ASTEC v1.3.0 code.
The analysis presented in this Part 6.2.3 has been restricted to a total “problem time” of 8.3 h
(about 30000 s) and focuses only on the “in-vessel phase” of the accident. The analysis has been
performed assuming no accident management measures like primary or secondary
depressurization and no external cooling of the RPV (Appendix E, Appendix F).

In the table below (Table 6-3) are pointed out the main events of the transient sequence:
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Table 6-3: ASTEC, SBO sequence, Main events

No Event AST.EC V1.3.0
Time, [s]
1 IniFiating event — SBO, SCRAM, main coolant pumps are 0
switched off
2 Turbine stop valves are closed 10
3 Feedwater terminated 11
4 Opening of BRU- A valves 065
5 Steam generators dry- out 4310
6 Actuation of the pressurizer valves 5100
7 Heating-up of the core 8750
8 Start of fission products release from fuel pellets 9658
9 First material slump in lower plenum 9705
10 | Pressurizer (SEMPELL) valves fully opened No AMM
11 | Start of hydro-accumulators injection No AMM
12 | Stop of hydro-accumulators injection (empty) No AMM
13 | Lower head vessel failure 15452
14 | Corium mass in the lower head, [kg] 67942

After the reactor SCRAM and main coolant pumps coast down, the gravitational forces are
dominating the flow and the distribution of coolant inside the primary system. The primary side
pressure is decreasing for a short time as a result of the reactor SCRAM and the decreasing

reactor power (Figure 5-2).

Due to the isolation of the secondary side, the secondary pressure increases and the decay heat is
removed from the primary circuit via the steam generators by opening the BRU-A valves, leading
to a continuous decrease of water inventory on the secondary side of the steam generators.
During this phase the primary pressure remains nearly constant at around 15 MPa. After the
depletion of the steam generators (4310 s), the primary to secondary heat removal breaks down
and an instantaneous pressure increase on the primary side occurs (Figure 6-7). Later on the core
undergoes a high-pressure boil-off. In Figure 6-7 P-prim stays for the primary pressure and P-sec

stays for the secondary pressure.

After reaching the set point of the pressurizer relief valve continuous depletion of the primary
coolant inventory through the valves uncovers the core and leads to temperature increase in the
core (Figure 6-8). In Figure 6-8: T out_li/T out_st corresponds to the outlet liquid/steam
temperatures and T_in_liq/T_in_ste are the inlet liquid/steam temperatures. The fuel cladding
temperature is also increasing and at temperatures above 1100 °C the Zirconium in the fuel

cladding is oxidized by steam.

The amount of energy that is released during the steam-oxidation reaction is comparable to the
residual power. A layer of ZrO, is forming on the external cladding surface. Strong hydrogen
production is observed. Because of the significant decay heat and the high pressure in the

primary side of the reactor coolant system, and due to the unavailability of emergency coolant
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injection, the necessary core cooling is not provided and the maximum allowed cladding
temperature criteria of 1200 °C is exceeded. Without any additional measures the BDBA is

turning into a severe accident.
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The boron carbide B,C control rods undergo degradation at lower temperatures than the fuel
rods. The control rod materials start relocating downwards in the reactor core. The continuously
increasing temperature in the fuel pellets and the fission products generation inside the fuel
elements increases the internal pressure of the fuel rods. The overpressure causes swelling and
creeping of the cladding material, ballooning and crack. With the crack of the fuel claddings starts
the release of fission products from the fuel pellets at 9658 s from the beginning of the transient.
The further corium progression depends on the physical properties of the corium, particularly the
solidus/liquidus temperatures, the viscosity of the molten mixtures formed in the core as a
function of the degree of oxidation. The temperature in the core continues rising, the fuel melts
and molten pool forms in the core, relocates, and followed later on by slumping of materials into
the lower plenum of the reactor (9705 s) and failure of the RPV wall (15452 s).
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The total slumped corium mass in the reactor lower plenum at the time of the reactor vessel
failure is approx. ~ 68 t (Figure 6-9). In Figure 6-9 the total corium mass is summed from the
debris mass, the slumped mass, the mass of the metal and the mass of the oxide. Figure 6-10
shows the in-vessel hydrogen production according to the different core materials. Fe: stays for
the hydrogen produced by the iron; B,C: stays for the hydrogen produced by the contact with the
boron carbide; UO,-Zr: stays for the hydrogen generated by the contact uranium dioxide-
zirconium and Total: stay for the total hydrogen production. The calculated quantity of the

cumulative in-vessel hydrogen production is approximately ~355 kg.

A similar simulation without application of accident management measures has been performed
with the mechanistic code ATHLET /TUS 2010b/. The results show that after the depletion of
the steam generators and increasingly mass loss from the primary side the reactor core starts to
heat up and the cladding temperatures exceed the safety margin of 1200 °C (Chapter 6, Part 6.2.8,
Figure 6-35).

6.2.4 Application of accident management measures

During severe accident sequences it is of prime importance to depressurize the primary circuit in
order to allow injection from the passive and/or active safety injection systems and to avoid RPV
failure at high pressure that could cause direct containment heating and subsequent challenge to
the containment structure. Two basic procedures can be applied for managing of accidents to
prevent growing into a severe one: primary side depressurization (PSD) and secondary side
depressurization (SSD). The both procedures play an important role in the preventive and the
mitigative domain of an accident sequence (Appendix E, Appendix F). Main goals are:

e To preserve the integrity of the primary circuit
e To preserve the integrity of the pressurized premises
e To create conditions for cooling down of the core or of the debris after core damage.

It is the aim of both procedures to delay an extended core heat-up and to prevent failure of the
RPV under high pressure. Even more, by gaining additional time for recovery of electricity (in
case of station blackout accident) and for additional water supply the failure of the vessel might

be prevented at all.

By reduction of the primary pressure from one side the load on the RPV is reduced and from the
other side conditions for efficient operation of the passive and active safety systems are created.
Depressurizing the secondary side is a very efficient way to reduce the primary circuit pressure
without early release of primary coolant to the pressurizer relief tank or to the containment. In
emergency conditions when the reactor control and protection system is actuated the secondary
side depressurization is realized by the steam dump to condenser or steam dump to the
atmosphere valves (the BRU-A valves). In emergency condition with loss of vacuum in the
condenser, when the reactor control and protection system is actuated, the steam dump to
condenser valves are unavailable and cool-down process by secondary circuit is provided by

steam dump to atmosphere with cooldown speed of 20 K per hour or 60 K per hour. It is
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necessary to feed up the steam generators with available equipment from the emergency
feedwater system or passively with water from the feedwater tanks (Figure 6-11) — secondary
Bleed and Feed procedure. If heat removal by secondary circuit is unavailable or not effective,
the primary circuit heat removing procedure requires starting the depressurization and the
cooling of the primary circuit by opening of the pressurizer relief and safety valves — primary
Bleed and Feed procedure. In case that power supply is available, feeding from the HPIS will
start. In case of station blackout water delivery to the reactor core can be provided only from the
passive safety systems (hydro-accumulators). Therefore the primary pressure must be reduced

below the hydro-accumulators’ set point of 5.8 MPa.

After SBO in VVER-1000, SSD can be performed by full opening of a certain number of the
BRU-A valves. Different criteria can be used to start the procedure, e.g. if the core exit
temperature exceeds or if the SG levels drop below a special limit. In the presented simulations,
SSD is started 30 minutes after the SBO. It is assumed that 30 minutes after initiation of the
accident is the earliest possible time for operators’ intervention. Like in the Western PWRs, PSD
is performed by fully opening of the pressurizer relief and safety valves (Appendix E,
Appendix F). To activate the PSD procedure, different criteria (like RPV level or core exit
temperature) can be used. In the simulations PSD is started, when the core exit temperature
exceeds 350 °C or 650 °C respectively (eatliest/latest time ctiterion for PSD).

Figure 6-11 shows the generic scheme of the SSD and PSD procedures for the SBO accident.
These procedures have been applied for the simulations presented in Chapter 6, Parts 6.2.5 -
6.2.7. By applying PSD Chapter 6, Part 6.2.5 presents a comparative study using both ASTEC
and ATHLET codes. A detailed discussion of the thermal-hydraulic phenomena related to the
early in-vessel phase of the accident is given. Chapter 6, Parts 6.2.6 and 6.2.7 present results from
ATHLET simulations for the SBO accident with application of the SSD procedure, and for a
possible optimization of the PSD procedure.
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Figure 6-11: Generic scheme of the SSD and PSD procedures applied in the SBO simulations
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6.2.5 Course of the station blackout transient with primary side
depressurization (PSD)

With the help of the ASTEC and ATHLET simulations this Chapter gives a more detailed
description of the main phenomena arising during a SBO accident. The results of the
comparative analyses will be used to assess the capabilities of ASTEC to model the thermal-
hydraulic phenomena during the early phase of the transient. For both simulations the initial
conditions and assumptions as described in Chapter 6, Part 6.2, have been applied. The primary
side depressurization as an accident management measure has been taken into account for the
both simulations. It is activated at core outlet temperature T >650 °C (Figure 6-11).

core-out

The ASTEC v1.3.0 calculation for a SBO sequence has been performed for a total “problem
time” of 8.3 hours (about 30000 s) therefore it focuses only on the “in-vessel phase” of the
accident. The ATHLET simulation has been performed for 4.4 hours (16000 s) after SCRAM.

In the following pages the ASTEC results, for the chosen parameters, are compared to the
respective ATHLET trends (Figure 6-12 to Figure 6-17).
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steam generator (SG1-4) power (ASTEC and integral BRU-A mass flow (ASTEC and ATHLET
ATHLET simulation) simulation)

The initial event (SBO) leads to reactor SCRAM, stop of all main coolant pumps, closure of the
turbine stop valves and loss of feedwater supply. The primary and secondary pressures are given
in Figure 6-12 for the discussed scenario. Shortly after plant blackout the secondary pressure
increases to the set point pressure thresholds of the steam dump to atmosphere and after
opening the BRU-A valves the secondary pressure is maintained at 6.67 MPa. The integral mass
flow of the BRU-valves is shown in Figure 6-13. At the beginning of the accident, the primary
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pressure is dropping due to the decrease of the reactor power after SCRAM and start of the main
coolant pumps coast down. After that the different behaviour of the primary pressure up to 500 s
is caused by differences in the applied pump models (particularly the coast down curves), the
nodalizations used for the steam generators and the different BRU-A valves behaviour (valve
modelling). In that phase in the ATHLET simulation the BRU-A valves open much faster and as
a consequence of the higher steam and energy release the secondary and primary pressures stay
below the respective values calculated by ASTEC (Figure 6-12 and Figure 6-13).

In this phase, for a first time the steam generator power drops below the reactor power and
consequently the primary pressure increases. In general the both codes predict the same
behaviour, but the pressure increase starts at different times. Due to the pump coast down the
coolant flow rate through the reactor and the main circulation loops decreases (Figure 6-14). In
the early phase, the decay heat is still removed by natural circulation. The heat transferred from
the primary to secondary side evaporates the secondary water inventory and the mass of water on

the secondary side is decreasing, as depicted in Figure 6-13.
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The decreasing water level in the steam generators also decreases the effective heat transfer area
(Chapter 5, Part 5.4, Figure 5-6). As already mentioned, when the steam generator power drops

below the reactor power, the primary pressure increases.

The stepwise reduction of the steam generator power (Figure 6-12) and the earlier increase of the
primary pressure in the ATHLET simulation are caused by a more detailed steam generator
model (e.g. vertical subdivision of the heated part of the secondary side into three parts, Figure
5-1, Figure 5-4 and Figure 5-6). After the uncovery of a part of the tube bundles, a drop in the
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steam generator power and a significant increase of the primary pressure can be observed
(t=1400 s and t=3500 s). The ASTEC simulation with a simplified nodalization for the steam
generators (Figure 5-3) provides a smoother decrease of the steam generator power. The primary
pressure starts to increase only when the steam generators are completely emptied (t=4310 s).
Later on, the primary pressure reaches the threshold for opening the pressurizer relief valve
(t=3710 s in ATHLET and t=5100 s in ASTEC).

The minimum steam generator level is reached at approximately 4310 s in the ASTEC simulation.
In the ATHLET simulation the steam generator level drops below the lowest part of the
horizontal oriented U-tubes at 5200 s. After that the heat transfer from the primary to the
secondary side (steam generator power) breaks down and in the ATHLET simulation the

pressurizer relief valve opens and closes much faster, Figure 6-12.

Because of the delayed pressure increase in the ASTEC simulation the threshold of the
pressurizer relief valve is reached much later in the transient. With the actuation of the
pressurizer relief valve the pressurizer level (water mass) is increasing (Figure 6-15). When the
level reaches the position of the relief valve, a transition from two-phase to single-phase water

flow with a higher mass release through the valve is observed.
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The integral mass flow through the pressurizer relief and safety valves is presented in Figure 6-15.
Due to the increasing loss of primary coolant through the pressurizer relief valves, the primary
mass inventory is decreasing and the RPV cover bubble appears. When the water level in reactor
vessel drops below the hot nozzles, steam appears also in the main circulation loops, resulting in

the break down of natural circulation in the primary system (see mass flow and void fraction in
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Figure 6-14). As there is no water supply to the primary circuit, the core starts to heat-up in the
further course of the transient (Figure 6-16). The reduced primary water mass leads to core

uncovery and its consequent dry-out.

At a core outlet temperature of T, >650 °C (Figure 6-16) depressurization of the primary side

core-out
is initiated manually by the operator. For this accident management measure the pressurizer relief
and safety valves are fully opened, which allows a fast reduction of the primary pressure below
the set point of the hydro-accumulators (p,,;,<5.8 MPa) and in this way an injection of water

from the passive safety injection systems (Figure 6-12 and Figure 6-17).

The accumulators injection leads to an increasing water level in the RPV and the rise of the
cladding temperatures is temporarily stopped (Figure 6-16). Due to the evaporation in the reactor
core and caused by a reversed heat transfer in the steam generators the decrease of the primary
pressure is slowing down. As a consequence the injected mass from the hydro-accumulators is
decreasing. This effect can be clearly seen in the ATHLET simulation (Figure 6-12 and Figure
0-17). The reversed heat transfer (negative steam generator power) is not predicted by ASTEC.
Therefore the decrease of the primary pressure calculated by ASTEC is much faster, leading to
more effective hydro-accumulators injection. After the primary side depressurization and the start
of the hydro-accumulators injection the secondary pressure slightly decreases. This effect is
predicted by both ASTEC and ATHLET codes (Figure 6-12).

Feeding from the hydro-accumulators in the both simulations lowers the core temperatures for a
limited period of time (Figure 6-16). After the first injection phase the hydro-accumulators’
injection is decreasing (in the ASTEC simulation it is stopped at p,,,,<1 MPa) and later on the
cladding temperatures start to increase again. Without additional measures, recovery of electricity
supply and start of active safety injection systems, a further increase of the cladding temperatures
can not be prevented. Even though the ASTEC code predicts a more effective accumulator
injection during the first injection phase (Figure 6-17), the accumulated water mass in the reactor
core is underestimated, whereas the pressurizer level (water mass, Figure 6-15) increases much
faster. As a consequence ASTEC predicts much higher cladding temperatures, reaching more
than 1200 °C. In the ATHLET simulation the cladding temperatures also exceeds the critical
limit of 1200 °C, but much later in time (Figure 6-16). In the later phase of the accident
exothermic oxidation of the fuel rod cladding contributes significantly to the heat-up of the core,
thus initiating the core degradation phase. ASTEC uses the special module DIVA for the
simulation of core degradation. Hence, the differences in the physical models between ASTEC
and ATHLET could also be responsible for the differences in the cladding temperatures.

The both codes predict the general course of the transient and most of the discussed thermal-
hydraulic phenomena with a good qualitative agreement. From a safety point of view both
simulations clearly show the positive effect of the applied accident management measure. The
codes predict a time margin for the operators of at least 2.6 h between the initiating event until
>650 °C. To

assess the time margin for additional measures after primary side depressurization, the behaviour

the activation of the accident management procedure from the criterion T

core-out

of the accumulator injection and the differences in the predicted cladding temperatures have to

be detailed investigated.
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Compared to the simulation in Chapter 6, Part 6.2.3 the ASTEC simulation with applying PSD as
an accident management measure shows a time delay for the lower head vessel failure of
approximately 1.5 hours (without PSD the lower head vessel failure occurs at t=15452 s and with
PSD at t=20886 s respectively), also /TUS 2008/ and /TUS 2009/.

Table 6-4 summarizes the timings of the main events derived from the both codes.

Table 6-4: ASTEC/ATHLET SBO simulations, Main events

ASTEC ATHLET
Event With PSD With PSD
Time, [s] Time, [s]
Initiating event — SBO, SCRAM and main coolant pumps
switched off 0 0
Turbine stop valves are closed 10 0
Feed water terminated 11 0
Opening of the steam dump to atmosphere (BRU-A) 65 15
;g::]r;)generators dry-out (break down of steam generator 4310 5200
Actuation of the pressurizer valves 5100 3710
Pressurizer valve mass flow transition from two-phase to
single-phase water ’ 5940 2680
Upper plenum temperature reaches saturation conditions
(vIc))[i)ding start-up) ’ 7140 6520
Closing of BRU-A valves (batteries depletion) 7200 7200
Break down of natural circulation on primary side 7640 7160
Heating-up of the core 8750 8150
PSD, pressurizer valves fully opened 10340 9420
Start of hydro-accumulators’ injection 10514 9930
Stop of hydro-accumulators’ injection 12650 -
Lower head vessel failure 20886 Not
calculated
Corium mass in the lower plenum, [kg] 73248 Not
calculated

6.2.6 Course of the station blackout transient with secondary side
depressurization (SSD)

As already described without additional measures and without recovery of electricity supply the
SBO accident would lead to an extended core heat-up under high pressure conditions. By means
of the SSD procedure the secondary pressure can be reduced to allow the passive feeding of the
steam generators’ secondary side from the feed water system. In this way, the heat removal from
the primary to the secondary side can be enhanced and the primary pressure can be reduced. The
PSD procedure can be additionally applied to reduce the primary pressure by fully opening of the

pressurizer relief and safety valves and so to trigger the injection from the passive emergency core
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cooling system (hydro-accumulators). The aim of the both procedures is to delay an extended
core heat-up and to prevent failure of the RPV under high pressure (Appendix E, Appendix F).

For a successful realization of the secondary bleed and feed strategy the fulfillment of another
strategy is necessary i.e. “secondary circuit feed-up”, with water from the emergency feedwater
system or passively from the feedwater lines and the feedwater tank (Figure 5-7). Applying the
SSD procedure will delay the pressure rise in the primary circuit for several hours and during this
time the primary pressure remains below the limits of the pressurizer relief and safety valves

operation.

In this Chapter the effect of SSD on the course of the SBO transient is discussed. The
investigations are realized with the ATHLET code. For the description of the specific model
applied to the steam generators’ secondary side and the feedwater system see Chapter 5, Part 5.4.

The earliest criterion was applied to activate the corresponding accident management measures
(Figure 6-11). It is assumed that two BRU-A valves could be fully opened by the operators 30
min after the initiating event. In case of failure of BRU-A valves to stay in open position (after
the depletion of the batteries) or after depletion of the feedwater system a second increase of the
primary pressure could be expected. In that case additionally to the SSD, PSD can be applied to
reduce the primary pressure by full opening of the pressurizer relief and safety valves and so to
trigger the injection from the passive emergency core cooling system (hydro-accumulators),
Chapter 6, Part 6.2.4, Figure 6-11. To investigate the effectiveness of SSD, two simulations with

the following assumptions have been performed:
1% simulation (SSD-Casel), Figure 6-18 to Figure 6-22:
e 30 min after Station Blackout, BRU-A 1+4 fully opened (earliest criterion)

e If SSD cannot be activated at all or if the procedure is not successful (e.g. conservative
assumption for failure of BRU-As after the depletion of the batteries), later on PSD is
applied to reduce the primary pressure and to start passive feeding of the primary side
from the accumulators. The 1% temperature criterion (T >350 °C) has been applied to

activate PSD (Chapter 6.2.4, Figure 6-11).

core-out

2" simulation (SSD-Case2), Figure 6-23 to Figure 6-26:

e Manual opening of the BRU-A valves 1+4 from 30 min after Station Blackout, till end of

the simulation both valves stay in open position.

For the both simulations the course of the accident sequence before starting SSD (0-1800 s)
corresponds to the ATHLET simulation described in Chapter 6, Part 6.2.5.

Results of the 1% simulation (SSD-Casel)

During the first 1800 s the BRU-A valve’s normal operation (Figure 6-20) maintains the
secondary pressure at 6.67 MPa. Because the normal feedwater supply has stopped and the
auxiliary feedwater pumps are not available, the mass loss through BRU-A valves leads to
continuous depletion of the steam generators’ secondary side and steam generator levels are
decreasing (Figure 6-19, also Chapter 6, Part 6.2.5). 30 minutes after SBO the BRU-A valves 1
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and 4 are opened from the shift operator by a button from the main control room for starting of
the SSD procedure. After initiation of SSD (Figure 6-20) the pressure in steam generators SG 1

and SG 4 is decreasing whereas the pressure in SG 2 and SG 3 remains approximately constant

and below the set-point of the BRU-As operation (Figure 6-18).
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The fast pressure reduction allows the passive feeding of the SG 1 and SG 4 first from the feed
water pipes and later on from the feed water tanks (Chapter 5, Part 5.4, Figure 5-7). Figure 6-19
shows the level in the four steam generators and in the feedwater tank (FW-tank). After

depressurization the feedwater can be partly evaporated (if the feedwater temperature exceeds the

saturation temperature), thus reducing the effectiveness of the feeding procedure. A more
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detailed discussion of this effect is
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valves in SGs 1 and 4 is compensated by level

the passive feedwater injection and the

depletion of the steam generators’

secondary side is stopped. Because of the closed BRU-As in SGs 2 and 3 the corresponding
water levels remain at higher values (Figure 6-19, Figure 6-20). It is assumed that after 2 hours all
BRU-As fail in closed position (conservative assumption for depletion of batteries). The manual
opening of BRU-A valves is not considered after batteries depletion. After closing the BRU-A
valves the remaining water in SGs 1 and 4 is continuously evaporated and the liquid level is
decreasing (Figure 6-19). As a consequence the pressure in SGs 1 and 4 starts to increase (Figure
0-18) and the passive feeding from the feedwater system is stopped. For SGs 2 and 3 already
after initiation of SSD the steam generator power has broken down and these steam generators
remain in hot stand by. Because of the decreasing heat transfer from primary to secondary side

also the primary pressure starts to increase.

At t=10750 s the secondary pressure in SGs 2 and 3, and at t=11500 s in SGs 1 and 4 reaches the
set-point of the safety valves. Due to the mass loss through the valves the steam generators’
levels further decrease (Figure 6-19). The reduced heat removal from the steam generators’
secondary side leads to further increase of the primary pressure and temperature. At t=12500 s

the primary pressure reaches the set-point of the pressurizer relief valve (Figure 6-18).

The core outlet temperature reaches the set-point for activation of PSD (T . ...>350 °C, Figure
0-11) at t=14860 s (~ 4 hours after SBO). The full opening of the pressurizer relief and safety
valves (Figure 6-18) leads to decreasing primary pressure. Due to the mass loss through the
valves and evaporation on primary side a first increase of cladding temperatures can be observed
at approx. t=15640 s (Figure 6-21). At t=15920 s the primary pressure drops below the set-point
of accumulator injection (5.8 MPa) and the passive feeding from accumulators stops the core
heat-up. After depletion of the accumulators (t=17800 s, Figure 6-22), the fluid and cladding
temperatures rise again and due to the mass loss through the pressurizer valves the primary water
mass is continuously decreasing. A second core heat-up with a fast increase of cladding
temperatures takes place at t=22720 s (Figure 6-21). At t=24500 s the cladding temperature

exceeds the critical limit of 1200 °C.
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Results of the 2" simulation (SSD-Case2)

For the first simulation with SSD it was assumed that the BRU-As fail in closed position
(SSD+PSD simulation) after 2 hours. To investigate the effect of BRU-As operation on the
transient, full opening of the valves was simulated in a second code run from 30 minutes after
SBO up to the end of the transient (BRU-A valves remain in open position, Figure 6-24). It has
to be pointed out that the operators have to open the BRU-A valves manually for this procedure.
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Till 7200 s the course of events cotresponds to the 1% simulation, SSD of SGs 1 and 4 leads to
passive feeding from the feedwater system and a depletion of the steam generators’ secondary
side can be avoided (Figure 6-23 and Figure 6-25). The secondary depressurization is much more
effective with full opening of two BRU-A valves (SG 1 and SG 4) during the whole transient. As
can be seen from Figure 6-23, compared to the 1" simulation the primary pressure stays below

the set point of the pressurizer relief valve for a much longer period. During this time the fluid
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temperatures on the primary side are kept below the saturation temperature and the primary

circuit remains sub-cooled (Figure 6-20).

As in the previous simulation, SSD-Casel, because of the closed BRU-As the water levels in SGs
2 and 3 remain at higher values (Figure 6-25).

Before final depletion of SGs 1 and 4 the oscillations in the steam generators’ levels, in the
secondary mass flow rates and in the pressures are partly caused by evaporation of the injected
water and operation of a check valve of the feedwater system, which opens and closes depending
on the pressure difference (Chapter 5, Part 5.4 and Figure 5-7). The hysteresis of this valve is
stepwise and it operates on the following way: if the pressure difference is greater than 1 bar the
valve opens and at a pressure difference lower than 0.5 bar it starts to close. In the following part
for SG1 a brief description of the main phenomena occurring during passive feeding is given

(Appendix G, Appendix H).

For a short time, after starting the depressurization, the secondary side of the steam generator is
fed with sub-cooled water from the feedwater system and the depletion is temporarily stopped.
Due to the fast depressurization, later on the fluid temperature at the upper most part of the
feedwater connection line (Figure 5-7) exceeds the saturation temperature and the feedwater
starts to evaporate before it enters in the steam generator. As a consequence the passive feeding
is less effective and the steam generator level continues to drop. The changing density in the
feedwater connection line has an effect on the pressure difference between upstream and
downstream sides of the check valve and as a result the valve is periodically opening and closing.
This behaviour can be seen in Appendix G, e.g. distribution of the void fraction in the feedwater
connection line, valve operation, liquid mass flow, pressure and the steam generator level. In the
time between 2000 s and 4000 s evaporation takes place also in the lower part of the feedwater
connection line. After that plugs of sub-cooled water from the feedwater system enter the
connection line to the steam generator and the corresponding void fraction is decreasing. During
the whole feeding process strong oscillations with different period and amplitude can be
observed (Figure 6-25, Appendix G). These oscillations are partly caused by flashing. If the fluid
temperature reaches the saturation temperature, the void fraction increases and the mass flow is
accelerated. Then colder water from the feedwater system is entering the connection line and
stops the flashing, as a consequence the void fraction decreases. With the changing fluid mass in
the connection line during the flashing process the check valve opens and closes periodically.
With the continuous pressure reduction in the feedwater system voiding can be also observed in
the vertical part of the feedwater line below the feedwater tank (Appendix H). Probably the
changing period of the oscillations is caused by different effects, like flashing or evaporation at
different points of the feedwater system and an oscillating behaviour of the remaining water mass
in the lower parts of the system. The peak in the steam generator level at ~ 10500 s, which can be
seen in Figure 6-25, is induced by flashing of the total volume of the feedwater connection line.
The significant reduction of the water mass above the check valve forces the valve to stay in
open position for a longer period and after that a plug with colder water is entering the feedwater
connection line and the steam generator is fed with more water. Later on in the lower part of the

connection line evaporation starts again, the feeding process is stopped and the steam generator



92

level starts to decrease. Despite of this level peak and the oscillations, from 3000 s till 19000 s the
steam generator level remains approximately at 0.45 m to 0.5 m (Figure 6-25). The stagnating
level is caused by equilibrium between the injected mass and the mass, which is released through
the BRU-A valve. The observed phenomena like evaporation and flashing are responsible for the
limited water injection from the feedwater system to the steam generators. At the steam
generators’ entrance the water is periodically evaporated, which makes the injection in the steam

generators less effective.

With the depletion of SGs 1 and 4 the primary to the secondary heat transfer is more and more
reduced and from 25800 s till 28500 s the pressure in SGs 2 and 3 and the primary pressure as
well increase rapidly. With reaching the set-point of the steam generators’ safety valves the levels
in SGs 2 and 3 start to decrease and the continuous mass release through the valves leads to
steam generators’ depletion (Figure 6-25). Due to an enhanced, but limited heat removal in SGs 2
and 3 the increase of the primary pressure is temporarily delayed. At t=30890 s the primary
pressure reaches the set-point of the pressurizer relief valve (Figure 6-23). After that the mass
loss from primary side leads to core heat-up (Figure 6-26). At t=35150 s a fast increase of the
cladding temperature can be observed, exceeding the critical limit of 1200 °C at t=39750 s.

For the 2™ simulation depressurization of the primary side (PSD) was not taken into account.
core—out>350 OC/T
>650 °C) are reached at t=32700 s and t=36400 s respectively. With the assumptions for this

The eatliest/latest temperature critetia for initiation of the PSD procedure (T

core-

out

simulation, SSD with two BRU-A valves manually opened would give the operators a time
margin of at least 9 hours before starting the PSD procedure (compared to 4 hours for the 1%
simulation with BRU-As closed after batteries depletion).

6.2.7 Investigations on the effectiveness and possible optimization of the
primary side depressurization procedures

6.2.7.1 Initiation of PSD by different temperature criteria

The PSD is a basic strategy by application of which the high pressure accident scenarios could be

avoided. It would provide the necessary conditions for ECCS actuation.

Investigation on the effectiveness of the PSD by variation of the initiation criteria was performed
by the ATHLET code (Chapter 6, Part 6.2.4, Figure 6-11). Two cases were studied:

e 1" simulation (PSD350): depressurization of the primary side at a temperature criterion
T >350 °C (eatliest criterion)

core-out

e 2" simulation (PSDG650): depressurization of the primary side at a temperature critetion
T >0650 °C (latest critetion).

core-out

With a core outlet temperature of 350 °C the fluid temperature reaches the saturation
temperature and steam appears in the RPV. This criterion corresponds to the eatliest possible
time to detect a core heat-up before the cladding temperatures start to rise. The second criterion

corresponds to the latest possible time to start PSD and to delay an excessive increase of the
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cladding temperatures by passive feeding from the hydro-accumulators. With activating PSD at a
core outlet temperature 650 °C the cladding temperatures already start to rise.

It is the main purpose of this study to assess the maximum response time for the operator in a
way to be seen the effectiveness of the measure on the accident progression. Figure 6-27 to
Figure 6-30 show the main results of the simulations. For the both simulations the course of
events before activation of the PSD procedure corresponds to the ATHLET simulation
described in Chapter 6, Part 6.2.5.
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Figure 6-27: Primary and secondary pressure
(PSD350 vs. PSD650 simulation)

Figure 6-28: Pressurizer level (PSD350 vs. PSD650

simulation)
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Figure 6-29: Accumulator level (PSD350 vs PSD650
simulation)

Figure 6-30: Cladding temperature (PSD350 vs.

PSD650 simulation)

With the depletion of the steam generators and the decreasing primary to secondary heat transfer
the primary pressure and the fluid temperatures start to rise. Later on the pressure increase is
limited by the operation of the pressurizer relief valve. For the first simulation the criterion to
activate PSD is reached at t=6205 s, in the second simulation PSD is started at t=9420 s. The
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reduction of the primary pressure earlier in time (Figure 6-27) also allows earlier water delivery to
the core from the passive safety system. The immediate effect can be seen from the peak cladding
>350 °C the first peak
in the cladding temperature is observed around 7200 s. This peak is much smaller than with later
initiated PSD.

temperature (Figure 6-30). For the simulation with PSD triggered at T,

core-out

The first peaks (heat-ups) in the cladding temperature, which occur due to the first core uncovery
are mitigated by the reflooding from the hydro-accumulators’ water independently from the PSD
temperature actuation criterion. For the PSD350 simulation the hydro-accumulators injection
starts at t=7200 s and the hydro-accumulators depletion of is observed at t=8600 s (Figure 6-29).

For the simulation with PSDG650 the primary pressure reaches the limit for the accumulators’
injection at t=9930 s. The feeding from the accumulators lowers the core temperatures for a
limited period of time. Due to the evaporation in the reactor core and caused by a reversed heat
transfer in the steam generators the decrease of the primary pressure is slowing down and the
secondary pressure slightly decreases (Figure 6-27). As a consequence the injected mass from the
accumulators’ is decreasing (Figure 06-29). After the first injection phase of the hydro-

accumulators the cladding temperatures start to rise again (Figure 6-30).

For the case with the higher core outlet temperature criterion for PSD actuation, the second
increase in the cladding temperature is observed at around 11500 s from the beginning of the

transient. This compares to 13200 s for the case with earlier actuation of the PSD.

The simulation with PSD at a core outlet temperature of 350 °C has shown that the cladding
temperature is kept constant at a low level for a period of time of 1.3 hours. This is due to the
full water injection from the passive safety system into the downcomer and the upper plenum of
the pressure vessel. The more effective accumulator injection in the PSD350 simulation leads to
an increasing water level in the RPV and also in the pressurizer (Figure 6-28). In the PSD650
simulation the accumulator injection starts later in time and due to the presence of overheated
steam in the primary circuit (steam temperature is much higher than saturation temperature) the
primary pressure decrease caused by condensation of steam is lower than in the PSD350
simulation. Consequently the accumulator injection is not that effective as in the PSD350

simulation.

Earlier initiation of the primary side depressurization would keep the fluid and the cladding
temperatures lower for a longer period of time, while later initiation of the PSD shows
continuous increase in the cladding temperatures. Despite the differences in both simulations the
results show that the critical limit of 1200 °C for the cladding temperatures is reached at approx.
the same time (Figure 6-30).

From the results of the simulations there is no clear indication that one of the temperature
criteria, applied to activate PSD, is more effective. With the limited amount of water in the
hydro-accumulators and without restoration of power supply in both cases an extensive core
heat-up can be delayed, but not avoided. From an operational point of view, PSD activated at the

latest possible time (T >650 °C) would give the operators an additional time margin to

core-out

restore an active emergency core cooling pump (Chapter 6, Part 6.2.7.2) and to avoid a significant
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release of primary coolant to the relief tank and the containment due to full opening of the

pressurizer relief and safety valves. Based on the performed simulations the time difference

between earliest and latest PSD criterion is approximately 54 minutes.

6.2.7.2 SBO scenario with start of one active emergency core cooling

pump

Figure 6-31 to Figure 6-34 show the reactor coolant system response during the PSDG650

procedure with later restoration of one diesel and one low pressure injection train.

The

additional water delivery provides sufficient cooling of the reactor core. The excessive increase in

the cladding temperature and consequent later core damage can be avoided.
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Figure 6-32: Pressurizer level (PSD650 without and
with 1LPIP simulation)
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Figure 6-33: Mass flow LPIS (PSD650 without and
with 1LPIP simulation

Figure 6-34: Cladding temperatures (PSD650
without and with 1LPIP simulation)

The course of the events before start of one low pressure injection pump (LPIP) is described in
Chapter 6, Part 6.2.5 and Part 6.2.7.1. The first peak in the cladding temperature (Figure 6-34) at
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t=10000 s from the beginning of the transient simulation is mitigated by the injection from the
hydro-accumulators. As there is no additional water supply later on, the core starts to heat-up

again and the fuel and cladding temperatures continue to increase.

By means of the PSD the start of the extended core dry-out can be delayed, but if there is no
water delivery from active ECCSs to the reactor, the core will start to melt. It has to be pointed
out, that for preventing severe core damage a recovery of the electricity supply as early as

possible and the start of active ECCSs is an essential requirement.

It is postulated that after three hours and forty-five minutes (t=13500 s) from the beginning of
the transient (as latest possible time for preventing a severe accident) one train of the low
pressure injection system will be recovered and will start injecting borated water with maximum
mass flow rate of approximately ~ 100 kg/s into the hot and the cold leg of loop 1 (Figure 6-33).

At approximately t=14500 s the feeding with the available LPIS has filled up the pressurizer
(Figure 6-32). Due to the LPIS injection the steam on primary side is partially condensed and
caused by a reversed heat transfer in the steam generators the secondary pressure starts to

decrease (cool-down of secondary side, Figure 6-31).

From Figure 6-34 can be seen that with restoration of one LPIS train the excessive heating-up of

the core will be avoided and the safety criteria for the peak cladding temperature are kept.

6.2.8 Summary of the main results of the SBO simulations

The analyses of in-vessel phase of hypothetical SBO severe accident sequence in a nuclear power
plant with a VVER-1000 reactor with the integral computer code ASTEC have shown that in
case that no accident management measures are performed, like depressurization of the primary
circuit, the vessel will fail under high pressure. The depressurization of the primary side would
delay the failure of the RPV, as slowing the core damage would allow more time for systems to
be recovered to mitigate or terminate the accident. This would give more time and different
possibilities for operator interventions e.g. joining a train of the ECCS in case that electrical
power supply is available or providing additional power supply by mobile diesel generators and
mobile pumps for feeding the reactor coolant system, or initiation of measures for flooding the
reactor cavity /TUS 2008/, /TUS 2009/.

The ASTEC simulations without and with PSD have shown, that with primary side
depressurization and feeding from the hydro-accumulators the time for lower head vessel failure
can be delayed by 1.5 hours. The comparative simulations with ASTEC and ATHLET for the
SBO scenario with PSD applied as an accident management measure predict a time margin for
the operators of at least 2.6 hours between the initiating event and the activation of the PSD
procedure. The time margin to final core heat-up is calculated by ASTEC as 2 hours and 26
minutes against 3 hours and 12 minutes in the ATHLET simulation. For the case that no
accident management measures have been applied, from ATHLET core heat-up is predicted
already at 2 hours and 17 minutes /TUS 2010b/, whereas the ASTEC simulations without and
with PSD show no difference for the time margin till core heat-up. The course of the primary
pressure and the time margins for ASTEC and ATHLET simulations are summarized in the
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upper and respectively lower part of Figure 6-35. The ASTEC results are valid up to failure of the
RPV and the ATHLET results up to the time when cladding temperatures exceed 1200 °C. The
comparative simulations with PSD applied at Teore-oue>650 °C show, that feeding from the hydro-
accumulators lowers the core and cladding temperatures for a limited period of time, but without
additional measures (e.g. recovery of electricity supply and start of active safety injection) a

further core heat-up can not be avoided.

The ATHLET code simulations for PSD applied at different core outlet temperatures have
shown, that with starting PSD later in time (temperature criterion of 650 °C) the effectiveness of
the accumulator injection is lower. With both temperature criteria (350 °C and 650 °C) the critical
limit of 1200 °C for the cladding temperatures is reached at approximately the same time, 14500 s
— 15000 s (3.9 — 4 hours). PSD with start of one LPIS train after 3 hours and 45 minutes at the

latest would avoid the excessive heating-up of the core.

The ATHLET code simulations for SSD have shown that with the reduction of the secondary
pressure and the passive feeding from the feedwater system, the time for steam generators
depletion is significantly delayed. Also because of the enhanced primary to secondary heat
transfer, after starting SSD, there is an effective reduction of the primary pressure. The
assumption, that after two hours the BRU-A valves fail in closed position, leads to an activation
of the PSD, because after closing BRU-As the primary pressure starts to increase again. SSD
combined with PSD after failure of BRU-A (SSD-Casel) will delay the extended heating-up of
the core until approximately 22720 s (6.3 hours) after initiation of the transient and the critical
limit of 1200 °C for the cladding temperatures is reached at approximately 24500 s (6.8 hours).
With full opening of two BRU-A valves up to the end of the transient (SSD-Case2), SSD is more
effective and the primary pressure remains below the set-point of the pressurizer relief valve for a
much longer time. After the depletion of the feedwater tanks and pipelines, the decreasing steam
generator levels and the reduced primary to secondary heat transfer lead to an increasing primary

pressure.

By manual opening of the BRU-A valves and a more effective (passive) feedwater injection, the
initiation of PSD can be delayed by additional 5 hours (compared to the simulation with BRU-A

valves closed after batteries” depletion).

The effectiveness of passive feeding after depressurization strongly depends on the ability to
inject as much water as possible into the reactor coolant system. Due to reversed heat transfer in
the steam generators or caused by the depressurization itself a part of the injected water can be
evaporated, thus reducing the effectiveness of the feed procedures. Caused by flashing in the
feedwater system, after the SSD, the feeding procedure can be periodically interrupted.

The performed investigations demonstrate the applicability of SSD and PSD as accident
management measures in the preventive domain. Based on the ATHLET simulations described
in Chapter 6, Parts 6.2.5 - 6.2.7, the lower part of Figure 6-35 summarizes the time margins for
the operators before the corresponding accident management procedures have to be initiated, as
well as the remaining time before the final core heat-up takes place. The results are relevant up to

heating up of the reactor core with cladding temperatures of approx. 1200 °C. By applying PSD
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as the first accident management procedure, an extended core heat-up can be delayed by 3 hours
oreou>350 °C) and 3 hours 12 minutes for the second
criterion (T,....>650 °C) respectively. With SSD initiated 30 minutes after SBO as the first

accident management procedure, an early mass loss from the primary side can be avoided. Due to

40 minutes for the first criterion (T

the effective reduction of the primary pressure after SSD (Figure 6-35) the criteria for initiating
PSD are reached much later in time. With the assumption that after 2 hours BRU-A valves fail in
closed position (SSD-Casel), the final core heat-up occurs at 6 hours 19 minutes after SBO. By
manual opening of two BRU-A valves (SSD-Case2), the final core heat-up can be delayed until 9
hours 46 minutes after SBO (for the 2™ simulation activation of PSD is not considered).
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The initiation of the PSD at the latest possible time after the SSD would give the operators an
additional time margin to restore electric power supply and to start an active ECC pump. With
start of one active ECC pump at the latest possible time after PSD, the safety functions

important to prevent core damage are preserved.

If SSD and PSD are not successful as accident management measures or if after applying the
accident management measures in the preventive domain the core starts to heat-up again and
electrical power supply is not available, severe core damage can not be avoided. To keep the
integrity of the RPV after start of core meltdown, an additional severe accident management
strategy can be applied e.g. in-vessel melt retention (IVR) by ex-vessel cooling (EVC). In Chapter
7 for a hypothetical station blackout scenario the applicability and the effectiveness of ex-vessel

cooling is investigated.

The uncertainties, regarding the simulations with ASTEC and ATHLET, and having influence on
the calculated results concern the estimation of the pressure losses in the circuit, the estimation of
the form loss coefficients with respect to the nuclear power plant, the pressure losses in the lines
between the hydro-accumulators and the RPV and especially the difficulties in the modelling of
the hydro-accumulators’ injection. The predicted time margins after SSD mainly depends on the
effectiveness of the passive feeding procedure, which can be influenced by evaporation, flashing
and mass oscillations in the feedwater system. To assess the behaviour during secondary bleed
and feed procedures and the corresponding time margins for a specific plant, the geometry of the
feedwater system including the mass and temperature distribution within the system have to be

modelled as correct as possible.

The main thermal-hydraulic phenomena as well as the main physical events of a severe accident
sequence are simulated by the ASTEC code. The capability of the code has been demonstrated in
the code-to-code comparison with the mechanistic code ATHLET. Part of the differences
between the codes comes from the difficulties in the unification and consistency of the input

decks, due to the very heavy task on such complex reactor input decks.

Improvement of the primary to secondary heat exchanges (steam generator modelling) in the
ASTEC code, as well as of the numerical robustness of the code is needed to cover the various

thermal-hydraulic phenomena.

A specific management of time step was necessary for accounting the intense hydro-accumulator
injection after primary circuit depressurisation. The ASTEC computing time is globally around

real accident time.
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7 Investigations on the late in-vessel phase of
severe accident for VVER-1000

This Chapter focuses on investigations on the late in-vessel phase of a severe SBO accident and
the possibilities for severe accident management during the late in-vessel core melt processes. As
a late phase severe accident management strategy, the in-vessel melt retention (IVR) by external
cooling (EVC) of the reactor pressure vessel (RPV) is analysed. The investigations are based on
two different melt pool configurations: homogeneous melt pool and segregated melt pool.
Thermal and structural analyses have been conducted with the Finite Element code ANSYS
/ANS 2001/, /ANS 2002/, /ANS 2003/. The investigations have been done on the basis and as
a continuation and extension of previous work performed at HZDR /ALT 2005/, /WIL 2005/,
/ALT 2008/.

7.1 Severe accident management procedures related to the
late in-vessel phase

In a hypothetical severe accident the materials in the reactor core might melt and slump
downwards from the reactor core region to the distributor grids in the reactor pressure vessel and
in the later in-vessel stage of a severe accident - to the lower head of the reactor vessel. There a
molten pool (corium) consisting of relocated materials might form. The major energy source to
be removed is the decay heat in the pool. The decay heat generated in the melt pool is
transported to the reactor pressure vessel wall and to the upper part of the vessel. The heat
transport to the lateral wall is by natural convection and to the inner part of the vessel by
radiation through the melt surface. The reactor pressure vessel is the last barrier to the melt

release to the containment.
The late in-vessel phase of a severe accident can be characterized by two “accident exit paths™:

e Tailure of the reactor pressure vessel caused by the thermal, mechanical or chemical load
of the corium pool on the reactor pressure vessel wall. Afterwards the molten mass

relocates to the lower cavity and the load is concentrated on the containment structures.
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For assessment of the load to the containment important parameters are the time till
vessel failure, the load caused failure of the vessel, reactor system pressure at the moment
of the reactor pressure vessel failure (high pressure or low pressure scenario, Chapter 06),

the breach location and size

e To keep as long as possible the last barrier of the melt release to the containment intact,
focus is given on the retention of the molten materials within the vessel IVR). A possible
way is to flood the reactor cavity (Appendix F). Investigated is if by cooling of the reactor
pressure vessel from outside, the significant energy caused by the decay heat of the
molten pool could be successfully removed through the vessel wall. In this case important
parameters are if sufficient water cooling of the outside reactor pressure vessel wall can
be realized, the heat transfer from the melt pool-to the vessel wall-to the water from

outside.

Development and implementation of severe accident management guidelines (SAMG) is applied
practice in many NPPs. Objective of the SAMG is prevention or mitigation of severe accidents
by keeping the reactor pressure vessel integrity and reducing the load to the containment. The in-
vessel melt retention by ex-vessel cooling concept has already been approved by the Finnish
Regulatory Agency (STUK) to be a part of the severe accident management procedures for the
Loviisa NPP, Finland, with a VVER-440 reactor /KYM 1997/. Besides its feasibility for such
smaller power reactors, the concept is also investigated for some GEN III and advanced light
water reactors with higher core power, such as the Westinghouse AP-1000. By applying the
strategy of in-vessel retention of corium, the possible fuel-coolant interaction in the reactor cavity

and thus the pressure loads in the cavity could be avoided.

When the adopted strategy for managing the severe accident is external cooling of the vessel,
water must be supplied to the reactor cavity. The means like availability of power supply,
equipment availability like pumps, path for water delivery, for realization of the external flooding
strategy should be also defined. The heat flux from the melt pool to the vessel wall should be
kept below the critical heat flux (CHF) on the outer surface (Appendix E). The outer surface wall
temperature should be kept near the saturation temperature of water, so that sufficient cooling of

the vessel could be provided.

Up to the moment the in-vessel melt retention by external cooling of the reactor pressure vessel
is not considered as a SAM strategy for VVER-1000 reactors.

7.2 Thermal-hydraulic parameters related to the late in-
vessel phase

From accident analyses point of view main events, which could lead to vessel failure are: station
blackout (SBO), anticipated transients without SCRAM (ATWS) and loss of coolant accident
(LOCA). Important thermal-hydraulic parameters are:

o Pressure
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The reactor coolant system pressure prior to the failure of the reactor pressure vessel determines
the internal load over the vessel and respectively to the containment. If the vessel fails under high
pressure, the load on the containment will be also high due to the high-pressure melt ejection
effects. The system pressure depends on one side on the reactor design and from other side on
the accident scenario and the phenomena occurring during the accident (e.g. mass loss through

breaks and valves, heat transfer from primary to secondary side)

During a SBO without accident management measures applied, and in case of unavailability of
the diesel generators, the vessel is predicted to fail under high pressure. The reactor system
pressure at the time of the vessel failure strongly depends on the capacity of the pressurizer relief

and safety valves.
e DPower level

For the analysed severe accident sequence SBO, Chapter 6, full reactor power level is chosen.
These initial conditions provide high temperatures, higher hydrogen production rates, the release

of fission products occurs at high power rates
e Water level (inventory)

The presence of water influences the way energy is exchanged in the late in-vessel phase of a

severe accident i.e. the core damage progression
e Lower head thermal history

During core degradation molten materials slump into the lower vessel head with much higher
temperature than the temperature of the vessel wall, which is initially cool. This will cause

additional thermal and mechanical stresses on the reactor pressure vessel wall
e State of the molten pool

The quantity of the heat transferred from the molten pool to the reactor vessel wall is dependent
on the decay heat of the pool related to the fission products retained in the corium, the

composition of the pool and the configuration of the pool.

For the performed analyses below about the investigated SBO event it was assumed that the
primary circuit of the reactor system is depressurized by opening the primary side safety valves
(the pressurizer valves), Chapter 6. Assumed is also that the investigations start from fully

developed molten corium pool in the lower head of the reactor pressure vessel.

7.3 Molten pool behaviour

A crucial question regarding the feasibility of the IVR is whether all the decay heat can be
transferred through the vessel wall into the water in the reactor cavity. The heat flux distribution

from the molten corium to the RPV wall is therefore of great importance.

After slumping of molten core material into the reactor pressure vessel lower plenum, the molten

pool could be considered either as a homogeneous mixture or as stratified pool containing oxidic
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and metallic components, with oxide layer situated at the bottom and metallic layer settling on
the top.

A homogeneous cotium pool might form in air-steam atmosphere conditions /BEC 2008/, for
example when water is injected into the vessel by means of active or passive safety systems
during the process of core degradation. The heat transfer in the pool is governed by turbulent
natural convection, which is characterized by the internal Rayleigh number (Ra’). The internal
Rayleigh number is a function of the decay heat generation, the properties of the corium melt and
the height of the cotium melt relocated into the lower plenum. The values are around 10'° /KOL
1996/, /THF 1996/, /THF 1997b/.

Stratified molten pool might form due to density differences of the relocated materials (Figure
7-1). The stratified pool formation depends on the progression of the accident scenario, the
physical phenomena arising during the core degradation, the physical and chemical interactions
into the core and the pool. Two characteristic layers will form: oxide layer and metal layer. The
metallic layer consists of light molten metal components. With the time progression each layer
will be cooled and a solid crust might form along the vessel wall and at the contact surface
molten oxide/metal /ASF 1996/. The heat generation is mainly concentrated at the oxidic part
of the pool. In the metallic layer, the heat generation basically depends on redistribution of the
fission products. Regarding that, the main heat source for the metal layer is due to the heat
coming from the underlaying oxide layer. The heat removal from the upper surface of the metal

layer is through radiative heat transfer and through conduction to the vessel wall.

A matter of debate is the question whether the metal layer on top of the oxidic pool causes a so
called focussing effect, i.e. the concentration of the heat flow through the reactor pressure vessel
wall in the vertical position of the metal layer. Moreover, the influence of the thickness of this

metal layer on the peak heat flux has to be investigated.

The thermal-fluid dynamics in molten pools is either done by numerical simulations applying
CFD codes on the basis of FEM, or by simplified models based on experimental correlations e.g.
effective conduction-convection model /WIL 2005/. Predictions on the basis of computer codes
are limited from the uncertainty of the implemented models and at the same time from the
limited data, with which these models could be verified and validated. The problems related to
the corium behaviour are focused on the liquid/solid phase transition modelling, whether
stratification of the corium will occur, heat transfer, properties of the materials and temperature

dependent physical properties of the materials.

ASTEC thermal-hydraulic analyses have been performed to obtain boundary conditions such as
event timing of full molten pool formation, initial pool and reactor pressure vessel wall
temperatures (Chapter 6, Appendix D, Appendix E). Important issues considered in performing
thermal and mechanical analysis of the molten pool behaviour and the behaviour of the reactor
pressure vessel are the geometry of the lower plenum, the thickness of the lower head (reactor
type specific), the decay heat generation rate, the state of the molten pool, the material
composition of the melt, the characteristics of the melt, the temperature range, the heat fluxes

and the pressure load on the vessel needed to induce failure. When temperature and stress level
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in a significant portion of the vessel lower head wall exceed a certain limit, the lower head may
fail immediately by ultimate strength failure or over time by global rupture /ALT 2005/, /WIL
2005/.

In this work, the late in-vessel phase of a VVER-1000 reactor SBO accident, applying external
cooling of the RPV wall as mitigative severe accident management measure (SAMM), is
investigated /TUS 2010a/. The study is based on the FEM computer code ANSYS, accounting
the temperature distribution in the vessel lower head as well as the mechanical behaviour of the

reactor pressure vessel wall.

For the heat transfer analyses an axisymmetric model of the relocated corium and the vessel has
been built. The thermal model considers a corium bed composed primarily of UO,, ZrO, and

stainless steel. Two configurations have been analysed: a homogeneous pool and a stratified pool.

The natural convection phenomena are described by the Grashof (Gr), Prandtl (Pr) and in case
of internal heating, by the Damkohler (Da) numbers, as /VDI 2002/:

3
cr=958 sz H (Eq. 7.1)
Pr :g (Eq. 7.2)
. 2
Da= (j{ ;T (Eq. 7.3)

The ratio between the buoyant forces and the viscous forces within a fluid (described by the Gr
number) multiplied with the ratio of convective and conduction heat transfer (described by the
Pr number) is the so called Rayleigh number. In case that the liquid volume is heated externally,
this number is called “external” Rayleigh number and usually is denoted by Ra. If the heating is
caused by internal heat sources (decay heat), this number is called “internal” or “modified”

Rayleigh number.

These two dimensionless numbers are defined as:

3
Ra = gﬂa# (Eq. 7.4)
. 5
Ry 35 qv-ﬂH (Eq. 7.5)
a-vVv-

where:

g - acceleration due to gravity, [m/s’]

[ - coefficient of thermal expansion, [1/K]

AT - temperature difference between bulk liquid and boundary, [K]
H - characteristic length, [m]

Q, - volumetric heat generation, [W/m’]
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@ - thermal diffusivity, [m®/s]
V - kinematic viscosity, [m’/s]
A - thermal conductivity, [W/m-K]

The heat transfer is characterized by the Nusselt number:

Nu = f(Gr-Pr) (Eq. 7.6)

7.3.1 Heat transfer from the molten oxidic pool

For the oxide layer with internal heat sources the energy balance equation could be written as:

A H,
H 'ATol,max ) NL‘lup,ol 'S.Jp,ol 'H—0+ NL‘ldn,ol ) Sdn,ol =0, -V (Eq. 7.7)
ol t ol ,TML
Here q, is the volumetric heat, Nu,,,, and Nu,, ,;, are the average values of the Nusselt-numbers

for the melt pool surface (S, ) and the side surface (S, .), A is the thermal conductivity

coefficient for the oxide pool, H, - is the total height of the oxide layer and H, ;. - is the height

up,o dn,o!

of the turbulent mixing zone of the oxide layer.
The melt pool is described by the following characteristic numbers:

o The Prandtl-number is calculated as:

Pr — no'cp,o
" A

e The main parameter that governs the free convection in the molten oxidic layer is the

(Eq. 7.8)

internal Rayleigh number. It is calculated as:

B0 -H 5.2 -C
Ra = 9o Ggmo > Po Zpo (Eq. 7.9)
oA
e The average Nusselt number in the upward direction can be expressed with equation
according to the Bernaz correlation /BER 1998/, /WIL 2005/ as:

Nu, , =0.382- Ra*%® (Eq. 7.10)

,ol
e The down Nusselt-number is calculated according to the Bernaz correlation /BER
1998/, /WIL 2005/ as:

up,ol

NU, 4 = 2.202- Ra’;™ (Eq. 7.11)
e The modified conductivity in vertical direction is described as:
Agi o = NU, o - 4 (Eq. 7.12)
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7.3.2 Heat transfer from the molten metallic pool

For part of the ANSYS simulations it has been assumed that stratification takes place and the
molten metal will be situated in the upper part of the corium pool. Contrary to the oxide layer,
which contains almost all of the decay heat generated into the corium pool, the metallic layer
contains only a very small part of it /REM 1997/, /SEH 2005/. For the segregated pool
simulations this small part is neglected and it is assumed that the molten metal has no internal
heat generation, but it is heated by the oxide corium pool from below. Considering this
assumption only the external Rayleigh-number (Ra.) will play a role in description of the natural
convection heat transfer processes. The metal layer is cooled from the top and also from the side.
For this investigation appropriate empirical correlations derived on the basis of infinite layers

available in the literature are applied.

The ANSYS model for determination of the heat fluxes through the metallic layer is the

following:
® The height of the metal layer in ANSYS is described as:
H.. = YMELT — YMXOX (Eq. 7.13),

where H, ., stays for the height of the metal layer, YMELT is the total height of the molten pool
and YMXOX is the height of the oxide pool.

The following correlations have been applied:

e 'The nominal heat conductivity is applied according to /BEC 2008/ equal to:

W
//i’met,o = 4OW (Eq 714)

e The dynamic viscosity is applied according to /BEC 2008/ equal to:

M. =3310°Pa-s (Eq. 7.15)

o The Prandtl-number is calculated as:

Prmet _ M et 'Cp,met

1 (Eq. 7.16)
met,0
e The external Rayleigh-number is calculated as:
do- AT .H3 . p? .C
RE, e = — / ;:‘t W; Pre Cpoe (Eq. 7.17)
met,0 met

e The assumed outer surface — bulk temperature difference is /BEC 2008/:

AT, =152K (Eq. 7.18)
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e The heat flux from the top surface is determined by the Raleigh-Benard convection and is
defined by the upper Nusselt-number according to the BALI and COPO II /BON
1998/, /KRE 2008/ expetriments:

NU,, e = 0.069: Rag s - Prog’ (Eq. 7.19)

The range of validity of this correlation is: 3x10°<Ra<7x10"; 0.02<Pr<8750

o The heat transfer to the vertical RPV wall is defined with the side Nusselt-number
according to the Churchill-Chu /CHU 1975/ and the BALI experiment correlation for

an isothermal vertical plate and for any Pr and Ra-number less than 10™

1/3
0.15-Ra’2,
9/16 16/27

(0.492 (Eq. 7.20)
1+
Pr o«

Nusd,met =

e The modified conductivity in vertical direction is calculated as :

Aett ety = NU o rree A 0 (Eq. 7.21)

e The modified conductivity in radial direction is calculated as:

ﬂ’e‘f,mat,x = Nusd,na'/ﬁihet,o (Eq. 7.22)
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7.4 Thermal ANSYS model

7.4.1 Geometry and elements

In the present work a specific approach has been developed to simulate the late phase of an
accident scenario for a VVER-1000 reactor. The studies are focused on the governing physical

phenomena in the lower plenum geometry of the reactor pressure vessel.

Due to the heat generation in the corium pool, the reactor pressure vessel lower plenum is a
subject of high thermal loads, which could lead to failure of the reactor pressure vessel. The
failure of the vessel is a combination of thermal, mechanical and eventually chemical (erosion or
corrosion of the reactor pressure vessel wall due to the molten pool) loads. For the simulation
and the analyses of the processes in the reactor pressure vessel lower plenum, as a first step, a
geometrical model within ANSYS has been built. As programming language for the simulations,
the APDL macro-language (ANSYS parametric design language) has been utilized. The whole
VVER-1000 vessel has been modelled with its real dimensions. For the thermal analyses the FE-
model includes the reactor pressure vessel and the relocated molten corium pool in the lower
plenum. Figure 7-1 shows the main VVER-1000 geometry data of the reactor pressure vessel
lower plenum. The internal radius of the vessel is 2.068 m, the vessel wall thickness in the
cylindrical part of the vessel is 0.2 m. With B, is defined the inner elliptical radius, with B, — the
external elliptical radius and s — shows the meridian path along the outer vessel wall, starting from

the south pole of the reactor pressure vessel bottom.

7 %

R =2.268 m

ext,cyl

R. . =2.068 m

i,cyl

Oxide crust

Hoxlde
H melt
H

Figure 7-1: General scheme of VVER-1000 lower vessel head
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The heat conduction in the area of the reactor pressure vessel wall is calculated with 2D-
temperature elements type PLANES55. The area of the molten pool with the internal heat
generation is also meshed with 2D thermal elements type PLANE55. The internal heat sources
are defined as so called “body force”. At the interface between the molten pool and the vessel
wall are used contact (CONTA171) and target (TARGE169) elements, which describe the heat
transfer between the pool and the vessel wall. The thermal radiation inside the reactor pressure
vessel is modelled as a Superelement MATRIX50, which allows the correct representation of the
radiation view factors. At the outer vessel surface heat radiation and convection are considered.
Since the thermal elements PLANES55 allow only one boundary condition at their free surface,
the nodes at the outer surface are additionally meshed with “surface effect elements” SURF151.

These elements consider the heat exchange with an environment of

constant temperature. In case of a dry environment a convection
boundary condition with a fixed heat transfer coefficient and constant
ambient temperature is applied. In case of external flooding, a heat flux
density depending on the excess temperature is applied. The thermal

model is axisymmetric.

Figure 7-2 depicts the geometrical model areas.

7.4.2 Corium composition

The developed model has been applied for simulation of the both
homogeneous and stratified melt pools. The boundary conditions as
initial corium temperatures, reactor pressure vessel wall temperatures,
corium quantity and material properties, necessary for determination of
the lower plenum melt pool configuration, are deduced from a thermal-
hydraulic simulation of a SBO scenario with depressurization of the
primary side, using the integral severe accident code ASTEC (Chapter
0, Part 6.2.5/Appendix C). The simulation has shown that the mass of
the relocated corium in the reactor pressure vessel lower plenum is
about ~73 t. This pool quantity is additionally increased with ~ 45 t,
which describes the mass of the support structures in the lower plenum
(the core support thimbles), as this mass has not been taken into
account by the summing of the total melted mass in the ASTEC code.
The corium thermal properties such as specific heat, density, thermal
conductivity, latent heat and viscosity of the corium are calculated on
the basis of the corium composition. The structural material thermal
properties are considered on the basis of temperature-dependent

functions.

Table 7-1 shows the masses of components in a reference VVER-1000

NPP, which are fully or partially involved into the molten pool Figure 7-2: ANSYS Solid

formation in the lower head of the reactor pressure vessel. model areas
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Table 7-1: Reference VVER-1000 NPP Masses of core components and in-vessel structures

Component Mass, [kg]

Core Parameters

e Fuel mass 74249.76

e Zr mass (Zr cladding and guide tube) 21650.5

e Steel mass (guide tube, control rod cladding, spacers, core 460997

baffle and 6 tubes of the core baffle)

Steel mass of lower tail 2963.9
Steel mass of upper tail 4075
Steel in lower plenum

e Curved part of core basket 11559.07

e Cylindrical part of core basket 5659.489
Core support plate (without the heads of the fuel assemblies) 2360.1
Mass of the curved part of the RPV 37954.8
Core baffle mass 29607
6 tubes mass 868
Total weight of control assemblies

e Steel mass of Control rod cladding 10990.98

e BiC mass of Control assemblies 365.39
Mass of the guide tubes

e Steel mass of guide tubes 3374.589

According to the ASTEC simulation, a fully developed molten pool has formed approximately
17000 s after the beginning of the SBO transient (time after SCRAM). This time is taken as initial
time (equal to 0 s) in the ANSYS simulation.

In the ASTEC calculations a segregated molten pool is simulated, which properties are mainly
described according to uranium dioxide, zirconium oxide and zirconium dioxide, zirconium and
steel. For getting the data for the simulation of a homogeneous pool in ANSYS, the melted pool
quantity from ASTEC is additionally oxidized.
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7.4.2.1 Homogeneous pool

The total initial melt mass of the homogeneous pool equals approximately to 148 t with total
height of the melt pool of 1.76 m. The volume of the melt fills fully the elliptical part of the

reactor lower plenum and a melt height of 0.9 m situates in the cylindrical part of the vessel.

Table 7-2 gives a detailed description of the component masses derived from the ASTEC

simulation for the homogeneous melt pool configuration.

Table 7-2: Homogeneous melt pool composition

Component Mass, [kg]

From oxide layer

[S[@X 49772.633
2r0O, 2579.964
FeO 35.829
NiO 0.553
7O 5073.381
Cr,FeO, 1.586
Fe,O, 3.897
B,CO 2.408
From debris

Zr 8.711
uo, 4857.828
B,C 876.776
FeO 223.578
NiO 50.582
7O 2833.806
7r0, 2234.901
Steel 3294.770
BSteel 361.343
Cr,FeO, 155.677
Fe,O, 14.997
B,CO 8.286
From metal layer

Zr 6967.610
B,C 248.252
Steel 252.958
BSteel 1197.220
Steel (from LSTRUCT) 70781.175
Total 147953.268
Volume, [m’] ~19.872
H, .,=1.76 m
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7.4.2.2 Segregated pool

Table 7-3 gives a detailed description of the component masses derived from the ASTEC

simulation for the segregated melt pool configuration.

Table 7-3: Segregated melt pool composition

Component Mass, [kg]
From oxide layer
uo, 49772.633
2r0O, 2579.964
FeO 35.823
NiO 0.553
2O 5073.381
Cr,FeO, 1.586
Fe,O, 3.897
B,CO 2.408
From debris
Zr 6.449
uo, 972.374
B,C 679.899
FeO 223.578
NiO 50.582
7O 2833.806
2r0O, 2234.901
Steel 2094.558
BSteel 229.714
Cr,FeO, 155.677
Fe,O, 14.997
B,CO 8.286
From metal Layer
Zr 5158.135
B,C 192.508
Steel 160.811
BSteel 761.099
Steel (from LSTRUCT) 44997.151
Total 118244.776
Volume, [m’] ~15.409
H, .,=1.43m
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7.4.3 Initial and boundary conditions
7.4.3.1 Initial temperature

The initial conditions in case of a homogeneous pool are the following:

e Uniform initial temperature distribution for the vessel wall: T, =563 K

wall ,init

¢ Uniform initial homogeneous melt pool temperature: T, ;.. = 2050 K .

The total relocated corium mass of the segregated pool is approximately ~ 118 t and occupies a
volume of 154 m’. For the purpose of this analysis a two-layered stratified molten pool is
assumed to develop in the reactor vessel lower head: an oxide layer and a metal layer atop. The
configuration assumes that the oxide pool contains all the oxidic core components, and the metal
layer contains all unoxidized metallic components. The volume of the oxide pool is 7.73 m’,
which totally fits in the semi-elliptical head of the reactor pressure vessel with a total height of
0.86 m. The volume of the metal layer is approx. 7.68 m’ with a total height of 0.57 m. A small
part of the oxide layer occupies the lower part of the cylindrical bottom, while the metal is totally

situated in the cylindrical part of the vessel lower head.

It is assumed that the residual heat is entirely generated in the oxide layer. The molten metal has
no internal heat generation, but it is heated by the oxide corium pool from below. According to
this configuration, the volumetric heat in the oxide pool is 2.01 MW /m”’. The initial conditions in

case of a segregated pool are the following:

e Uniform initial temperature distribution for the vessel wall: T, =563 K

wall ,init

¢ Uniform initial segregated melt pool temperature: T, i = 2730 K .

7.4.3.2 Radiation and convection at free surfaces

The release of the heat generated in the melt pool is by radiative heat transfer and convection at
free surfaces. They are applied as boundary conditions for the ECCM analysis (Chapter 7, Part
7.4.4). Due to the high temperatures the heat transfer processes are governed by radiative

transfer, specified inside and outside of the vessel.

The heat transfer due to radiation is determined by the Stefan-Boltzmann law for black body
radiation /VDI 2002/:

Uog =0 € (T = Ts) (Eq. 7.23)

Here Og;=5.67032-10° W/m’K" is the black body radiation constant (Stefan-Boltzmann
constant), € is the surface emission coefficient, 0<€<1, T is the surface temperature and T, , is

the ambient temperature.

The heat transfer by convection at free surfaces is described by:

Oeorv =+ (Ts _Tamb) (Eq. 7.24)



7 Investigations on the late in-vessel phase of severe accident for VVER-1000 115

Here ¢ is the heat transfer coefficient for gases.

It should be noted here that there are existing uncertainties in the calculations concerning the
applied emissivity coefficients. The main results, i.e. the top surface temperature of the metallic
layer and the maximum sideward heat flux from the metallic layer are closely related to the choice
of the emissivity coefficient on the surface of the molten metallic layer and in that way influence
the efficiency of the radiation heat transfer. This influence is discussed separately in Chapter 7,
Part 7.6. For the basic simulations Chapter 7, Part 7.5, the emissivity coefficient of the internal

surfaces is chosen to be equal to a value of 0.3 and for the external surfaces - 0.7.

7.4.3.3 Nukiyama curve

Primary objective of the external vessel cooling concept in case of molten pool formation in the
lower plenum of the reactor pressure vessel is to determine whether the calculated heat flux
exceeds the heat removal capability (i.e. the critical heat flux, CHF) on the external vessel surface
considering the partial melting of the vessel wall. On the contact surface water/vessel wall the
heat flux should be kept below the CHF to ensure a sufficiently low temperature of outer wall
region and to avoid film boiling at the outer wall surface. Figure 7-3 shows the Nukiyama curve
for water at a pressure of 0.1 MPa /VDI 2002/, /WIL 2005/. The Nukiyama cutve characterizes
the heat transfer from a heated horizontal surface to an upper water volume depending on the
temperature difference between wall surface and fluid for different boiling regimes. Up to the
point A the heat transfer occurs by forced convection. The A-B region is the nucleate boiling
region. The point B with q,, =850 kW/m* describes the critical heat flux. After reaching the

critical heat flux (transition from A to B),

the heat transfer from the heated surface LE+07 i
to the surrounding fluid can be Q=850 kW/m?
considerably reduced. The region between I B l D
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outer surface stable or unstable film boiling with reduced heat transfer capacity from wall to fluid
takes place. After cooling down of the heated surface and reaching point C, a transition to the

boiling curve between points A and B can occur (rewetting).

For a vertical wall with water in a surrounding cavity, the fluid is heated-up and moving in
upward direction, whereas colder fluid is moving down, thereby establishing a circulation and
causing an enhanced heat transfer from the wall to the fluid. For that reason the application of
the Nukiyama curve for a horizontal surface is a conservative approach to describe the heat flux

from the reactor pressure vessel wall into the external water.

7.4.4 Effective material properties

Computational Fluid Dynamic (CFD) simulations require very high computational power, which
makes it difficult to perform many variation calculations. A question is the suitability of the
available turbulence models in the CFD-codes in case of prototypic scenarios with Rayleigh
numbers of up to 10" to 10" /DIN 1997/. For investigation of the melt pool temperature
distributions as well as the corresponding heat fluxes from the melt pool to the reactor pressure
vessel wall and to the inner area of the vessel, an effective conduction convection model
(ECCM), originally developed at KTH Royal Institute of Technology, Sweden, and implemented
in ANSYS from FZD /WIL 2005/, /ALT 2008/, has been applied.

The goal of the ECCM is to give a detailed description of the heat transfer processes in the
reactor lower plenum and in that way to provide an estimation of the temperature field in a melt
pool with internal heat sources. The appliance of effective diffusivity to model heat transfer in a
fluid layer is to be found in /CHE 1992/. In /SEH 1999/ is to be found an extension of this
concept for generic pool geometries, named ECCM and implemented in MVITA code.
Simplified heat transfer models based on ECCM are to be found also in the /DOM 1998/ and
/WIL 2005/.

Special attention is given to heat fluxes at the melt region boundaries by applying suitable
empirical correlations. The convection is described as a pure heat conduction calculation with an
inhomogeneous and anisotropic heat conduction tensor. The volumetric heat generation in the
pool is so strong that it is in a state of a turbulent natural convection. In the lower part of the
pool there is an almost stagnant region with a downward temperature gradient. A substantial
amount of the heat goes upwards and the maximum side heat flow is close to the top and almost

no heat at the bottom.

By the ECCM the processes and the phenomena within a hemispherical melt pool are analysed.
The corium pool is subdivided into several liquid regions (Figure 7-4):

e Stratified temperature layer (STL)
e Turbulent mixing layer (TML)
e Side-wall boundary layer (SBL).

The stratified temperature region is located in the lower part of the molten pool. It is

characterized by an approximately parabolic temperature distribution in the vertical direction
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/WIL 2005/. Within this region the melt is slowly tising upwards and heating itself due to the
internal heat sources. The relations in the lower part of the pool are influenced by the strong
convective movement along the vessel wall. The stream lines of this convection regime continue
downwards, parallel to the vessel wall. Due to the flow momentum of the downwards streaming
fluid it can penetrate into an environment of lower temperatures and therefore higher density
despite its own higher temperatures and lower density. Within the temperature stratified region
the melt is slowly rising upwards. While rising the melt is heated-up due to the internal heat
sources. This interrelationship is accounted for in the model by anisotropic heat conductivity.

This process is correlated indirectly with the down flow at the vessel wall.

Suction effe‘:::t

»
P

T,
Shdu ~

R H, Time averaged Temperatm:e stratified
i temperature distributiol region

Slow
uprise

Figute 7-4: ECCM principal scheme of a melt pool with intetnal heat sources /WIL 2005/, /WIL 2006/

The vertical conductivity in the stratified region refers to the nominal conductivity of the fluid:

s =4 (T) (Eq. 7.25)

The horizontal conductivity is calculated as:

atx = A0 (T)- Ny, (Eq. 7.26)

The turbulent mixing region is located above the stratified temperature region. According to
experimental observations the turbulent mixing region is characterized by homogeneous
temperature, if the temperature fluctuations resulting from the falling down cold plumes are
averaged over the time. This region is modelled with the approach of Bui /BUI 1998/ with a
very high effective conductivity to account for the high turbulent mixing regime. The heat flux
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from the upper melt surface is characterized by the Nu, number and the heat flux through the
side wall - by the Nu,, number. The Nusselt numbers are expressed by experimentally derived

correlations with the Rayleigh number.
The conductivities in horizontal and vertical directions are expressed as:

A=A =2o(T)-Nuy, (Eq. 7.27)

The relations in the lower part of the pool are influenced by the strong convective movement
along the vessel wall. The side-wall boundary layer thickness is calculated as a relation between

the dimensions of the pool and the Nu,, number:

__R
SeL Nu,.

(Eq. 7.28)

The conductivity within the boundary layer corresponds to the nominal temperature dependent

conductivity.

This model was further developed for the calculation of the heat transport within the metallic
melt. The model includes solidification of the corium (crust formation around the oxidic layer)

and vessel melting.

Table 7-4 summarizes the nominal melt properties for the different pool configurations, on

which the calculation of the effective properties is based:

Table 7-4: Melt properties for different pool configurations

No Parameter : Segregated pool Homogeneous
Oxide layer | Metal layer pool
1 | Solidus temperature, [K] 2500 1766 1560
2 | Liquidus temperature, [K] 2720 1780 2030
3 | Density, [kg/m’] 9692 6619 7593
4 | Heat conductivity, [W/(m-K)] 4.0 40 3.5
5 | Thermal expansion, [1/K] 6.5-10° 3.2-10° 3.2.10°
6 | Dynamic viscosity, [Pa-s] 45107 3.3-10° 45107
7 | Kinematic viscosity, [m®/s] 6.8-107 4.5-107 3.5-10°
8 | Specific heat capacity, [J/ (kg-K)] 600 660 720
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7.4.5 Internal heat sources. Decay power of the pool

After the reactor SCRAM the decay heat generated from the fission products decreases with the
time. The decay power of the molten pool is applied to be lower than the decay heat in an intact
core due to volatile fission products, which will be released to the primary circuit and to the

containment. This has been taken into account in the estimates. It has been roughly assumed that
80 % of Xe, K, I, Br, Cs and Rb are released.

Graphical representation of the decay power and the molten pool power, calculated from
approximately ~2.8 h after SCRAM can be seen in Figure 7-5. The decay heat curve (the blue
one) is derived from a simulation with the BGCore computer code and is verified against the
ANSI-ANS-5.1-2005 Standard /FRI 2008/. The red curve desctibes the pool power.

Total power - Pool power

Power (MW)

‘ — Total power — Pool power

0 10 20 30 40 50 60 70 80 90 100 110

Time after shutdown (h)

Figure 7-5: Decay heat: reactor - molten pool power as a function of time

7.4.6 Redistribution of the heat from stratified temperature layer (STL) —
turbulent mixing layer (TML)

The ECCM is not completely capable of reproducing the temperature distributions in the pool
for high Ra,. Especially for non-spherical pool geometry the maximum temperatures occur at too
low positions (in the STL). Therefore it is necessary to introduce additionally an effective heat
generation.

According to the made assumption that all the decay power is contained in the oxide layer, the
following correlations describe the distribution of the heat:

Qgen,ox = Qgen,total (Eq 729),

where:



120

Qgen.ox - Stands for the generated heat in the oxide layer, MW
Qgenorar - Stands for the total heat, MW.

The volumetric heat in the oxide layer q;, is derived as:

q;,/ — Qgen,ox
Y/

04

(Eq. 7.30),

where V,, - stands for the volume of the oxide layer, m’.

As described in Part 7.4.4, there is an exchange of fluid between TML and STL through the SBL.
To evaluate the heat transport, the between TML and STL one has to analyse the temperature
profile and the velocity profile near the side. Since the temperature in the SBL is higher than the
pool temperature (T}) in the range directed to the pool centre and lower than T} close to the side
wall, the heat transfer depends on the concrete shape of v,(s) and T(s). The heat power, which is
transported from the STL to the TML (or which is removed from the STL) can be expressed as:

S

Qg =€, M-AT=C,-p-27-(R —5g. ) | V,(5):(T(5)-T)-ds (Eq. 7.31),

s=0
where v, is positive in upwards direction.

To simplify the evaluation of the integrals, the dimensionless quantities are defined as follows:

S

¢(s) . (0<¢<1) (Eq. 7.32)
_T()-Ts _T(9)-Ts _

(S)= T, AT (-1=v<7) (Fq. 7.33)

T(s)=AT - (&) +T, (T <T<T.) (Eq. 7.34)

v, (s)=Y,-w (&) (0<y<1) (Eq. 7.35)

with & - dimensionless thickness coordinate

¢}-dimensionless temperature
¥ -dimensionless velocity profile.
In /WIL 2005/ a CFD analysis for the FOREVER test was performed. From this analysis the

dimensionless velocity and temperature profiles in the SBL have been extracted at y=s_+Hg (y=0

at inner south pole). The profiles are shown in Figure 7-6:
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Figure 7-6: Temperature and velocity profile in the side boundary layer obtained from a CFD analysis

The temperature gradient and the average temperature then can be expressed as:

IT _AT o
0S Sg

1

T=AT - [8(&)dE+T,

0

The expression for the transported heat Qg becomes:

QaL :Cp'p’Zﬂ-'(R _SSBL)’SSBL'Oy'AT‘ J. l//(f)l?(f)df

With respect to Figure 7-6 one can obtain:

Qg =€, p-27-(R —Sg ) Sg -V, -AT-0.0757 =
~C, p-27-R Sg -V, AT -0.0757

To keep Qg Vg, >0, correction of Qg is done:

(1_Vox,cr )

QsL = Qa1 Y,

0oX

\Y/ \Y/
If QSBL 2> Qgen,ox : T;SFL then Q§B|_ = Qgen,ox ’ T;SFL

0oX (026

(Eq. 7.36)

(Eq. 7.37)

(Eq. 7.38)

(Eq. 7.39)

(Eq. 7.40)

(Eq. 7.41)
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The effective heat generation rates in the STL and in the TML are calculated as follows:

Qul

\% _ V
Oox st = Oox — v (Eq. 7.42)
ox,STL
Q
Gocra = Goc + = = (Eq. 7.43)
ox, TML
The total balance of the heat generation is maintained:
—nY \ \%
Qgen = Oox .Vox,cr + Qoy s 'Vox,STL + Qo i .Vox,TML (Eq. 7.44)

The parameters used in the ANSYS model are the following:

® Temperature difference T, - Ty, for the stratified temperature layer of the oxidic melt:

AT =1000K (Eq. 7.45)

e Maximum downward velocity in the side boundary layer according to /HEU 2005/:
v, =0.01m/s (Eq. 7.46)

e Side boundary layer thickness, referring to Eq.7.28:
Sg. =0.002m (Eq. 7.47)

7.4.7 Estimation of the critical outside temperature

For assessment of the reactor pressure vessel failure for the cases without external flooding, an

estimation of the critical outside temperature is done.

Assessment of the outer surface heat flux due to radiation:

4
Qu =€ Og Ty (Eq. 7.48)

The temperature gradient in the RPV wall according the Fourier’s law is:
g=—Ag VT (Eq. 7.49)

As the reactor pressure vessel wall thickness s is small in comparison to the internal radius of the

RPV, then the Fouriet’s law in one dimensional form in direction x can be written as:

q, =4 ar (Eq. 7.50)
— 7 e dx q. 7/
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Referring to Eq. 7.46 and Eq. 7.48 one can derive:

4
dT — _ qout - _ 2 O-SB TOUt (Eq 751)
dx Aot Ag

eel

Estimation of the remaining wall thickness:

The temperature of the outer side of the reactor pressure vessel wall is T . At the inner side of
the vessel wall is always the liquidus temperature of the steel T;,. The thickness of the vessel wall

is given by s, respectively the remaining wall thickness is defined as s,.,. Then one can derive:

Tig — T, dT
lg ot __ (Eq. 7.52)
Siem dx
Tiqg—Tow €04 T,
g ot _Z 7S ou (Eq. 7.53)
Srem ﬁ’steel
From Eq. 7.53 for s, is derived:
Tli -T
q out
Sen = T % Ao (Eq. 7.54)
E-O0g- oy

From another side estimation of the wall thickness is required. The forces acting on the body are

described with the equivalent stress (Figure 7-7, left side):

_ 2 2
Oy = \/ O+ 04y — 0, Oy (Eq. 7.55)

Here O, is the axial stress and o, is the tangential stress. They can be expressed as:

_ mg +pi.R

(Eq. 7.56)

ax

_pi'R

O =——"
g
Srem

(Eq. 7.57)

The m-gcomponent in Eq. 7.56 describes the dead-weight of the vessel and the melt, where m

is the mass of the reactor pressure vessel lower plenum and the melt (m=155 t).
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Figure 7-7: Schematic representation of the stresses

At the inner side of the reactor pressure vessel wall the stress is equal to 0 and at the outer side of
the wall the stress is the ultimate stress 0, (Figure 7-7, right side). Then:

1

> o, (Tout ) = Oy (Eq. 7.58)

A comparison between the load from the dead-weight and the load from the internal pressure is

done. The first component in Eq. 7.56, describing the load from the dead-weight

S rRe még equalsto5.84-10° Pa, whereasﬂequalst02.59-107 Pa, which difference is

two orders of magnitude. Taking into account this for g, one can write:

zpi'R_ﬁ

o (Eq. 7.59)
eqv
Sem 2
Then from Eq. 7.54 and Eq. 7.59 for 0, (T, ) one can write:
\/gpjz' 2 E-0O .T4
0, (Tow) = 7R 2ol (Eq. 7.60)

7 R Agea '(Tqu _Tout)
The parameters used in Eq. 7.60 are:

e Emissivity £=0.7

e Stefan-Boltzmann constant o = 5.67-10°W /m*-K*

e Internal pressure p =2.5MPa

e RPV internal radius R =2.068m (Figure 7-1)
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e Thermal conductivity of the vessel steel: Ay =28+40W/m-K, temperature

dependent

* Liquidus temperature of the steel T, =1780K .

Figure 7-8 shows the analytical solution of Eq. 7.60 for O, (Tout ) , noted as Stress(T, ) in the plot.

It represents the outer wall temperature in the outer reactor pressure vessel node. The
temperature T;,;=1780 K cotresponds to the steel melting temperature. From one side on the
graph is plotted the stress dependence on the outer wall temperature and from another side the
true ultimate stress of the steel depending on the temperature is mapped. The cross section point
represents the critical reactor pressure vessel wall temperature, which is applied later for detection

of the vessel failure in ANSYS for the cases without external flooding.

Dependence "Stress - Outer wall temperature”
1,20E+09
—o— True ultimate stress
1L,OOE+09 7 —&— Stress(Tout)
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0]
hal
N 400E+08 - T..=1250 K
2,00E+08
0,00E+00 . . ; . : O
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Temperature (K)

Figure 7-8: Dependence "Stress - Outer wall temperature”
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7.5 Results of the ANSYS thermal analysis

7.5.1 Accident scenario 1: Homogeneous melt pool without external
flooding

If the melt pool is in contact with the vessel wall the thermal loads from the molten pool on the
vessel wall are sufficient to cause failure of the vessel /SARNET 2006/. Without applying any
accident management strategies to keep the molten pool in the reactor pressure vessel, thermal
failure of the vessel is expected. On the basis of the ANSYS simulation the time margin to vessel
failure is assessed.

To consider the convection of the oxidic melt and the heat transfer to the lower head, the vessel
wall and the solidified or the liquid melt are simulated with thermal elements. Figure 7-9 shows
the geometrical model of the homogeneous melt pool material distribution at the beginning of

the simulation.

ANSYS 11.0
MAY 31 2010
PLOT NO. 20
ELEMENTS

MAT NUM

zZv =1
DIST=1.318
XF =1.134
YF =.9615
Z-BUFFER

I\\\\\\\\\\\\

T\
L
|

1

MATERIAL DISTRIBUTION after 0 s

Figure 7-9: ANSYS, Homogeneous pool, Material distribution at Os, red: TML, yellow: STL, green: crust,
blue: RPV wall

The different materials are represented by different colours. The vessel wall (steel) is blue, the
yellow region describes the stratified zone, the red area describes the turbulent mixing zone of

the model, and the green colour represents the crust.
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Since the vessel is at low temperature and a good heat conductor, an insulating crust forms at the
lower boundary, which is in direct contact with the vessel wall. The crust thickness depends on
the temperature of the corresponding elements in contact. If the temperature of an element lies
below the solidus temperature, the material number is automatically changed and the element
does not belong anymore to the liquid elements array, but to the solid array elements. In case that
the temperature is above the liquidus temperature, the corresponding element is transformed to

the liquid elements array.

The thermal calculation starts at 17000 s after the beginning of the SBO scenario. At this time the
formation of the molten pool in the lower head is finished and the decay heat is about 21 MW. In
Figure 7-10 are depicted the total power and the heat generation areas (Part 7.4.6).

ANSYS 11.0
MAY 31 2010
PLOT NO. 21
ELEMENTS
HGEN RATES
QMIN=0
QMAX=.174E+07

zZv =1
DIST=1.318
XF =1.134
YF =.9615
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— 966244
E:] .116E+07
O .135E+07
.155E+07
‘\\\\‘\‘\‘\ T = .174E+07

TOTAL POWER 21082 kW AND HEAT GENERATION AREA AT 0 s

Figure 7-10: ANSYS, Homogeneous pool, Total power and heat generation at Os, cyan: STL, red: TML,
blue: RPV wall

The thermo-dynamical parameters are pointed out below in Table 7-5.

Table 7-5: Homogeneous melt pool thermo-dynamical parameters

No Parameter Value
1 Modified conductivity A . , [W/(mK)] (Eq. 7.12) 7566
2 Pr (Eq. 7.8) 0.926
3 | Ra(Eq.7.9) 1.2810'¢
4 Nu,, (Eq. 7.10) 2162
5 Nu,, (Eq. 7.11) 1397
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Figure 7-11 shows the molten pool temperature field distribution for different timings. The total
time for the simulation is 4000 s. The material properties are specified according Table 7-4. The
vessel wall temperature at t=0 s is around 555 K. In the first steady-state solution step the
temperature field is adjusted to the boundary conditions. The heat that is transferred from the
molten pool to the vessel causes heating-up of the vessel wall and reduction of the mechanical
strength of the vessel material. Consequently the reactor pressure vessel lower head exposes
significant thermal and pressure loadings. Due to the high temperature difference between the
outer vessel wall and the melt pool, a high temperature gradient from the pool to the wall is
observed. The vessel wall temperatures initially increase slowly (Figure 7-11) and later on faster
because of the increased effective conductivity. A crust is formed between the pool and the
vessel wall, which serves as a temporary isolation from the higher corium temperatures for the
vessel wall. If more heat it added than removed, the crust is shrinking consistent with the
conservation of energy. The temperature of the outer vessel wall is increasing to critical limits of

the material strength and leading to deterioration of the structural stability of the material itself.

The elements, which exceed the melting temperature of steel (1780 K) are removed (i.e. the
material properties of those elements are switched: very high heat conductivity, very low density

and specific heat capacity).

t=300 s

555 924 25 1294 1663 2032

F39.625 1109 1478 1847 2243

Figure 7-11: ANSYS, Homogeneous pool, no EVC, Temperature distribution
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The released energy from the reactor pressure vessel is only due to heat radiation and natural
convection with the surrounding air. With the accident progression the highest pool temperatures
are observed in the upper part of the temperature stratified region. As the pool temperature
increases, the heat flux from the pool to the vessel increases too. The top of the homogeneous

pool is cooled by radiative exchange with the air above the pool.

The results of the analysis indicate vessel failure time of 2010 s from fully developed molten pool.
In Figure 7-12 are depicted the outer surface temperatures at different meridian positions.
Position y=1.76 m indicates the maximum height of the melt pool y=0.858 m indicates the
transition zone between the elliptical and the cylindrical part of the vessel lower head and y=1.4
m corresponds to 0.36 m below the melt surface. T_crit indicates the vertical coordinate from the
vessel wall, where the temperature of the material has reached 1250 K (critical temperature,
Chapter 7, Part 7.4.7).

As no cooling of the outer reactor pressure vessel wall is provided, the vessel wall fails due to the
extremely high thermal loads. The pressure and the initial boundary conditions have the greatest

effect on the failure time.
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Figure 7-12: ANSYS, Homogeneous pool, Outer surface temperature at different vertical positions
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7.5.2 Accident scenario 2: Homogeneous melt pool with external flooding

For this analysis it has been assumed that the reactor vessel wall is externally cooled by water.
Necessary condition for keeping efficient heat transfer on the external surface of the reactor
pressure vessel is that the boiling crisis will be avoided and the heat transfer mode remains in
subcooled single-phase convection or nucleate boiling mode. The purpose of the external cooling
is to keep the outside wall cool and thus to prevent its failure and retain the melt inside. Efficient
heat removal from the vessel wall to the flooded reactor cavity and respectively to the

containment should be established.

For the simulation of the external flooding the Nukiyama curve (Figure 7-3), which characterizes
the heat transfer from a heated horizontal plane to an upper water layer depending on the

temperature difference T, -T

wall ~ water>

has been applied.

In this variant with cavity flooding the simulation has been performed for 8.3 h from the
formation of the molten pool in the reactor pressure vessel lower plenum, in order to
demonstrate the localization and the stabilization of the corium inside the reactor vessel. Figure
7-13 shows the temperature distribution in the corium pool. 2000 s after the beginning of the
simulation, the maximum pool temperature is around 2285 K and continuously increasing to
2867 K at 10000 s.

t=300 s t=2000 s

t=6000 s t=10000 s

t=30000 s

364 927.156 1470 2013 2557
655578 1199 1742 2285 2867

Figure 7-13: ANSYS, Homogeneous pool, with EVC, Temperature distribution
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With increasing wall temperature, bubbly regime forms at the heated wall. The liquid close to the
wall is set into motion. The result of this is that on one hand this regime promotes heat transfer
from the wall to the liquid. On the other hand the vapour serves as insulation between the wall
and the liquid. In that case the heat transfer is limited, determined by the vapour amount (big
vapour amount — limited heat transfer). With continuous increasing of the wall temperature the
insulating effect of the vapour dominates and so despite the rising temperatures the heat flux
decreases /BAE 2006/. The thickness of the vessel wall is determined by the heat flux coming
imposed from the molten pool. At the same time the thinning of the vessel wall is limited by the
presence of water outside. The heat flow rate to the surrounding water is larger than the
generated heat rate.

Figure 7-14 shows the outer vessel surface heat fluxes along the meridian line starting from the
vessel south pole to the melt pool surface for different timings: 300 s, 1000 s, 2000 s, 6000 s,
10000 s and 30000 s (also Figure 7-1). The heat fluxes to the vessel wall from a volumetrically
heated oxidized pool vary with angle change. Near the base of the hemisphere, the heat fluxes are
considerably smaller than in the upper part of the melt. This is in agreement with the measured
data of the COPO experiment (Rayleigh numbers of 10'*-10") /HEL 1997/, which have shown
that the heat flux is extremely low at the bottom part of the vessel and rises with increase of the

azimuthal angle along the vessel head.
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Figure 7-14: ANSYS, Homogeneous pool, with EVC, Heat flux through the RPV outer surface

TF-100: Heat flux at 1=300 s TFH-600: Heat flux at t=1600 s TF-1000: Heat flux at t=3000 s

TF-1600: Heat flux at t=6000 s TF-2000: Heat flux at t=10000 s TF-3000: Heat flux at t=30000 s
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The maximum thermal load on the reactor wall was predicted at about 1.7 h from the beginning
of the simulation with decreasing tendency later on consistent with the decreasing of the decay
heat. At that time the maximum heat flux value is about 814 kW /m? which is below the CHF
(Figure 7-3).

In Figure 7-15 are depicted the corresponding integral heat flows, which form the overall heat
balance, where: HGEN is the generated heat in the pool (pool decay heat), PMSF is the released
heat through the melt pool surface (top pool surface), POUTUP is the heat released from the
upper part of the reactor pressure vessel (only this part of the vessel, which is situated above the
molten pool in the vessel lower head) and POUTLP stands for the heat released from the pool

(only the reactor pressure vessel lower plenum part), which is transferred to the water outside.
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Figure 7-15: ANSYS, Homogeneous pool, with EVC, Integral heat flows

Figure 7-16 shows the outer vessel temperatures. As it can be seen the temperature at the outer
surface is varying between 384 K — 402 K, remaining much below 1250 K (Chapter 7, Part 7.4.7)
throughout the whole transient. The peak vessel temperatures are predicted to occur at the
surface/vessel wall interface. The thermal analyses with the FE-model have shown that the
reactor pressure vessel wall is not fully melted. It could be seen that in the area of the hot focus
"4 of the vessel wall has a temperature below the melting temperature of the steel. In spite of the
remaining vessel wall thickness, if no cooling is provided, the vessel will fail due to the high

thermal loads.
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Figure 7-16: ANSYS, Homogeneous pool, with EVC, Outer surface temperature
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7.5.3 Accident scenario 3: Segregated melt pool without external flooding

For this investigated scenario it is assumed that the relocated in the reactor pressure vessel lower
head molten materials are separated due to their density differences and have formed a two-
layered metal/oxide stratified pool. The oxidic layer is a mixture of uranium oxide and zirconium
oxide and is heavier than metallic layer composed of steel and zirconium. In that way the oxide
layer occupies the lower part of the molten pool and the metal layer is situated above the oxide
layer. The oxidic pool is bounded thermally and fluid-dynamically by a crust. The decay heat
generated from the molten pool is transferred to the vessel wall and upper structures in the

reactor vessel by natural convection.

The thermal boundary condition of the pool at the beginning of the simulation is specified with
constant initial melting temperature for the oxidic and the metal pool. The decay heat is
transferred to the side wall (with crust formed around vessel inner surface) and upper interface
between oxidic and metallic layer (crust formed between them) /REM 2005/. The heat is
transferred from the bottom oxidic layer to the upper metallic layer, as the metal layer is heated
from the located below oxide pool. This transferred heat in the metallic pool is removed through
side and upper surface by natural convection developed in the pool and radiation with the vessel
atmosphere.

Figure 7-17 shows the geometrical model of the segregated melt pool material distribution at the

beginning of the simulation.
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Figure 7-17: ANSYS, Segregated pool, Material distribution at 0s, yellow: STL, red: TML, cyan: metal layer,
green: crust, blue: RPV wall
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The yellow and red colours show the zones of the oxidic part of the pool (yellow: stratified zone

and red: turbulent mixing zone) and the cyan colour depicts the borders of the metallic layer.

Figure 7-18 shows the total power and the distribution of the heat between the pool layers at the

beginning of the simulation. The oxide layer contains all the decay power, whilst the metal layer is

only heated from the underlying oxide pool.

TOTAL POWER 21082 kW AND HEAT GENERATION AREA AT 0 s
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Figure 7-18: ANSYS, Segregated pool, Total power and heat generation at 0s, cyan: STL, red: TML, blue:
metal layer and RPV wall

In Table 7-6 are pointed out the thermo-dynamical parameters of the segregated pool.

Table 7-6: Segregated melt pool thermo-dynamical parameters

Segregated pool
No Parameter -
Oxide layer Metal layer
TML:
) Effective conductivity A, , [W/(mK)] | e« = Aar y = 4533 A . = 4546
(Eq. 7.12/ Eq.7.21/Eq.7.22) STL: A, = 4083
Agi x = 4533, Ay, = 4
2 | Pr (Eq. 7.8/Eq. 7.16) 0.675 5.445:10”
3 | Ny, (Eq.7.10/Eq. 7.19) 1133 102
4 | Nuy, Nug ... Eq.7.11/Eq. 7.20) 863 114
5 Ra, (Eq. 7.17) - 6.32-10°
6 Ra; (Eq. 7.9) 7.99.10" -
7 Temperature difference, [K] - 152
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The natural convection heat transfer in the oxidic pool is realized with the volumetric heat
generation from the decay heat. Some part of the heat is released through the downward surface
and the remaining part of the heat is transferred to the upper surface by turbulent natural
convection. The upward heat from the oxidic layer is transferred to the lower surface of the
metallic layer /REM 2005/. A radiative heat transfer mechanism between melt pool surface and
the inner parts of the reactor vessel is envisaged. For the current investigation, a radiative heat

transfer boundary condition is imposed on the upper surface of the metallic pool.

The Rayleigh number of the oxidic layer ranges around Ra=6:10" (Eq. 7.9) because of the high
values of the volumetric heat generation in the pool, which is above 2 MW /m’. It means that the
natural convection in the oxidic layer by decay heat is in highly turbulent regime. The upward
heat from the oxidic layer directly affects the natural heat transfer in the metal layer. The
calculated Rayleigh number for the metallic layer is around Ra,=6-10" (Eq. 7.17). This means that

the turbulent natural convection regimes are different in the two layers.

Figure 7-19 depicts the calculated temperature distribution in the segregated pool without cavity
flooding for different times.

t=300 s t=600 s

t=900 s t=1000 s t=1030 s

555 1084 1614 2143 2672
819.688 1349 1878 2408 2975

Figure 7-19: ANSYS, Segregated pool, no EVC, Temperature field distribution
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At the beginning of the simulation a thermal boundary layer, crust, is developed around the
oxidic pool. With the time progression the non-cooled reactor pressure vessel wall starts quickly
to heat-up. The maximum pool temperature reaches 2975 K (middle of the oxide pool). The
graphical results indicate that the minimum margins-to-failure occur at vessel locations that are in
contact with the metallic layer. The vessel wall close to the metal layer undergoes the strongest

thermal attack.

Figure 7-20 shows the vessel wall temperatures for different coordinates of the outer vessel wall.
Indicated with y=1.43 m is the maximum melt height, y=0.858 m is the transition zone between
the elliptical and the vertical part of the vessel and y=1.07 m stands for elevation 0.36 m below
the melt pool surface. T_crit indicates the vertical coordinate from the reactor pressure vessel
wall, where the temperature of the material has reached 1250 K (Chapter 7, Part 7.4.7). The
calculation results indicate vessel failure time of 1040 s from fully developed molten pool. The
vessel failure time depends from one side on the applied initial boundary conditions (initial
temperatures) for the melt pool, the applied downward velocities in the stratified boundary layer
of the oxidic pool, the temperature difference between the bulk and the liquidus temperatures,
and from other side as shown in some additional calculations - on the applied time-step of the

calculation.
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Figure 7-20: ANSYS, Segregated pool, no EVC, Outer surface temperature at different vertical positions

Comparing the results provided by the ASTEC code (failure of the reactor pressure vessel is
calculated at 20866 s, Chapter 6), and the time from fully developed molten pool (17000 s
ASTEC/0 s in ANSYS), 2826 s is the time difference between ASTEC and ANSYS in prediction

of the time for failure of the reactor pressure vessel.
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7.5.4 Accident scenario 4: Segregated melt pool with external flooding

For the current scenario an external cooling of the reactor pressure vessel has been applied. It is

assumed that the whole reactor pressure vessel is flooded.

The analyses have been performed for a total problem time of 8.3 hours (30000 s) after fully
developed molten pool. In Figure 7-21 is shown the temperature distribution in the corium pool
for different times of the accident progression. At t=300 s, the vessel wall temperature is 383 K
and the maximum pool temperature is 2810 K. Due to the large temperature differences of the
melting points between the metal and the oxide, the oxide pool is bounded by a crust that avoids
direct contact between the molten oxide and the vessel. The thermal attack of the vessel begins in
the cylindrical part of the vessel, where the metal is situated. With the accident progression the

temperature of the vessel increases and the vessel wall slowly ablates.

At the same time, the pool temperature is also increasing; the maximum pool temperature is
reached in the centre of the oxidic layer. At t=2000 s (Figure 7-21), the maximum pool
temperature is 3416 K. In the upper region of the oxide layer and along the inner bottom vessel
wall, the pool temperature is approximately 3079 K. Roughly in one hour from the beginning of
the transient the vessel reaches a stable thermal solution with minor changes up to the end of the

simulation.

t=1600 s

t=10000 s

384 1130 1875 2621 3366
T56.778 1502 22438 29493 3739

Figure 7-21: ANSYS, Segregated pool, with EVC, Temperature distribution
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A maximum pool temperature of 3739 K has been reached at t=10000 s. The high conductivity
of the metal and the effective heat transfer from the top reduces significantly the temperature of
the metal layer. This reduction in the temperature results in crust formation on the top of the

oxidic pool.

The water cooled external surface of the vessel is under nucleate boiling conditions and the outer
vessel wall is kept at low temperature. The heat from the molten pool is transferred through the
vessel wall and to the water outside. Decrease in the corium and wall temperatures is observed.
The melting temperature of the metallic pool of the upper layer is about 1000 K lower than the
oxide pool of the lower layer. The strongest thermal loading is in the cylindrical part of the vessel,

in the region of the metal layer. The residual thickness of the vessel wall is = 43 mm.

Figure 7-22 depicts the heat flux through the melt pool surface for different timings from the
beginning of the simulation: 100 s, 600 s, 1000 s, 1600 s, 2000 s and 3000 s, starting from the
vessel axis (distance = 0) to the vessel wall (distance = 2.1 m). Figure 7-23 shows the heat flux
from the outer reactor pressure vessel surface into the water for the same above mentioned
times. The path is along the vessel meridian starting at the south pole and ending at the top melt
surface (also Figure 7-1).

The generated heat is partly transported to the upper region of the vessel by radiation. The
radiative heat transfer is a strong function of the surface temperature (T%). At the early stage (0 -
1000 s), the radiative heat transfer is more effective (Figure 7-22). Later on the most of the heat is
released through the vessel wall to the surrounding water (Figure 7-23). The heat transfer from
the pool through the vessel wall is compensated from the flooding water outside. Cooling from
the top, and at the same time from the side, causes a temperature decrease versus time in the
upper pool region (as can be seen from Figure 7-21). The temperature in the middle of the metal
layer is around 2742 K.

Although the metal layer has no residual power, the highest thermal attack of the vessel wall is
observed in this region. This is due to the low thermal conductivity of the formed crust, which
limits the heat flux from the oxide layer towards the vessel. At 1000 s from the beginning of the
simulation, the maximum outer heat flux is approximately 532 kW/m’ For the molten pool
configuration considered in this study, the maximum outer surface heat flux is reached at 1600 s
and is approximately equal to 833 kW/m” (Figure 7-23), with a tendency of decreasing during the
accident progression consistent with the decrease of the decay heat. At the time of the peak outer
wall heat flux (reached at 1600 s), the ratio between the peak heat flux released through the vessel

wall and the maximum heat released through the melt pool surface is around 1.38.

The changes in the heat flux are balanced by the crust thickness. The analyses have shown that
the heat flux is very low at the bottom part of the vessel and increases upwards along the reactor

pressure vessel wall (Figure 7-23).

Figure 7-24 depicts the overall heat balance, where: HGEN is the generated heat in the pool
(pool decay heat), PMSF is the released heat through the melt pool surface (top pool surface),
POUTUP is the heat released from the upper part of the reactor pressure vessel (only this part of
the vessel, which is situated above the molten pool in the vessel lower head) and POUTLP stands
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for the heat released from the pool (only the reactor pressure vessel lower plenum part), which is

transferred to the water outside.

In Figure 7-25 are plotted the reactor pressure vessel outer surface temperature, which in direct
contact with the water from outside. With position y=1.43 m is shown the full height of the
molten pool (oxide layer and metal layer), position y=0.858 m is the transition metal/oxide
(coincides with the elliptic bottom part transition to cylindrical part of the reactor pressure vessel
lower plenum) and position y=0.93 m corresponds to 0.5 m below the top melt pool surface.
One could notice that at the beginning of the simulation the outer vessel wall temperature rapidly
increases from 385 K to 400 K. The peak is reached around 1980 s, as later on until the end of
the transient (30000 s) the temperature tendency is decreasing. It is obvious that within this
temperature range (385 K- 400 K), the outer part of the vessel wall is kept well below the melting

temperature of the steel.

For the discussed SBO scenario, the thermal loads from the molten pool in the reactor vessel are
below the enhanced CHF on the vessel outer wall. It means that for that severe accident the
corium pool in the reactor vessels could be cooled by the external reactor vessel flooding. It is
discussed that the SBO accidents are thought to be bounding cases /REM 2005/ for the external
vessel cooling. Though the application of the external vessel cooling as accident management
measure increases the magnitudes of the heat fluxes, the enhanced subcooling in the current
simulation has shown that the thermal loads imposed on the RPV wall from a molten segregated

pool could be effectively removed.
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TF-100: Heat flux at 1=300 s TFH-600: Heat flux at t=1600 s

TF-1600: Heat flux at t=6000 s TF-2000: Heat flux at t=10000 s

TF-1000: Heat flux at t=3000 s

TF-3000: Heat flux at t=30000 s
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7.6 Parameter studies on the thickness of the molten metal
layer

Uncertainties in the relocated metallic melt mass are basically due to different modelling
assumptions made in the process of simulation of the severe accident, the models implemented
in the codes themselves and how the melt progression would proceed before slumping of the
molten materials into the reactor pressure vessel lower plenum. Key assumption is what would be
the mass of the slumped vessel internal structures in the metallic layer. The heat flow from the
molten metallic layer also depends on the decay power level, which defines the heat flow from
the oxidic layer into the metallic one. As discussed earlier matter of debate is the question if the

metal layer on top of the oxidic pool causes a so called focussing effect.

The influence of the thickness of the metal layer on the peak heat flux is investigated. The heat
transfer behaviour is analyzed with decreased and increased molten steel mass to evaluate the
sensitivity of heat transfer to the steel mass. The mass of the molten metallic layer may be
reduced for example if the core barrel and baffle melt less than expected or if some of the metals
re-solidify in the bottom of the reactor pressure vessel and the oxidic layer is formed on top of
this metal. And in case that more metallic structures melt, then the height of the metal layer will

increase.

A parameter study on the critical thickness of the metal layer has been performed. For the
purpose of this analysis, ten simulations with varying thickness of the molten metal have been
performed. The mass of the molten metal has been selected on the basis of rough engineering
judgement. Complete accurate analyses on the amount of relocated material are not possible due
to the lack of missing experimental data, the restrictions in the severe accidents code predictions
etc.. As a basic case is applied the case of a segregated pool with cooling on the external surface

(discussed in Chapter 7, Part 7.5.4) with total height of the metal layer of H_ =57 cm.

met

Additionally ten separate cases with metal thickness of 10 cm, 20 cm, 28 cm, 40 cm, 70 cm, 80

cm, 90 cm, 120 cm, 140 cm and 160 cm were investigated.

Figure 7-26 represents the results for the peak heat flux dependency on the metal layer thickness.
The blue dots represent the peak heat flux through the lower reactor pressure vessel outer wall to
the water from outside. The red dots represent the peak heat flux through the melt surface,
released heat by radiation. Because the metal layer has a higher thermal conductivity, the mass of
metal assumed in the metallic layer significantly affects the estimated magnitude of the heat fluxes

towards the adjacent vessel sidewall.

The simulation results have shown that with increasing thickness of the metal above the oxide,
the heat flux is also increasing. For the cases with 10 cm, 20 cm, 28 cm and 40 cm metal layer, the
heat that could be released through the side reactor pressure vessel wall is lower in comparison to
the higher metal layer thickness. The lower the metal thickness, the higher the upper melt surface

temperature is. More heat is released by radiation through the pool surface.
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Peak Heat Flux through the RPV Lower Plenum Wall (HFLP) vs Melt Surface Heat Flux (HFMS)
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Figure 7-26: ANSYS, Segregated pool, with EVC, Heat flux dependency on the metal layer thickness

With decreasing of the thickness of the metal layer (metal layer height), the Rayleigh number is
also decreasing, leading to decrease of the peak heat flux on the outer vessel wall. In spite of the
fact of increasing of the available surface area for releasing of the heat through the vessel wall (at

increasing metal layer height), the peak heat flux is increasing,.

One could notice that at thin metal layer (e.g. H =10 cm), the melt surface temperature is kept
high between 2700 K — 2800 K. The heat released by radiation is also high, because of the high
melt surface temperature. At the same time, the heat that is released through the vessel outer wall
is considerably low (~ factor of two) in comparison to the heat released through the pool surface.
With increasing thickness of the metal layer, the surface temperature of the pool is decreasing. At
H,.=57 cm, the pool surface temperature for the first 3000 s is about 2460 K (compared to
2800 K at H_,=10 cm). The heat released through the melt pool surface in this case is lower,

decreased with the lower pool surface temperature.

The simulations were performed until the moment, at which decrease of the outer wall peak heat
flux is observed (point H =160 cm).

It should be said that the above-discussed results have been compared to studies concerning the
critical thickness of the metal layer found in the literature /THF 1996/, /REM 1997/, /SEH
1999/, /SEH 2000/, /SEH 2005/. The investigations petformed there have pointed out, that
reducing of the molten metal mass leads to increasing of the side wall heat fluxes. In /REM
1997/ the heat flux that exceeds the CHF was found to be for a height of the metallic layer of
0.25 m. In /THF 1996/ investigations had been done on the flux distributions for a 5 cm metal



7 Investigations on the late in-vessel phase of severe accident for VVER-1000 145

layer on top of a 0.8 m deep oxidic pool. The results indicate that the outer heat flux values
exceed the CHF. Part of these investigations, found in the literature, are obtained with 1D
modelling.

In /SEH 1999/ a comparison of 1D and 2D representation of the heat of the vessel has been
done. It was found that in case of 2D modelling the peak heat flux on the outer vessel wall is
significantly lower than in case of 1D model representation. Based on the simulations in case of
multi-dimensional representation, as in real reactor dimensions, the focusing effect is still existing,

but is reduced as in case of 1D representation.

A careful comparison of the different results in /SEH 1999/, /SEH 2005/ and the analysis
performed in Chapter 7, Part 7.5.4 shows, that the amount of heat, which is released from the
melt surface by radiation is probably the key phenomenon. In /SEH 1999/ the initial melt pool
temperature (2000 K) was considerably lower than in our case, which results in a lower fraction
of heat released through radiation. In the current ANSYS model, Chapter 7, Part 7.5.4 there is a
radiation heat transfer model to calculate the heat transferred from the free metal melt surface to
all visible areas of the reactor pressure vessel above melt level. A difference is also that in the
investigated case in Chapter 7, Part 7.5.4 in the current model the reactor pressure vessel above
the melt is empty. There are uncertainties related to the material properties of the molten pools

and in the emissivities of the pool surface.

Further detailed analyses were performed on the molten metal layer behaviour for understanding
the different pool behaviour from the one cited in the literature /THF 1996/, /REM 1997/ and
/SEH 1999/. For this purpose the above mentioned cases with different heights of the metal
layer were recalculated, as all initial conditions as pool characteristics, properties and decay power

were kept the same, except the internal emissivity, for which very low value €=0.01 was specified.

Graphical representation of the results is shown in Figure 7-27. The blue and red dots represent
respectively the heat released through the reactor pressure vessel later wall and the heat released
by radiation. It can be seen that by reduction of the radiated heat (by setting very low emissivity
of the internal vessel structures), the peak heat flux is increasing with decreasing of the metal
layer thickness, as the highest (peak) outer vessel wall heat flux is at H_ =10 cm, and is
approximately equal to 1.6 MW/m?, which exceeds the CHF value according to the Nukiyama
curve (Figure 7-3). Going in the right direction of the graph with increasing of the thickness of
=40 cm and H

can be observed. The reason is the decreasing temperature difference T, -T;,4 according to the

wall

the metal layer, a rapid decrease in the peak heat flux value between H =57 cm

met met

Nukiyama curve (Figure 7-3). For the basic case of H_ =57 cm, the peak heat flux is

met

approximately equal to 1.15 MW /m?, value also above the critical heat flux value of 850 kW /m?

(Figure 7-3), meaning that the reactor pressure vessel integrity is destroyed.
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Peak Heat Flux through the RPV Lower Plenum Wall (HFLP) vs Melt Surface Heat Flux (HFMS)
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Figure 7-27: ANSYS, Segregated pool, with EVC, Heat flux dependency on the metal layer thickness with
lowered internal emissivity £€=0.01

7.7 Structure mechanical modelling

The analyses performed with ANSYS are structural analysis evaluating elastic-plastic behaviour
throughout the accident history after the relocation of the materials in the lower vessel head. In
the following FE-mechanical analysis, the internal pressure, at which the RPV would fail is

evaluated.

7.7.1 Axis symmetric mesh of the vessel

The lower vessel head is modelled with 2D-structural elements considering the temperature
dependent material behaviour. For this purpose the FE code ANSYS is used. The model
embraces only the remaining (not melted) part of the vessel wall. The meshing is kept likewise
the one of the thermal model axisymmetric. The node positions and the element geometries of
the vessel wall correspond exactly to those of the thermal model. Thus an easy transfer of the
temperature loads from the thermal model is possible. The structural analysis uses the
temperature history distribution form the ANSYS thermal model, with temperature dependent
material properties, loads and boundary conditions. The ANSYS element type PLANE182 is

used for the meshing.
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7.7.2 Loads

The following loads are considered within the mechanical calculation:
e Internal pressure
e  Gravity: dead-weight of melt and vessel
e Temperature field in the vessel wall.

The internal pressure and the gravity loads cause primary stresses. Their tendency is to increase
with the reducing of the thickness of the reactor pressure vessel wall. The vessel failure could
happen a) at high pressure or b) at low internal pressure, because the contribution of the weight
is significant. The maximum temperature is above the melt temperature of steel. A part of the
remaining thickness of the wall would be heated to relatively high temperatures. This influences
strongly the structural capabilities of the steel and above a certain limit the reactor pressure vessel
material would not sustain the high loads. Therefore it is important that the pressure of the
primary circuit to be reduced close to the pressure of the containment. When the primary circuit
has been depressurized, only a very small fraction of the original vessel wall thickness would be
enough to support the weight of the vessel head and the corium. The thickness s, [m], needed
could be roughly estimated by the following equations:

r
Org = P (Eq. 7.61)
p-r
S=—" (Eq. 7.62),
Gtang

where p is the pressure [Pa], r is the average radius of the wall [m] and ©

steel [Pa].

is the strength of the

tang

If buoyancy is neglected and the same pressures in the cavity and inside the vessel are assumed,
the pressure is caused only by the weight to be supported and may be obtained using the
following equation:

= m.g
TR

where m - is the mass to be supported [kg], g — is the acceleration of gravity [m/s’] and R, — is

p (Eq. 7.63),

the inner radius of the vessel wall [m].

In the FE model, the internal pressure is applied as a surface load. Two phenomena lead to an
increasing primary stress with ongoing deformation: 1. the enlargement of the surface subjected
to pressure load and 2. the reduction of the wall thickness. The weight of the vessel is considered
by an accelerated coordinate system while the weight of the melt is modelled as an equivalent
surface load. The temperature field is transferred from the thermal model at the time, at which

the highest outer vessel surface temperature is reached.



148

7.7.3 Elastic and viscoplastic material properties

Three patts of the deformation of the material have to be taken into account /WIL 2005/: elastic
deformation, creep and plasticity. The creep, also designated as viscoplasticity, is a time-
dependent process. It plays a role at high temperatures as in the case of steel above 500 °C, and it
occurs at arbitrary low stresses. Regarding this for the performed analyses creep effects were not
included. The plastic deformation is prompt process, occurring only above a stress threshold
(vield strength). It can occur already at room temperature, however, the yield strength increases

with decreasing temperatures. Both deformation parts can occur simultaneously.

The elastic deformation is small compared to the creep and the plastic deformation, but it causes
the stresses. The elastic material properties are assumed to be isotropic and can therefore
completely be characterized by the temperature dependent Young’s modulus and the constant
Poisson number (V=0.3).

The generation of the plastic and viscoplastic material data base is premised on the experimental
results of the REVISA project of the 4" framework programme /MON 1999/, /IKO 1999/,
/WIL 2003/. In this project tensile tests and also creep tests had been performed in the
temperature range from 600 °C to 1300 °C for the French reactor pressure vessel steel 16MNDD5.
In these tests the nominal stresses (tension force divided by initial cross section) and the nominal
strain (increase of length divided by initial length) are measured. In the FE simulation the true

stress and strain are needed. The convertion is done according to well known equations:

g=¢" =In(l+£™") (Eq. 7.64)

oc=0"=0c"". (l+ 8”‘”“) (Eq. 7.65),
where the index “tr” refers to “true values”.

The elaboration and the validation of the viscoplastic material database are briefly described in
/ALT 2005/.

7.7.4 Results

The results from the mechanical analyses for the both pool configurations (homogeneous and

segregated) are presented in Figure 7-28 to Figure 7-31.

Figure 7-28 shows the part of the lower head of the mechanical model for the homogeneous
pool (left) and for the mechanical model for the segregated pool (right). The sharp cut shows the
pool top position (maximum height of the melt). Molten elements are represented in grey colour.
The ablation of the vessel wall is modelled in ANSYS in the following way: those elements are
selected, which have at least one node with a temperature above the solidus temperature of the
steel. These elements get the material properties of the adjacent melt region for the thermal
solution. In the area of the hot focus the wall thickness reduction due to ablation is more than

the half of the original vessel thickness. Solidification processes at later times are not considered.
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One reason is that especially the mechanical material properties of resolidified areas are

unknown.

According to the general experience there are no relevant creep processes in the considered
reactor pressure vessel steel at temperatures below 700 K. Vessel failure occurs when the
equivalent stress at the outside exceeds the ultimate strength of the vessel steel. Plasticity is

considered for all temperatures.

ANSYS 11.0 ANSYS 11.0
JUN 7 2010 JUN 11 2010
PLOT NO. 1 PLOT NO. 1
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Figure 7-28: ANSYS, Ablated vessel wall, left: homogeneous pool, right: segregated pool

The ANSYS analysis has started with low pressure, and consequently the pressure has been
increased to a limit, at which failure of the reactor pressure vessel wall will occur. The stresses
have to be close to the ultimate stress to cause a failure of the RPV. The temperature dependent
allowable stress is shown in Figure 7-29. It corresponds to the true ultimate strength. The
ultimate strength is compared to the true stress of the vessel steel, which gives temperature-
dependent stress-strain cutves of the vessel steel /ALT 2005/. It is assumed that the vessel fails

when a certain maximum (or allowable) stress is exceeded in the outer part of the vessel wall.

With T,
which the strength of the steel starts significantly to decrease.

is defined the liquidus temperature of the steel and T, stays for the temperature at

allow,crit

At low stress level the vessel wall temperatures have to be near the melting point of the vessel

material for vessel failure to occur.

As can be seen from the temperature plots (Figure 7-21), the outer vessel wall is kept in the low
temperature region and is much below the T, in Figure 7-29. The area of interest in our case lies
in the left side field of T, .

sutface the allowable stress is exceeded.

It is assumed that the vessel will fail if in one element at the outer
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Figure 7-29: Allowable stress versus temperature for the RPV steel

The simulation of the failure pressure has been performed by elastic-plastic approach with

stepwise increase of the internal vessel pressure. Figure 7-30 depicts the stress state and the

relation between the equivalent stress and the allowable stress for the homogeneous melt pool.

The results indicated that the rupture of the vessel occurs when the hot inner portion of the

vessel wall degrades in strength and the vessel fails when the cooler outer wall cannot withstand

the pressure stress. The most stressed location is the cylindrical part of the vessel. The failure

pressure in this case equals approximately to 13.09 MPa.
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Figure 7-30: ANSYS, Homogeneous pool, left: equivalent stress [Pa], right: load (stress) factor
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Figure 7-31 shows the results from the mechanical analyses for the segregated pool. Collapse
occurred when the head could no longer support the internal pressure load with failure pressure
of 13.56 MPa, only slightly higher than the failure pressure calculated for the homogeneous melt.

This is due to the almost same remaining wall thickness at the hot spot region.
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Figure 7-31: ANSYS, Segregated pool, left: equivalent stress [Pa], right: load (stress) factor
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8 Summary

The performed investigations in this work aim at the analysis of the in-vessel phase of a
hypothetical severe accident sequence in a nuclear power plant with a VVER-1000/V-320
reactor. The severe accident analyses were separated into two main parts: early in-vessel phase

and late in-vessel phase.

Two accident scenarios were assessed which could lead to core damage, vessel failure and
consequently challenge the containment — small break loss of coolant accident and station
blackout scenario. The main goal of the investigation on both scenarios was the assessment of
the ASTEC code capabilities in representation of severe accident scenarios and phenomena. It
was the objective of the investigation on the station blackout transient to assess the severe
accident management procedures for VVER-1000 reactors, i.e. estimation of the maximum
period of time for taking appropriate decisions and measures. The performed analyses also

contribute to the validation of the integral severe accidents code ASTEC.

Before performing the VVER-1000 severe accident analyses, the severe accident core degradation
experiment ISP-46 FPT1 has been simulated with the ASTEC code. The investigations on the
experiment have shown that the ASTEC code represents the measured experimental data with a
good accuracy. The typical severe accident phenomena have been well reproduced (e.g. cladding
rupture, zircaloy oxidation and hydrogen production, release of fission gas and aerosols,
relocation of the different materials and molten pool formation). Differences were found in the

release of the low-volatile fission products.

For the early in-vessel phase investigations, several simulations were performed by using the
ASTEC and ATHLET codes, including a detailed evaluation of the calculated results and the
observed phenomena. The simulation for the small break loss of coolant accident has shown,
that ASTEC can predict the typical phases of the accident very well ie. the depressurization
phase, the thermal-hydraulic coupling between primary and secondary side as well as the break-
down of primary to secondary heat transfer after extended voiding on the primary side. The
severe accident phenomena following the expressed core heat-up, like cladding oxidation, core

degradation, melt relocation and vessel failure were successfully modelled.
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Detailed analyses have been done for the early thermal-hydraulic phase of the VVER-1000
station blackout accident with the ASTEC code and with the mechanistic code ATHLET. The
ASTEC code simulations without and with primary side depressurization have shown, that
applying primary side depressurization as a severe accident management measure allows
prolongation of the time of vessel failure by approximately 1.5 hours, as the the vessel fails under
low pressure. Slowing the core damage would allow more time for systems to be recovered to
mitigate or terminate the accident. This would give more time and different possibilities for
operator interventions. The code-to-code comparative analyses demonstrate the capability of the
ASTEC code to model the accident sequence with a good accuracy. Despite the considerable
differences in the codes themselves, the results are similar in terms of thermal-hydraulic response.
There are discrepancies in timings of phenomena, which are within the limitations of the physical
models and the applied nodalizations. Moreover it has to be considered that ASTEC is a fast
running integral code, optimized for the calculation of entire sequences of severe accidents in
light water reactors from the initiating event up to the release of fission products into the
environment, while ATHLET focuses on the behaviour during the eatly phase of the discussed
accident, using more detailed models for components, operational, safety and reactor protection
systems. The simulations have shown that the effectiveness of the primary bleed and feed
strategy in a station blackout scenario mainly depends on the behaviour of the hydro-
accumulators and the capability to inject the full amount of water into the reactor pressure vessel.
Due to evaporation of a part of the injected water in the core and also during the reversed heat
transfer through the steam generators, the decrease of the primary pressure can be slowed down,

so that the injection can be lowered or temporarily stopped.

A station blackout sequence without additional measures and without recovery of electricity
supply would lead to an extended core heat-up under high pressure conditions. To prevent or at
least to mitigate possible core damage, in-depth investigations were conducted on secondary and
primary side depressurization as possible accident management measures for a station blackout

scenario to estimate the remaining time margins for the operators.
The ATHLET code simulations for the secondary side depressurization have shown that:

e With the reduction of the secondary pressure and the passive feeding from the feed water

system, the time for steam generators depletion is significantly prolonged

e The enhanced primary to secondary heat transfer after starting secondary side

depressurization also leads to an effective reduction of the primary pressure

e The assumption, that after two hours the BRU-A valves fail in closed position, leads to a
further activation of primary side depressurization, because after closing BRU-As the
primary pressure starts to increase again. In that case secondary side depressurization
combined with primary side depressurization will delay an extended heating-up of the
core until approximately 6.3 hours and the critical limit of 1200 °C for the cladding

temperatures is reached at approximately 6.8 hours after initiation of the transient

e With full (manual) opening of two BRU-A valves up to the end of the transient, the

secondary side depressurization and the passive feeding from the feedwater system are



8 Summary 155

more effective. In that way an increase of the primary pressure after steam generators
depletion and a mass loss through the pressurizer relieve valve can be significantly
postponed. Compared to the simulation with BRU-A valves closed after batteries’
depletion, the first criterion for primary side depressurization is reached 5 hours later in
time. Without considering primary side depressurization as an additional accident
management measure, the extended core heat-up can be delayed until approximately 9.8
hours after initiation of the transient and the critical limit of 1200 °C for the cladding

temperatures is reached at approximately 11 hours

e The effectiveness of the secondary side bleed and feed strategy mainly depends on the
availability of the BRU-A valves and the ability to inject as much water as possible from
the feedwater system into the steam generators’ secondary side. Caused by evaporation or
by flashing in the feedwater system the passive feeding can be temporarily interrupted

and the effectiveness of the feeding procedure can be reduced.
The simulations for the primary side depressurization have shown the following:

e By applying only primary side depressurization with both temperature criteria (350 °C and
650 °C) the critical limit of 1200 °C for the cladding temperatures is reached at

approximately the same time, 3.9 — 4 hours

e The simulation with starting primary side depressurization later in time (temperature

criterion of 650 °C) shows less effective accumulator injection

e The simulations with both temperature criteria show, that feeding from the hydro-
accumulators lowers the cladding temperatures for a limited period of time, but without
additional measures (e.g. recovery of electricity supply and start of active safety injection)

a further core heat-up can not be avoided

e Primary side depressurization with start of one low pressure safety injection train after 3

hours and 45 minutes at the latest would avoid the excessive heating-up of the core.

The performed studies demonstrate the applicability of secondary side depressurization and
primary side depressurization as accident management measures in the preventive domain.
Passive systems and especially passive feeding of the reactor pressure vessel and the steam
generators play an important role in a station blackout accident. An optimization of the accident
management procedures (e.g. initiation criteria, control and operation of valves used for the
depressurization) is crucial to maximize the effectiveness of the corresponding bleed and feed
strategies, and to mitigate the consequences of the accident. The simulations proved that by first
applying the secondary side depressurization the final core heat-up occurs much later in time
compared to the case when primary side depressurization is applied as the first accident
management measure (6.3 — 9.8 hours for secondary side depressurization compared to 3.2 — 3.7
hours for primary side depressurization). This would give the operators an additional time margin
to restore the electric power supply. With start of one active emergency core cooling pump at the
latest possible time after primary side depressurization, the safety functions important to prevent

core damage are preserved.
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Analyses for the late in-vessel phase of the accident and the possibilities for in-vessel melt

retention have been studied with the finite element code ANSYS. An effective conduction

convection model, originally developed at KTH and implemented in ANSYS by FZD, has served

as a basis model. This basis model was further developed for the simulation of the heat transfer

within a segregated molten pool.

The thermal ANSYS analyses reveal that:

Without external flooding of the vessel, a pure thermal failure (melt-through) is highly
probable due to the high thermal loads imposed by the decay heat in the molten corium

The pressure and the boundary conditions ie. the initial pool and vessel wall
temperatures, and the decay heat, have the greatest effect on the failure times. The
stratified pool composition substantially decreases the time to vessel failure compared to

the homogeneous melt pool composition

The failure will occur at the position of the highest temperatures. Close to the cylindrical
part is disadvantageous in comparison to spherical/elliptical part, since the primary
stresses in the cylinder are higher than those in a sphere, and the maximum temperatures

occurring in the cylindrical part

Applying external vessel cooling would help the stabilization of the vessel and the
retention of the molten corium inside the reactor pressure vessel and can prevent the
vessel failure. However, if the radiation from the melt surface is hindered, as for example

in the case of remaining in-vessel structures, the critical heat flux is exceeded

The homogeneous pool shows higher safety margin than the segregated pool. The molten
pool is completely bounded by a corium crust that avoids direct contact with the vessel.
The corium crust, thick at the lower boundary of the corium pool (south pole of the
reactor pressure vessel) and is thinning in upward direction along the pool boundary. The
vessel temperature is characterised by the external surface at low temperature (lower than
500 K) and an inner surface which reaches the melting point in a limited section of the

reactor pressure vessel wall

For both pool configurations the peak heat fluxes in the area of the hot focus are clearly
visible. The maximum values are in the range of approximately 810 kW/m’ to
830 kW/m?” At the lower head south pole and at the high vessel locations in the
cylindrical part, the resulting heat fluxes are below 50 kW /m?

In case of segregated pool the thermal attack of the vessel is observed primarily in the
area of the metal layer. The vessel temperature is low at the external surface where the
cooling efficiency is very good. Nevertheless, very high temperature gradients establish

across the residual vessel thickness

The critical heat flux was not reached in the investigated basic flooding scenarios (without
reduction of the emissivity), i.e. the external vessel wall temperatures lie in a small range
between 373 K and 402 K despite the large variations of the local heat flux. For the cases
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with reduction of the emissivity (very low emissivity value & =0.01), the peak heat flux

exceeds the critical heat flux

e In most of the simulated cases for the critical thickness of the metal layer, the highest
outer vessel wall temperatures (respectively the peak heat fluxes) are reached within the
first 1.5 hours from the formation of a stable pool in the reactor pressure vessel lower
head. Later on the heat fluxes to the surrounding water decrease with the decreasing of

the decay heat in the pool

e Parameter studies on the critical thickness of the metal layer have shown that increasing
the thickness of the metal layer, results in increasing heat fluxes to the water. The main
reason is the heat radiated from the melt pool surface. The presented analyses are
simulating an “empty” vessel after relocation of the molten core in the reactor pressure
vessel lower plenum (the molten pool “sees” an empty inner vessel), and the external

flooding is applied up to the top of the reactor pressure vessel

e With an external flooding the temperature of the outer reactor pressure vessel wall can be
kept in the temperature range, which provides a sufficient mechanical strength for the
IVR in the low pressure scenarios. However, it should be ensured that the critical heat
flux is not exceeded in any position and that the generated steam can be released from the

reactor pit

e Based on the simulations it can be stated that the crucial time point lies within the first 20

hours after melt relocation, because the decay heat is decreasing over time.

The capability of the vessel to withstand the melt attack depends on the amount of the relocated
materials and the residual power, but it is strongly influenced by the configuration assumed for
simulation of the corium pool. The differences to the results published in the literature are related
to the applied initial parameters and conditions, as the initial melt pool temperature and the
applied emissivity coefficients; weather the vessel is flooded up to the top, if there are remaining
structures inside the vessel and if the computer models are applying 1D or 2D representation of
the melt pool and lower reactor vessel head configurations. In the present research, a focusing
effect has been observed in both homogeneous and segregated pool configurations. As in the
case of segregated pool configuration the thermal attack of the vessel wall is in the area of the
metal layer. The performed parameter studies on the thickness of the metal layer have shown that
with increasing thickness of the metal above the oxide, the peak heat flux through the reactor
pressure vessel wall is slightly increasing. The lower the metal layer thickness, the higher the
upper melt surface temperature is. In that case more heat is released by radiation through the

melt pool surface.

Main objective of this work was the in-depth investigation of a hypothetical severe accident
scenario (station blackout) for a VVER-1000 reactor, considering all main phases and important
phenomena from the early thermal-hydraulic phase up to the late in-vessel phase with core
degradation and core melt. Different codes have been applied to account for the specific
phenomena related to the different phases of the accident. It is an outcome of this work, that a

proper modelling of the horizontal steam generators is necessary to predict the timings for steam
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generators’ depletion, for depletion of the primary side and finally for core heat-up with sufficient
accuracy. Moreover, if different codes will be applied to simulate the different phases and to
evaluate the effectiveness of severe accident management measures, an adequate and accurate
modelling of the early thermal-hydraulic phase is an essential requirement. This includes an in-
depth understanding of the phenomena occurring during the early thermal-hydraulic phase and a
detailed evaluation of the calculated results. Therefore comparative simulations with ASTEC and
ATHLET codes have been performed, to evaluate the capabilities of ASTEC in predicting the
course of events up to core heat-up. After that the results from an ASTEC code simulation for
the melt pool configuration have been applied as initial conditions for the ANSYS code
simulations (Appendix D). This gives the possibility for a more detailed and more accurate
modelling of the thermal and mechanical behaviour of the core melt and the reactor pressure
vessel wall, additionally taking into consideration the heat transfer from the reactor pressure

vessel outer wall to the surrounding water if external vessel cooling is applied.

With help of the presented method, by applying different codes for the different phases of the
station blackout accident (Appendix D), a detailed evaluation of the course of events and the
main thermal-hydraulic and severe accident phenomena, including an assessment of different
severe accident management measures (e.g. secondary and primary side depressurization, external

vessel cooling) has been provided.
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Appendix B: ASTEC code abbreviations

CAND: Candling and relocation of molten mixtures along macros

CELL: Definition of a cell (a mesh) of an axial element

COND: Conduction between two macros

STRU EVENT: Structure indicating the events for the scenario

STRU COND: Condition for the event activation written in SIGAL analyzer syntax
STRU CONNECTI: Name of a connection

STRU CREE: Creep of the cladding

STRU JUNCTION: Name of the reactor coolant system junction involved in the connection,

connection between grouped primary system volumes

STRU LOWE: Lower head mesh definition

STRU MACR: Definition of a macro-component

STRU MATE: Definition of a material

STRU PRIMARY: Primary Circuit description (Reactor Coolant System): definition of the

primary side

STRU REGU: Regulation block: a parameter is adjusted in order to fit a computed response with

an expected one. Used for instance during steady state calculation

STRU SYSTEMS: Definition of the systems

STRU VOLUME: Definition of a volume

STRU WALL: Definition of a wall

tstar_di: time for start of the core degradation module DIVA (option)

TYPG CYLINDER: Definition of a type

STRU VESSEL_D: Description of data for the reactor pressure vessel managed by DIVA
VOLUME: Definition of a volume
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Appendix C: ANSYS code abbreviations

PLANEDS55:

CONTA171:

TARGE169:

MATRIX50:

SURF151:

Al...n:

Element, used as a plane element or as an axisymmetric ring element with a 2-D
thermal conduction capability. The element has four nodes with a single degree of
freedom, temperature, at each node. The element is applicable to a 2-D, steady-

state or transient thermal analysis. Calculation of the heat conduction in the area
of the RPV.

Represents contact and sliding between 2-D "target" surfaces (TARGE169) and a
deformable surface, defined by this element. The element is applicable to 2-D

structural and coupled field contact analyses. Interface between the molten pool
and the RPV wall.

Represents various 2-D "target" surfaces for the associated contact elements. The
contact elements themselves overlay the solid elements describing the boundary
of a deformable body and are potentially in contact with the target surface,
defined by TARGE169. Interface between the molten pool and the RPV wall.

A group of previously assembled ANSYS elements that is treated as a single
element. The thermal radiation inside the RPV is modeled as a Superelement
MATRIX50.

Used for various load and surface effect applications. It may be overlaid onto a
face of any 2-D thermal solid element. The element is applicable to 2-D thermal
analyses. Since the thermal elements PLANES55 allow only one boundary
condition at their free surface, the nodes at the outer surface are additionally

meshed with “surface effect elements”.

Different areas of the ANSYS model.
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Appendix D: Code application for SA analysis

Experiment
FPT1 (ISP-46)

Input data
VVER-1000 thermal,
neutron-kinetics and

material data

Code-to-Experiment
Validation

Code-to-Code

Validation

Input data
Melt pool configuration,
thermal data

Evaluation of
AM procedures
(SSD/PSD)

Results
Cladding failure,
FP release, relocation of
materials,
melt pool configuration,
thermal data, ...

ASTEC-ANSYS

Results
Temperature and heat flux
distribution,

RPV outer surface
temperature and critical
heat flux,

RPV mechanical loads,
failure time and position

offline coupling for thermal and mechanical analysis

Applied codes for the eatly and late in-vessel phase investigations on a hypothetical station blackout

scenario
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