
Safety against Releases
in Severe Accidents



Ms-ft ~z (ft)

NKS(97)FR2
ISBN 87-7893-022-7

Safety against Releases in
Severe Accidents

Final Report of the Nordic Nuclear
Safety Research Project RAK-2

Edited by
I. Lindholm
0. Berg
E. Nonbol

December 1997



Contributors to this Report

J. Andersson/ Royal Institute of Technology
V. A. Bui/ Royal Institute of Technology
T. N. Dinh/ Royal Institute of Technology
P. Fantoni/IFEHalden
W. Frid/ SKI
K. Hedberg/ Vattenfall Energisystem AB
F. H0jerup/ Ris0 National Laboratory
Y.Iguchi'/IFEHalden
K. Ikonen/ VTT Energy
S. E. Jensen/ Ris0 National Laboratory
L-L. Johansson/ Studsvik Eco & Safety AB
G. Meyer/ IFE Halden
H. Miettinen/ VTT Energy
L. Nilsson/ Studsvik Eco & Safety AB
R. R. Nourgaliev/ Royal Institute of Technology
P. Nurmilaukas2/ IFE Halden
T. J. OkkonenVRoyal Institute of Technology
E. Pekkkarinen/ VTT Energy
E. K. Puska/ VTT Energy
B. R. Sehgal/ Royal Institute of Technology
A. Silde/ VTT Energy
M. SirolaVlFE Halden
H. Sjovall/ Teollisuuden Voima Oy
A. S0renssen/ IFE Halden
K. L. Thomsen /Ris0 National Laboratory
C. Van DyckeVlFE Halden
P. L. 01gaard/ Ris0 National Laboratory, Technical University of Denmark

1 current affiliation Fugen Nuclear Power Station, PNC, Japan
2 current affiliation IVO Power Engineering Ltd
3 current affiliation ABB Atom AB
4 current affiliation VTT Automation
5 current affiliation Tractebel, Belgium



This is NKS

NKS (Nordic Nuclear Safety Research) is a scientific cooperation program in
nuclear safety, radiation protection and emergency preparedness. Its purpose is to
carry out cost-effective Nordic projects, thus producing research results, exercises,
information, manuals, recommendations, and other types of background material.
This material is to serve decision-makers and other concerned staff members at
authorities, research establishments and enterprises in the nuclear field.

The following major fields of research are presently dealt with: reactor safety,
radioactive waste, radioecology, emergency preparedness and information issues.
A total of nine projects have been carried out in the years 1994 - 1997.

Only projects that are of interest to end-users and financing organizations have
been considered, and the results are intended to be practical, useful and directly
applicable. The main financing organizations are:

• The Danish Emergency Management Agency
• The Finnish Ministry for Trade and Industry
• The Icelandic Radiation Protection Institute
• The Norwegian Radiation Protection Authority
• The Swedish Nuclear Power Inspectorate and

the Swedish RadiationProtection Institute

Additional financial support has been given by the following organizations:

In Finland: Ministry of the Interior; Imatran Voima Oy (IVO); Teollisuuden
Voima Oy (TVO)
In Norway: Ministry of the Environment
In Sweden: Swedish Rescue Services Board; Sydkraft AB; Vattenfall AB; Swedish
Nuclear Fuel and Waste Management Co. (SKB); Nuclear Training and Safety
Center (KSU)

To this should be added contributions in kind by several participating organiza-
tions.

NKS expresses its sincere thanks to all financing and participation organizations,
the project managers and all participants for their support and dedicated work,
without which the NKS program and this report would not have been possible.
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Disclaimer

The views expressed in this document remain the responsibility of the author(s)
and do not necessarily reflect those of NKS.

In particular, neither NKS nor any other organization or body supporting NKS ac-
tivities can be held responsible for the material presented in this report.

Abstract
The workscope of the RAK-2 project has involved research on quantification of
the effects of selected severe accident phenomena for Nordic nuclear power plants,
development and testing of a computerised accident management support system
and data collection and description of various mobile reactors and of different re-
actor types existing in the UK.

The investigations of severe accident phenomena focused mainly on in-vessel melt
progression, covering a numerical assessment of coolability of a degraded BWR
core, the possibility and consequences of a BWR reactor to become critical during
reflooding and the core melt behaviour in the reactor vessel lower plenum. Simu-
lant experiments were carried out to investigate lower head hole ablation induced
by debris discharge. In addition to the in-vessel phenomena, a limited study on
containment response to high pressure melt ejection in a BWR and a comparative
study on fission product source term behaviour in a Swedish PWR were per-
formed.

An existing computerised accident management support system (CAMS) was fur-
ther developed in the area of tracking and predictive simulation, signal validation,
state identification and user interface. The first version of a probabilistic safety
analysis module was developed and implemented in the system. CAMS was tested
in practice with Barseback data in a safety exercise with the Swedish nuclear
authority.

The descriptions of the key features of British reactor types, AGR, Magnox, FBR
and PWR were published as data reports. Separate reports were issued also on ac-
cidents in nuclear ships and on description of key features of satellite reactors. The
collected data were implemented in a common Nordic database.
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Executive summary

The RAK-2 project comprised three research areas:

RAK-2.1 Studies of the consequences of selected severe accident scenarios and
phenomena in Nordic nuclear reactors.

RAK-2.2 Development and testing of a computerised accident management
support system (CAMS).

RAK-2.3 Data collection on different mobile reactors and the British reactor
types for extension of the Nordic database started in the previous NKS
programme covering the reactors in Nordic close neighbourhood.

The workscope of the RAK-2 project has involved research on quantification of
the effects of selected severe accident phenomena for Nordic nuclear power plants,
development and testing of a computerised accident management support system
and data collection and description of various mobile reactors and of different re-
actor types existing in the UK.

The severe accident phenomenology part of the project focused on studying in-
vessel melt progression and core coolability at various stages of a severe accident.

The first subtask was the investigation of core coolability in the original core
boundary. The performed analyses suggest that fuel damage can be prevented, if
the core reflooding is started before the core temperature rises above 1800 K, even
with as low an injection capacity as 45 kg/s. If water injection is initiated later,
some fuel damage will be inevitable due to excessive heat release from metal oxi-
dation. Performed analyses also showed that the core spray is more efficient in
cooling of an overheated core than downcomer injection. Furthermore, on the ba-
sis of performed code calculations a small time window exists, where a large por-
tion of the core is without absorber material while the fuel is still in an intact ge-
ometry. If reflooding is started during this time interval, the BWR is likely to
reach recriticality.

The work with reflooding was succeeded by the evaluation of recriticality issues.
The investigations showed that the fission power peak related to recriticality is
strongly dependent on coolant injection rate, becoming higher with increasing
water injection rate. The performed Nordic calculations suggest that the first
prompt power peak can be high (several times the nominal power) but has a short
duration (the effective energy release is less than one full-power-second). The



scoping studies for containment response to recriticality suggest that a stabilised
power level of 20 % of the nominal power would be too high for prevention of
containment failure with the current safety systems.

The project successfully initiated the development of computational tools for as-
sessment of recriticality in BWRs and thus laid a foundation for continued work in
the field in the framework of the EU SARA project in 1997-1998.

If core degradation proceeds to the so-called late phase, where core melt migrates
into the lower head, the performed studies suggest that the RPV failure in an ABB
type of BWR most likely occurs due to instrument tube nozzle failure. If the core
debris is first fragmented and quenched during the fall through the deep water pool
in the lower head, as predicted by the MELCOR/BH code, the instrument tube
failure takes place at about 1 h after the lower head dryout. This is significantly
later than with the assumption of instrument tubes being embedded in a homoge-
neous melt pool, where instrument nozzles were calculated to fail in less than one
minute from the contact. However, these studies did not address in detail the core
melt discharge out of the pressure vessel and the possible blocking of instrument
tubes by refrozen debris. In such a case the RPV failure may take place later via a
local creep rupture. Large differences exist in the code predictions (MAAP,
MELCOR) for timing of local creep rupture, especially in the low pressure cases.
In the high pressure cases the code predictions agreed better, suggesting that a lo-
cal creep rupture occurs 1-3 h from the lower head dryout.

The coolability of debris in the lower head by late reflooding was also predicted
differently by the integral codes: MELCOR predicted that the metallic debris is
not likely to be coolable by late reflooding due to effective oxidation in the rubble
bed, whereas MAAP generally predicted more favourable results for coolability,
largely due to assumed efficient heat transfer in a gap formed between the lower
head wall and the debris bed.

Debris behaviour in the lower head was investigated also at the Kungliga Tekniska
Hogskolan (KTH). A 2-D numerical model was developed to address the heat
transfer phenomena in a homogeneous, hemispherical melt pool. The developed
model was applied to a reference BWR case to assess the lower head failure due to
wall ablation (ignoring the possible structural/creep loading), with the result that
with typical Nordic BWR initial and boundary conditions the ablation failure
would occur in 2-5 h. Also, the lower head hole ablation issue was studied by per-
forming simulant material tests and by developing numerical models. The investi-
gations supported the observation of fast hole growth and the 2-D character of the
hole growth process.
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The fourth topic that was addressed in RAK-2.1 was the effects of High Pressure
Melt Ejection (HPME) on the containment. The performed numerical analyses
suggest that the pedestal and the dry well will experience a pressure spike of up to
8 bar during the first minute of the HPME. Even more damaging to the contain-
ment penetrations may be the high gas temperatures in the containment, the pre-
dicted dry well gas temperatures were 800-1000 K. High gas temperatures are
caused by release of highly superheated steam and by oxidation of metals in the
discharged debris. Particularly the MELCOR/BH model predicts that the debris
that is ejected through the failed instrument penetrations would have a very high
metal content. In these studies the possible fuel coolant interaction issues were not
addressed.

However, KTH performed also some analytical work on fuel-coolant interaction
related issues. Results of the investigations suggest that the reason for rare occur-
rence of steam explosions with oxidic melt is the "toughness" or capability to re-
sist fast fragmentation of a mushy particle. It is characteristic to oxidic melts to
have a wider temperature range for the mushy region than metallic melts.

The source term analyses for Swedish PWRs with a mechanistic code combination
were initiated in the RAK-2.1 project. This study was especially challenging con-
sidering the limited time frame available to complete it in the last year of the four-
year period of the RAK-2 project. The work is still underway at the end of the
RAK-2 project and will be continued with national financial resources. However,
input files for Ringhals 2 for all needed computer codes were prepared and initial
fission product inventories were calculated and primary circuit thermohydraulic
and fission product analyses were started.

The second subproject of RAK-2 was the development and testing of a Comput-
erized Accident Management System (CAMS). CAMS is a system that will pro-
vide support in normal states as well as in accident states. Support is offered in
identification of the plant state, in assessment of the future development of the ac-
cident, and in planning of accident mitigation strategies. It does not give support in
execution of the chosen mitigation strategy.

CAMS consists of a data acquisition module (DA), a signal-validation module
(SV), a tracking simulator (TS), a predictive simulator (PS), a state-identification
module (SI), a probabilistic safety assessment module (PSA), and a man-machine
interface module (MMI). The work of these modules is co-ordinated by a module
called the system manager (SM). In addition, there are the strategy generator (SG)
and the critical function monitor (CFM); these two are not integrated into the pres-
ent version of CAMS.
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The first phase of the project (1992 - 94), focused mainly on the following tasks:

• information needs during normal and accident conditions in an NPP
• methods that can be successfully applied to a CAMS system
• MMI and human factors requirements.

The Swedish Nuclear Inspectorate kindly accepted to test CAMS at a safety exer-
cise on the 4th of May, 1995. CAMS is designed assuming automatic data transfer
from the plant. Missing the data link, a simulator running in the next room was
updated now and then with data received over the phone. As seen from CAMS, it
did not matter if the data came from a fake plant or from a real plant, except that
the data were delayed. In general, it seemed that CAMS can be a useful tool for a
national authority. A data link from the plant would increase the usefulness. Sev-
eral comments on design features were collected, and will be used to improve the
system.

The main purpose of the second phase of the project was to test the system in a
simulated environment, to verify that the many developed functions, using differ-
ent techniques, can work together producing the desired result in an efficient way:
• Develop and integrate modules like Tracking Simulator, Signal Validation,

State Identification, PSA, and Predictive Simulator. Evaluate how each task is
performed, and identify advantages and drawbacks in the methods used.

• Design a functional structure able to co-ordinate and synchronize the activities
that take place in all above-listed modules. The overall output of the CAMS
system should then be able to satisfy the information needs.

• Design and test an appropriate user interface for different kinds of users, with
different needs and knowledge.

During the CAMS design, considerable effort has been made to maintain the gen-
erality of the CAMS concept; although the referenced process has so far been a
BWR plant, the use of this structure and design can be applied to other processes,
including non-nuclear processes. An important feature of the system, in this re-
spect, is that all the functions or modules are completely independent of each other
and that modules can be deleted, added or changed without affecting the rest of the
system. Moreover, the external tools here used (APROS, GPS, Picasso-3, etc.) are
just plugged into CAMS, so that other tools can be easily used, depending on the
application. This solution is also in line with the "testing platform" concept cited
above, where the need to test different solutions for a single module within the
general CAMS framework (with other functions turned off) can be anticipated.

The third subproject of RAK-2 dealt with the investigation, collection, arrange-
ment and evaluation of data of reactors in the Nordic neighbourhood to be used by
the Nordic nuclear preparedness and safety authorities.
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The subproject was an extension of the previous NKS project SIK-3 (1990-1993),
where data of selected reactors in Germany, Lithuania and Russia were collected.
Thus, reactors in Great Britain have been included as well as satellite reactors.
Extensive data reports were issued on each British reactor type: AGR, FBR, Mag-
nox and PWR. In addition to normal nuclear power plants, data was collected on
mobile reactors, including satellite reactors and submarine and ship reactors. Ac-
cidents on nuclear ships were also addressed. The descriptions of the mobile reac-
tors were published as NKS/RAK-2 reports.

A computerised database has been prepared of nuclear power plants neighbouring
the Nordic countries. The objective of the database is to have easy access to the
main data of the nuclear power stations neighbouring the Nordic countries -
mostly to be used by the nuclear safety authorities in case of an emergency situa-
tion.

This database includes the nuclear power plants covered in the SIK-3 project, i.e.,
plants within about 150 km distance from the border of a Nordic country, and the
nuclear power plants in Great Britain.

The database is developed under Microsoft Access and can be easily implemented
in various existing information systems. Currently, it is planned to be implemented
in the information system under development by the Danish Nuclear Emergency
Management Agency.
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Sammanfattning

RAK-2 omfattade följande tre forskningsområden:

RAK-2.1 Forskning om följderna av svåra haverier i nordiska kärnkraftreak-
torer för vissa utvalda sekvenser och fenomen.

RAK-2.2 Utveckling och uttestning av ett datorbaserat operatörsstödsystem för
haverihantering (CAMS = Computerised Accident Management Sup-
port).

RAK-2.3 Insamlande av information för olika mobila reaktorer och reaktorty-
per som finns i Storbritannien för komplettering av tidigare databas
som tagits fram inom NKS för reaktorer i nordiskt närområde.

Forskningen om svåra haverier i RAK-2.1 var främst inriktad på härdsmältförlopp
i reaktortanken och på möjligheter att kyla härdsmältan under olika faser av
haveriförloppet. Arbetet var uppdelat på fem olika delprojekt.

I det första delprojektet studerades hur en överhettad reaktorhärd kan kylas inuti
reaktortanken ifall kylvatten åter blir tillgängligt. Analyserna visade att bränsle-
skador kan förhindras om återflödning av reaktorhärden börjar innan maximitem-
peraturen stiger över 1800 K, även med så lågt kylföde som 45 kg/s. Om vat-
teninmatningen startar senare ökar bränsleskadorna genom accelererad metalloxi-
dation som bidrar till vänneutvecklingen. Beräkningarna visade att strilning av
härden uppifrån gav effektivare kylning, än då vattnet matades till fallspalten. Ett
annat resultat var att det tar en viss tid mellan det att styrstavar och bränslestavar
smälter, d v s man kan få ett "tidsfönster" under vilket man har en styrstavsfri,
men i övrigt intakt bränslehärd. Risk finns då att återkriticitet kan inträffa ifall
återflödning fås inom detta tidsfönster.

Återflödningsstudien följdes därför av en analys av återkriticitet med hjälp av
olika koder för reaktorkinetikberäkningar. Resultaten visade att man vid återflöd-
ning i en BWR kan få återkriticitet med en mycket hög (flera gånger större än
nominell effekt), men kortvarig effekttopp, vars amplitud ökar med återflödning-
shastigheten. Preliminära resultat tyder på att effekten sedan kan stabiliseras på en,
jämfört med resteffekten, förhöjd nivå. Överslagsberäkningar visar att om effekten
stabiliseras på 20 % eller mer av nominell effekt kommer nuvarande säker-
hetssystem inte kunna förhindra att reaktorinneslutningen brister.

Återkriticitetsprojektet initierade vidareutveckling av de använda koderna vilket
ledde till förslag om fortsatt arbete med detta inom ett EU-projekt, SARA, som ska
genomföras under 1997-98.



I nästa delprojekt studerades det sena härdsmältförloppet, när reaktorhärden inte
återkyls utan fortsätter att upphettas så att smälta rinner ner till botten av reaktor-
tanken. Genomförda studier visar att för BWR av ABB ATOMs konstruktion ge-
nomsmältning av tankbotten sannolikt först inträffar i genomföringarna för in-
strumenttuber. Om, vilket beräkningar med koden MELCOR/BH anger, härdrest-
erna först fragmenteras och kyls då de faller ner genom vattnet som finns i tank-
botten, skulle instrumenttuberna smältas igenom ca 1 h efter att torrkokning erhål-
lits i tankbotten. Detta är betydligt senare än om det antages att instrumenttuberna
är inbäddade i en homogen smälta, vilket ger genomsmältning efter mindre än en
minut efter kontakt med smältan. I dessa förenklade studier har dock inte tagits
hänsyn till fenomen som utflöde av smälta och möjlig blockering vid återfrysning i
tuberna. Om detta beaktas kan tankhaveriet ske senare genom lokalt krypbrott. De
olika koderna (MAAP, MELCOR) gav stora skillnader i tid för lokalt krypbrott,
särskilt i fall med lågt tryck. I fall med högt tryck var det bättre överensstämmelse
mellan koderna, båda gav lokalt krypbrott efter 1 - 3 h från torrkokning i tankbot-
ten.

Även kylningen av härdsmältan i tankbotten beräknades olika med MAAP och
MELCOR. Enligt MELCOR är den metalliska delen av härdgruset inte kylbar vid
sen återflödning p g a kraftig exotermisk oxidation, medan MAAP i regel
beräknade gynnsammare kylning, vilket till stor del berodde på antagandet om att
en spalt bildas mellan tankvägg och härdrester där värmetransporten är effektiv.

I ett annat delprojekt som bedrivits vid KTH har man teoretiskt och experimentellt
studerat värmetransport hos härdsmältan i botten av tanken och fenomen vid ut-
strömning genom hål i tankbottens vägg. En 2-dimensionell modell för vär-
metransporten i en homogen smälta med halvsfärisk geometri har tagits fram, och
modellen har sedan tillämpats på en typisk BWR-tank för att utvärdera hur ge-
nomsmältning och utströmning sker i ett hål som utvidgas genom avsmältning
(ablation). Resultatet härav ger en tid till genomsmältning efter 2-5 h efter att
uppvärmningen börjar vid för en nordisk BWR typiska förhållanden. Utvecklingen
av de teoretiska modellerna baserades bl a på experiment vid KTH med
simulerade härdsmältor av olika sammansättning. Dessa undersökningar bestyrkte
resultaten av de teoretiska beräkningarna, som visade på snabb förstoring av ett hål
och en 2-D avsmältningsprocess.

Det fjärde delprojektet gällde fenomen i inneslutningen vid högtrycksgenom-
smältning av reaktortanken. Beräkningarna visade att man kan få en tryckpuls i
utrymmet under tanken och i drywell på upp till 8 bar under utblåsningens första
minut. Största påkänningen i inneslutningens genomföringar fås troligen av de
höga gastemperaturer som uppnås, och som beräknades till 800-1000 K i drywell.
De höga gastemperaturerna förorsakas av utströmning av överhettad ånga och av
oxidation av metaller i de utströmmande härdresterna. Beräkningarna med
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MELCOR/BH-modellen, i synnerhet, gav hög andel metallisk smälta i ut-
strömningen genom instrumenttuberna. I dessa studier togs inte hänsyn till even-
tuella bränsle-kylmedelreaktioner (FCI). Vissa analytiska studier av FCI-relaterade
frågor såsom ångexplosioner har emellertid gjorts vid KTH. Dessa studier tyder på
att förutsättningarna för att få ångexplosion med oxidisk smälta är beroende av
sammanhållningen och förmågan att stå emot hastig fragmentering av en smält
härdklump. Oxidsmältor kännetecknas av att ha ett större temperatur-område för
bildandet av klumpformiga smältdelar än metalliska smältor.

I ett femte delprojekt påbörjades källtermsanalyser för en svensk PWR, Ringhals
2, med s k mekanistiska koder (SCDAP/RELAP5 och CONTAIN), som är mer
detaljerade än de integrala koder för parameter studier (t ex MAAP) som tidigare
använts. Denna studie blev för omfattande för att helt kunna fullföljas under sista
året av RAK-2.1. Arbetet pågår ännu och beräknas kunna avslutas med nationellt
bidrag. Det tidskrävande arbetet med stationsdatainsamling för Ringhals 2, mod-
ellering och indatapreparering till beräkningskoderna har genomförts och
beräkningsarbetet pågår.

Forskningsområdet för RAK-2.2 innefattade utveckling och test av ett datorbaserat
operatörsstödsystem för haverihantering (CAMS = Computerised Accident Man-
agement Support). CAMS är ett system som ger information om en reaktors till-
stånd vid såväl normal drift som under haveriförlopp. Förutom att vara till hjälp
för att fastställa drifttillståndet, ger det stöd vid bedömning av möjliga haveriför-
lopp, och underlag för planering av nödvändiga konsekvenslindrande åtgärder.
CAMS ger dock inte stöd vid genomförandet av en vald strategi för konsekvens-
lindring.

CAMS består av en datasamlingmodul (DA), en signalbehandlingsmodul (SV), en
signalföljningssimulator (TS), en predikteringsimulator (PS), en modul för identi-
fiering av stationstillståndet (SI), en modul för probabilistisk säkerhetsanalys
(PSA) och en man-maskin-gränssnittsmodul (MMI). Samordningen mellan dessa
moduler sköts av en överordnad modul (SM, System Manager). Till detta finns
ytterligare två moduler som ännu så länge är fristående, en strategigenerator (SG)
och modul för kontroll av kritiska funktioner (CFM).

Första fasen av CAMS-projektet (1992 - 94) behandlade i huvudsak följande
uppgifter:

• informationsbehovet vid normaldrift och vid haveri i en kärnkraftanläggning
• metoder som med framgång kan tillämpas i ett CAMS-system
• krav ur man-maskinsynpunkt och mänskligt handhavande

Genom Statens kärnkraftinspektion i Sverige anordnades ett praktiskt prov med
CAMS vid en säkerhetsövning den 4-e maj 1995. Vid tillfället fanns ingen direkt
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datalänk mellan reaktorstationen och CAMS, som är avsikten, utan CAMS var i
stället kopplad till en närbelägen simulator. Den senare uppdaterades med infor-
mation från reaktorstationen per telefon. Bortsett från tidsfördröjningen var det
från CAMS synvinkel ingen skillnad mot om data hade överförts direkt från sta-
tionen. Demonstrationen visade att CAMS kan vara ett bra verktyg för en myn-
dighet som SKI. En direkt datalänk till stationen förbättrar användbarheten. Öv-
ningen gav många synpunkter och förslag till förbättringar i CAMS.

Huvudsyftet med andra steget i CAMS-projektet var att testa systemet under
simulerade förhållanden, och med olika metoder verifiera att de många funktioner
som tagits fram fungerar effektivt och samverkar på avsett sätt genom att:
• Utveckla och integrera sådana moduler som signalföljningssimulatorn (TS),

signalbehandlingsmodulen (SV), modulen för identifiering av stationstill-
ståndet (SI), PSA och predikteringsimulatorn (PS). Utvärdera hur varje uppgift
genomförs samt identifiera för- och nackdelar i använd metod.

• Konstruera en funktionsstruktur som gör det möjligt att samordna och synkro-
nisera aktiviteterna i de olika modulerna. Det sammantagna resultatet skall då
tillgodose informationsbehovet på tillfredställande sätt.

• Utveckla och testa lämpligt gränssnitt för olika slags användare med skilda
behov och grundkunskaper.

Under utvecklingen av CAMS har betydande ansträngningar gjorts för att bibe-
hålla CAMS-konceptets generalitet. Även om det hittills baserats på BWR-system
kan CAMS-strukturen användas för andra processer. För detta syfte har CAMS en
speciell fördel genom sin moduluppbyggnad, där varje funktion och modul är
fristående och kan utelämnas, inkluderas eller ändras oberoende av de andra. Des-
sutom kan externa hjälpprogram (APROS, GPS, Picasso-3, etc) enkelt läggas till,
allt efter tillämpningsfall. Denna lösning är också i linje med den testplattform
som nämnts ovan, där man kan antaga att behov finns av att prova olika lösningar
för en enstaka modul inom ramen för hela CAMS-systemet.

Det tredje forskningsområdet, RAK-2.3, innefattade undersökning, insamling,
systematisering och utvärdering av data för reaktorer i nordiskt närområde för att
kunna användas av säkerhetsmyndigheter och beredskapsorganisationer i norden.

Arbetet var en utvidgning av föregående NKS-projekt SIK-3 (1990-1993), där data
för utvalda reaktorer i Tyskland, Litauen och Ryssland insamlades. Nu komplet-
terades med data för reaktortyper, inklusive satellitreaktorer, som finns i Storbri-
tannien. Utförliga rapporter har publicerats för brittiska reaktortyper som AGR,
FBR, Magnox och PWR. Dessutom inskaffades data för mobila reaktorer i sat-
teliter, ubåtar och andra fartyg med reaktordrift. Uppgifter om haverier i reaktor-
drivna fartyg har också analyserats. Beskrivningen av mobila reaktorer har pub-
licerats i NKS/RAK-2-rapporter.
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En PC-baserad databas har skapats för reaktorer i nordisk närhet. Syftet med da-
tabasen är att på ett snabbt sätt ge tillgång till uppgifter om någon av dessa reak-
torer, i första hand för nordiska säkerhetsmyndigheter i nödsituationer. Databasen
upptar kärnkraftanläggningar som ingick i SIK-3-projektet, d v s de som ligger
inom 150 km avstånd från något nordiskt lands gränser och därtill kärnkraftan-
läggningar i Storbrittannien.

Databasen framtogs för systemet Microsoft Access och kan lätt implementeras i
olika existerande datorsystem. För närvarande planerar man att lägga in databasen
i ett informationssystem som utvecklas av Beredskabsstyrelsen i Danmark.
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1 Introduction

The four-year RAK-2 project (1994-1997) succeeded the former SIK-2 and SIK-3
projects and comprised three separate subprojects:

RAK-2.1 Severe Accident Phenomenology
Assessment of in-vessel phenomena, particularly degraded core re-
flooding, recriticality and core debris behaviour in the lower head, in
case of Nordic BWRs. Evaluation of possibility and consequences of
Direct Containment Heating in a BWR and assessment of source term
by code comparison for a Nordic PWR.

RAK-2.2 Computerised Accident Management
Development and testing of a prototype for computerised accident
management support (CAMS) comprising tracking and predictive
mode simulation, signal validation, state identification and user inter-
face.

RAK-2.3 Reactors in Nordic Surroundings
Data collection on British reactor types, accidents on nuclear ships, up-
dating of the data of the Eastern European reactors and common Nordic
database.

VTT Energy provided project co-ordination with subproject management from
VTT Energy for RAK-2.1, from IFE Halden for RAK-2.2 and from Ris0 National
Laboratory for RAK-2.3.

The research work for RAK-2.1 was performed by VTT Energy, Teollisuuden
Voima Oy, Studsvik Eco & Safety AB, Vattenfall Energisystem AB, SKI and Ris0
National Laboratory. RAK-2.2. work was carried out within the Halden Reactor
Project by an international project group. RAK-2.3 work was largely carried out
by Ris0 National Laboratory with other participants from IFE Kjeller and Danish
Technical University.



2 Background

The former SIK programme gained important and useful results and identified ar-
eas, where, although initiated in SIK like reflooding and recriticality, further re-
search is needed. In addition to the in-vessel phenomena, the important issue of
containment response and integrity, which was outside the scope of the SIK proj-
ect, was proposed to be addressed in RAK-2. The comparisons of calculations with
different codes, when performed with critical assessment of related uncertainties,
are still applicable and useful tools, when evaluating plant responses to different
severe accident stages. Furthermore, the experiences from the previous activities
have shown that code comparison is a good way to form practical collaboration
between power utilities and research organisations, giving also impact to further
collaboration outside the scope of the NKS work.

Another means of enhancing the knowledge of physical phenomena is to run ex-
periments. There are several planned or ongoing efforts for performing experi-
ments related to severe accidents in the Nordic power utilities, research organisa-
tions and universities. The experimental research is often costly and for that reason
perhaps difficult to fit into regular NKS budgets, but meaningful subtasks can be
extracted from larger experimental research projects to be carried out within the
Nordic Programme. Particularly interesting and suitable work for Nordic Research
was done at the Kungliga Tekniska Hogskolan in the area of corium coolability.

The third feasible way of producing useful information is by doing critical litera-
ture studies on important severe accident areas, where there are limited means to
carry out experimental or comprehensive analytical work in the Nordic countries.
A special emphasis was put on assessing the applicability of the results to the re-
actor types used in the Nordic countries.

A better understanding of the progression and related phenomenology of the reac-
tor core melt is needed in order to develop mitigation strategies and to evaluate the
possible consequences of a severe accident. Particularly the effects of reflooding
on an overheated reactor core proved to be an interesting topic to be studied. The
melting of control rods prior to fuel damage with possible consequence of recriti-
cality in case of core reflooding and its effects to the containment performance
were evaluated with the available calculation tools and the topic was recognised as
an interesting issue by the Nordic power utilities and regulatory authorities.

The same applies to the core melt behaviour in the pressure vessel lower head.
New models for bottom head phenomena accounting for the latest experimental
data have been developed at Oak Ridge National Laboratory and these models
were implemented in the latest code versions of SCDAP/RELAP5 and MELCOR.
This made the available calculation tools more interesting for investigation of



plant behaviour in accident cases, where molten material drains to the pressure
vessel bottom head water pool.

Also it was useful to revisit the topic of containment response in severe accident
conditions. This has been studied several years ago in the national RAMA and
VARA projects, but the knowledge and calculation tools have developed in the
past years and new improved tools, like MELCOR, have become available since
those projects. The critical assessment and comparison of new MAAP and
MELCOR calculations to the old results would bring perspective to the national
PSA efforts. The interesting items would be the containment temperature and
pressure response and also the formation of the source term in the event of bypass
of the filtered venting system.

The Nordic NKS/SIK Programme covered a number of research areas on reactor
safety aspects. The subproject SIK-2.7 was CAMS, Computerised Accident Man-
agement Support. During this project a system was specified for assisting the con-
trol room staff and Technical Support Center during the various phases of accident
management.

An advisory group of experts in accident management and simulation was formed
with the members coming from different industries and authorities in Sweden and
Finland. They provided the system development team with information on the
tasks to be performed by the control room staff, the staff in the Technical Support
Center, and in the command Center in an accident situation. The advisory group
expressed viewpoints as to what part of computer assistance should be useful when
executing these tasks and provided constructive criticism to the design proposal.

The development of CAMS is a large undertaking and the existing prototype has
established a framework for further development and collaboration among the
Nordic organisations with international contacts through the OECD Halden Reac-
tor Project. CAMS has obtained increased attention during the last years both
among utilities and licensing organisations and the initiative taken by NKS has
stimulated the Nordic co-operation. Thus VTT, IVO, Forsmark, SKI and IFE are
active participants in the CAMS development, and support was obtained from Eu-
roSim, ES-Konsult, Ringhals and Barseback. Evaluation of CAMS was carried out
in co-operation with SKI.

Although CAMS mainly addresses problems for control room staff and technical
support centres, the licensing authorities have expressed need for such a tool for
performing independent analysis and assessment in case of an accident, to function
as mediator to the external world in an emergency organisation. The knowledge
gained of severe accident phenomena in other activities of RAK-2 provided useful
information to further development of CAMS and in particular to the identification
of uncertainties related to accident management strategy generation.



The design of nuclear reactors in Nordic surroundings was studied in the SIK-3
project and extensive reports of reactors in neighbouring countries were produced.
The SIK-3 data reports are available also on PC format on floppy disks. However,
the SIK-3 reports should be revised and updated by the end of RAK-2 project.
New efforts will be needed to produce reports also on British reactor types. The
British reactors were originally planned to be included in SIK-3 projects, but were
left out due to lack of time.

It would be useful to form a common Nordic computerised database on ex-Nordic
reactors. The databases should be developed in a way, that an easy access is possi-
ble to all Nordic countries. The study of the effects of various mobile reactors (i.e.
nuclear submarines and ship reactors) has already been carried out to some extent
in the Nordic countries. Since this topic is actual and of interest for all Nordic
countries it would be useful to further investigate it in the RAK-2 project.



3 Objectives

3.1 Severe Accident Phenomenology
The general objective of RAK-2.1 is to enhance the understanding of selected
phenomena related to the progression of hypothetical severe accidents in Nordic
reactors.

The core reflooding studies aim at finding out, when and how the core is still coo-
lable and what are the probable consequences of water cooling. Reflooding of an
overheated, partly degraded core may lead to recriticality in a BWR core, if water
is not sufficiently borated, recriticality may give rise to fission power and steam
generation leading to an early containment venting. The reflooding of a hot core
may also temporarily cause an excessive temperature augmentation and hydrogen
generation. Hydrogen may pose a threat to early containment venting either
through pressure build-up (BWR) or through combustion (PWR).

The coolability of corium in the pressure vessel lower head is an important factor
for the timing of the accident progression. If the melt is quenched in the lower
head water pool, the pressure vessel melt-through could be considerably delayed.
Also the failure mechanism of the lower head affects largely the accident progres-
sion in the containment. The investigation of the failure mode should address the
integrity of the lower head penetrations as well as the global failure due to creep
rupture or thermal ablation of the lower head wall. In case of penetration failure,
the growth of the break area is an important issue as well as melt composition,
thermal history and morphology.

As a natural continuation of the in-vessel studies a limited containment phenom-
ena investigation is motivated. Particularly interesting is the progression of the
high pressure scenario to the high pressure melt ejection and possible related Di-
rect Containment Heating issue in BWRs. Generally the high pressure scenarios in
the Nordic BWRs have a very low probability due to manual backup of the de-
pressurization system and according to present emergency procedures the core
debris will slump into the pre-flooded pedestal thus mitigating the possible effects
of DCH. However, it is important to investigate DCH related issues for initiation
of a severe accident under shutdown and start-up conditions, when the contain-
ment for example is not yet inerted.

The motivation of the source term analyses is the comparison of results obtained
with MAAP4 and with another, in general more detailed, code system combining
SCDAP/RELAP5 and CONTAIN. The application of SCDAP/RELAP5 and
CONTAIN will bring perspective to the PSA level 2 analyses performed to the
Swedish nuclear power plants.



3.2 Computerised Accident Management
The objective of the CAMS project is to study the information needs in accident
scenarios and to investigate, how to design adequate computerised tools and in-
formation systems to cope with such adverse situations.

The CAMS system will provide a common information platform for plant person-
nel and people at the licensing body for training in emergency and accident situa-
tions with realistic dynamic data. Through prototype development and human
factors experiments one will provide knowledge, requirements and experience of
important information needs during accident scenarios and of how to design and
implement computer-based systems supporting accident management.

3.3 Reactors in Nordic Surroundings
The main objective of RAK-2.3 is to investigate, collect, arrange and evaluate data
of reactors in the Nordic neighbourhood to be used by the Nordic nuclear prepar-
edness and safety authorities.

An important task would be to collect data from the British reactor types: AGR,
MAGNOX, FBR and PWR. Another important task is the collection of data of ac-
cidents that have occurred in ships with nuclear reactors. The work would com-
prise the description of the incident and an assessment of the actual risks con-
nected to the naval reactors.



4 Studies on Severe Accident Phenomena

4.1 Degraded Core Coolability with Reflooding
The main objectives of the reflooding studies were:

• To investigate if an overheated core can be recooled at recovery of the emer-
gency core cooling after a severe accident and to evaluate the consequences of
the water injection into a hot core.

• To determine the maximum core temperature at which recooling and rewetting
of the core can be achieved for realistic scenarios with top spray and down-
comer injection from the emergency core cooling systems.

• To investigate the possibilities of resulting in a core configuration, where large
fraction of control rods have melted and relocated while fuel is still in intact
geometry rendering the core to recriticality if reflooded with unborated water.

The core degradation phenomena are complex - involving e.g. chemistry, knowl-
edge of material properties in a wide temperature range and thermal hydraulics -
and difficult to accurately predict with numerical models, since the melting and
relocations of reactor components have a fully 3-dimensional character.

Various core materials can form eutectic mixtures, which have lower melting tem-
peratures than the pure materials. In this respect the eutectic formed between
stainless steel and boron carbide in BWR control rods is of importance as this fa-
cilitates early melting of control rods. Refreezing of melts can form flow block-
ages. Oxidation, especially that of Zirconium, contributes to the heat-up power and
releases hydrogen, the rate of reaction being dependent on temperature, surface of
the metal and availability of steam.

Coolability of degraded core is one step further in complexity of the phenomenol-
ogical spectrum. The available experimental data on the issue is sparse and it was
not before past couple of years that serious efforts on understanding the reflooding
phenomena were undertaken, especially with the QUENCH experiments per-
formed at Forschungszentrum Karlsruhe. Several other experiments carried out in
USA and Germany, were terminated with water coolant injection and based on
these data, first code models were introduced into mechanistic codes modelling
core melt progression - like SCDAP. The first efforts to incorporate capabilities to
describe reflooding effects have also been taken in integrated codes, MAAP4 al-
ready has the models available, MELCOR code development in this area is under-
way.



This study assesses the predictions of core coolability by water addition given by
the current risk analysis codes, MAAP4 and MELCOR and the mechanistic code
SCDAP/RELAP5 calculated with real plant data. The assessment is based on
comparison of the different code results in similar accident situations and also on
evaluation of results in light of experimental observations.

4.1.1 Technical Approach
The reflooding studies were carried out for Nordic Boiling Water Reactors (BWR)
Olkiluoto 1 and 2 and Forsmark 3 by performing computer code calculations with
three different sever accident computer codes and performing a critical compari-
son and evaluation of the obtained calculated results.

The three computer codes were the integrated risk analysis codes MAAP4 and
MELCOR 1.8.3 and the mechanistic best-estimate computer code SCDAP/
RELAP5. All three codes were applied in Olkiluoto case, Forsmark calculations
were performed only with SCDAP/RELAP5. All three computer codes have mod-
els for thermal hydraulics in the reactor coolant system (RCS), for various engi-
neering safety systems and for chemical interactions between different core mate-
rials (including eutectic formation and metals oxidation). Fission product release
and transport from the core was not addressed in this study.

SCDAP/RELAP5 has the most detailed models of the two-phase thermal hydrau-
lics. MAAP4 has a simpler, fast running thermal hydraulics description using for
example a fixed nodalisation of the primary circuit. MELCOR 1.8.3 lies some-
where between SCDAP/RELAP5 and MAAP4 in complexity and accuracy of the
two-phase flow modelling.

The oxidation models of the three codes are basically similar; SCDAP/RELAP5
and MELCOR apply the kinetic rate law utilising the well-known Urbanic-
Heidrick correlation and MAAP4 calculates the Zirconium oxidation with equally
well-established Baker-Just and Cathcart correlations.

The models of material interaction and relocation have distinct differences. The
most detailed model for material interactions has been incorporated into
SCDAP/RELAP5. Usually, calculation of material melting and relocations is also
the most time consuming part of the calculation and this part has been simplified
in MAAP4 and MELCOR 1.8.3. However, since the prediction of geometrical
transformations in the core are extremely complex items to describe numerically,
risk analysis codes, like MELCOR and MAAP4, may give equally reliable or un-
reliable results in this matter.

Two base accident scenarios were investigated. They were station blackout with
successful depressurization of Reactor Coolant System and station blackout with
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failure to depressurize the Reactor coolant system. In Olkiluoto case the depres-
surization of the RCS was assumed to take place through manual action at 1 h into
the accident. In Forsmark case the Automatic Depressurization System (ADS) op-
erated according to an automatic logic leading to the opening of the ADS valves
earlier than in Olkiluoto, at about 13 minutes into the accident.

The occurrence of power recovery and start of reflooding was varied in a way that
water injection into the core was initiated, when maximum core temperature ex-
ceeded a specified value ranging from 1400 K to about 2000 K. Also the location
of water injection (downcomer injection vs. core spray) was varied (Table 1).

Table 1 Calculated reflooding cases for Olkiluoto (OL) and Forsmark (F). Low
pressure cases = L, High pressure cases = H.

Case

OL-L-0
OL-L-2...5
OL-H-0
OL-H-2...7

F-L-0
F-L-2...4
F-L-5
F-L-6
F-H-0
F-H-1...2

Cooling recovery

No
DC injection (327)
No
DC injection (327)

No
Core spray (327)
Core spray (323)
DC injection (323)
No
Core spray (327)

Mass flow
rate [kg/s]
0
45
0
45

0
45
5801

580'
0
45

Starting temperature
(PCT)* [K]
-
1400,1600, 1800, 2000
-
1400, 1600, 1800, 2000,
23002, 27302

-
1400, 1600, 1800
1800
1800
-
1600, 1800

1 Corresponds to the flow rate of two loops at the back pressure of 4 bar.
' Only MAAP4 calculations

4.1.2 Main Results of Core Reflooding Analyses

All three computer codes predicted the progression of the core damage slightly
differently [1]. In the performed calculations MELCOR predicted the fragmenta-
tion of the fuel and formation of a rubble bed with no fuel or cladding slumping
into the lower head in the majority of the cases. Some of the code sensitivity pa-
rameters are anticipated to have effect on the results. MAAP4 in turn favours for-
mation of a melt pool in the core, with no material relocations to the lower ple-
num, when the core is reflooded (Fig. 1). Also MAAP4 results are sensitive to
user-input parameters. A SCDAP/RELAP5 calculation resulted in melt pool for-
mation and rapid slumping of material into the lower head (in case, where the code



was able to calculate far enough). The material relocation to the lower head was,
however, controlled by user-specified input parameters in SCDAP/RELAP5.

CORE END STATE- MELCOR CORE END STATE- MAAP4

radial rings

2 3 4

support
plate

paniculate
debris

fuel*
cladding II

oxidized I control
cladding rods

Figure 1 End states ofOlkiluoto 1 & 2 reactor in low pressure case with re-
flooding at 1800 K. MAAP4 and MELCOR predictions.

All codes predict an increase in hydrogen production at the time, when the water
level reached the bottom of the active fuel. In the scenarios with failure to depres-
surize the reactor coolant system, all calculated cases with the three codes resulted
in a quenched end state of the core.

In the cases with reflooding and successful depressurization the core damages
were larger than in the respective high pressure variations.
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The final state of the core according to MAAP4 calculations for Olkiluoto 1 & 2 is
the same if the reflooding is started at 1 h 15 min independent of reactor coolant
system pressure. The intact core geometry is lost and a melt pool has formed in the
original core volume.

All codes predicted a relatively small time window between the relocation of the
control rods and the fuel in the core. According to MELCOR the time gap was
only 1-2 min. MAAP4 predicted the time window to vary between 3 and 15 min-
utes. However, the rubble bed in MELCOR consists of fuel and cladding particles
with no absorber material present.

The SCDAP/RELAP5 results for Forsmark 3 show, that the maximum temperature
for which the core can be recooled might be slightly above 1800 K with normally
operating depressurization system (Fig. 2).

3 . 0 0
MAXIMUM CLADDING TEMPERATURE IN THE CORE

0 . 2 5

No fefloodlng
1*00 K
WOO K
1800 K

• R.flood itortj

0 1 2 3 4 5 6

TIME ( t0 3s)

F3 TB + ADS, REFLOODING WITH CORE SPRAY 45 KG/S

Figure 2 Maximum fuel surface temperatures in Forsmark 3
low pressure reflooding cases. SCDAP/RELAP5 prediction.

The following main results and conclusion from the analysis can be mentioned [2]:

• For maximum cladding temperatures < 1600 K fast recooling was obtained
even with such a low reflood rate as 45 kg/s. Core damage was then limited to
slight increase in oxidation. Removal of absorber material in control rods was
indicated at only few locations. All of the UO fuel remained intact.
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• At maximum temperatures of 1800 K, and above, injection of water increased
core damage considerably. With the low coolant flow rate, 45 kg/s, recooling
was obtained only after a long period of time with increased oxidation and
temperature increase due to exothermic metal-steam reactions. With higher
water injection flow rates recooling was faster, but caused oxide shattering and
embrittlement of the oxide layer on the fuel rods.

• Start of water injection at 1800 K led to more melt down of control rod B4C
with low reflooding rates than with high flow rates. Although large oxidation
and removal of fuel rod claddings, no removal of UO2 fuel was indicated.

• Water injection above the core gave a more efficient recooling than with down-
comer injection with large flow rates from the low pressure ECCS.

• The fast recooling with low pressure ECCS caused pressure increase, which
reduced the coolant mass flow rate and on occasions even stopped the flow.
This has to be considered at the assessment of the efficiency of system 323.

In general, when discussing about the reflooding of a severely damaged core, fur-
ther information about the pertinent physical phenomena occurring during the
quenching process is needed. This is particularly important in order to evaluate the
adequacy of the present calculational tools for applications in the context of acci-
dent management.

4.2 Recriticality of Degraded Core
The primary concern in criticality events is a super prompt-critical excursion,
which would result in rapid disintegration of fuel, rapid molten fuel coolant inter-
action, and the production of a large pressure pulse capable of directly failing the
vessel. The analysis conducted in Pacific Northwest Laboratories [3] indicate that
the rapid disintegration of fuel is not likely under the conditions of reflooding a
hot core, which may or may not be degraded. Doppler feedback is the principle
mechanism for terminating rapid transients in low enriched uranium-water sys-
tems and is adequate to limit the energetics of reflood recriticality to a level below
which the reactor vessel would be threatened by a pressure pulse.

If the initial power excursion does not fail the fuel, but the reactor still remains
critical following the initial pulse at the time of reflooding, it will either reach an
oscillatory mode in which water periodically enters the core and is expelled from
the core or it will approach a quasi-steady power level. The primary concern in the
latter case would be the increasing temperature of the suppression pool and the
subsequent potential for containment over-pressurisation. The capacities of the
suppression pool residual heat removal system and the containment filtered vent-
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ing system are not enough to prevent containment over-pressurisation during re-
criticality. The pressure build-up would eventually fail the containment, and
probably also cause failure of core cooling systems. Boiling of the condensation
pool would fail the pumps of the core spray system 323, taking suction from the
pool. This could ultimately lead to further core damage and open a direct release
path to the environment.

The objective of this study is to examine, if a BWR core in a Nordic nuclear power
plant can reach a recritical state in a severe accident when the core is reflooded
with unborated water from the emergency core cooling system and what is the
possible power augmentation related to recriticality. The containment response to
elevated power level and subsequent enhanced steam production will be evaluated.

Reactivity accidents in degraded cores have been addressed in some studies during
the past decade with somewhat varying conclusions.

In the earlier work by Scott et al.[3] it was concluded that recriticality is possible
but the probable power excursion would be moderate not being able to fragment
the fuel. If the reactor remains critical following an initial excursion at the time of
reflooding, and the reflooding is conducted without boration, it will either enter an
oscillatory mode in which water periodically enters and is expelled from the core
or it will approach a quasi-steady power level. In either case, the power level
achieved will be determined by the balance between the reactivity added and the
feedback mechanisms (reactor water level, void fraction, fuel temperature, primary
system pressure). Furthermore, a recriticality event is likely to produce core power
less than about 20 % of normal power and probably not much more than 10 % of
normal power, but may be significantly above the decay heat level (circa 2 % after
30 minutes).

Shamoun et al. [4] present the importance of change in void fraction on recritical-
ity calculations. During reflood, when the fuel temperature is still high before
quenching, and void fraction is below 20 %, recriticality is possible only if at least
95 % of the control rod material is lost from the control cell and the core is re-
flooded with unborated water. Recriticality is not possible under any circum-
stances during reflooding phase before fuel quenching, even if 100 % of control
material is lost, if the void fraction exceeds 20 %. Reflooding the core with bo-
rated water at a boron concentration of 1200 ppm is sufficient to prevent recriti-
cality under short- and long-term recovery conditions corresponding to zero void
fraction and high (525 K) and low (325 K) moderator temperature.

Two-dimensional four-bundle studies by Mosteller et al. [5] suggest that retention
of 10-20% of control poison may prevent recriticality. However, three-
dimensional effects may affect the result, since for example all the present severe
accident models predict non-uniform melting of the control rods.
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Okkonen [6] on the other hand proposes that a degraded BWR core will reach re-
criticality if at least a length of one meter of fuel is intact and the coolant void
fraction in the core is below 0.6.

Earlier studies based on hand calculations [7] suggest that 850-1000 ppm boron in
the coolant would be sufficient to prevent recriticality in intact fuel geometry of
TVOI/II. Currently emergency core cooling water in the Nordic BWRs does not
contain boron.

4.2.1 Technical Approach
There are no standard code systems applicable to address the problem of recriti-
cality. The only available tools will be a combinations of thermal hydraulic codes
giving estimates of the probable control rod/fuel configurations at the start of re-
flooding and of a separate reactor physics code calculation of the fission power
and the thermal hydraulics during the transient. The reactor physics codes avail-
able in the Nordic countries are designed for standard transient calculations and
for design of fuel loading and all of them had to be modified to meet the require-
ments of this special severe accident problem. The first subtask was to upgrade the
existing models to a level needed for the study of recriticality. The second task
was to update or build plant inputs for the codes. The third task was to perform
selected base case analyses.

The Nordic recriticality studies used three different tools for reactor physics re-
lated to recriticality. Firstly, a simple model RECRIT has been created at Ris0 Na-
tional Laboratory. The first version of RECRIT has simple but sound models for
neutronics but might have carried some significant modelling undershootings in
thermal hydraulic parts. The reflooding physics was not described in detail and the
location of the quenching front was considered to be equal to the collapsed water
level. No liquid entrainment was calculated either. These deficiencies were reme-
died with implementation of thermal hydraulic models developed at VTT Energy
with the neutronics of the original RECRIT code. The upgraded thermo-hydraulic
model accounts for the quench front movement and the heat transfer below and
above the quench front as well as the heat generation due to cladding oxidation.
After completion of the code updating, the final recriticality analyses were per-
formed for Olkiluoto 1 and 2 with RECRIT.

Secondly, the APROS simulation code was applied to study recriticality at VTT. A
three-dimensional code model for Olkiluoto 1 and 2 has been prepared in APROS
describing 500 fuel bundles in 250 core channels. Fuel data for ATRIUM10 bun-
dles was processed to the proper format and was implemented into the APROS
core model. A set of scoping studies with APROS Olkiluoto model was performed
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taking the initial core damage states for the recriticality calculations as input from
the previous MELCOR and MAAP4 calculations.

The third approach to recriticality applied the SIMULATE-3K code for neutronics
and the studies were performed by Studsvik Eco & Safety AB. SIMULATE-3K is
a transient reactor physics model with more detailed neutronics but simpler ther-
mohydraulics than e.g. APROS. SIMULATE-3K was used with Oskarshamn 3
plant data. A tentative calculation was performed with a simple core model having
4 x 4 BWR assemblies. Studied cases started with total station blackout after 3 s
with full power followed by scram and stopping of the core flow. The water boil-
off and core heat up started and when the core temperatures had increased to 1500
K, half the number of the control rods were withdrawn and reflooding was started.

4.2.2 Main Results of the Recriticality Analyses
The recriticality studies in RAK-2.1 have produced interesting results, although
the full goal of extensive analysis of recriticality was not achieved within this
project. The most notable positive outcome of the project was the development of
a major upgraded version of the RECRIT code having models for neutronics and
thermal hydraulics specially tailored to reflooding situations.

The presented analyses [8, 9]with all three codes should be considered tentative.
However, the trends in the results seem reasonable and encourage to continue the
development and analyses with all three codes. The three codes differ quite much
in respect of their scope but their parallel use enhances the general understanding
of the recriticality phenomenon. SIMULATE-3K has in the background extensive
reactor core applications around the world and currently new transient characteris-
tics of the core are being developed. APROS is a full range nuclear plant analyser
for various reactor incidents. RECRIT is a code specialised on the BWR LOCA
phenomena.

The investigation of the Olkiluoto fuel data (Fig. 3) with RECRIT suggests that
recriticality would be possible if the coolant void fraction is below 60 % and very
little (< 5%) of control rods have remained in the core. This void fraction limit is
much higher that what Shamoun et al concluded in their work [4]. On the other
hand, according to Fig 3 one could deduce that recriticality is impossible if at least
50 % of control rods are left in the core. This renders the result by Okkonen et al.
conservative, since they propose that recriticality is possible if at least 1 m height
of core (corresponds to 27 % of control rods melted in Olkiluoto core) is without
absorber material.
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Figure 3 Characteristics of the reactivity behaviour with the anticipated range
ofofuel temperature and control poison concentration during reflooding.

The RECRIT code calculations resulted in reasonable trends in power behaviour
during recriticality. The power peaks turned down rapidly after reaching criticality
and then stabilises or oscillates around an elevated power level. Since the coolant
void fraction and the fuel temperature are the principal factors affecting criticality,
variations on coolant flow rate were carried out. Both the power peak and the
quasi-stabilised power level were strongly dependent of the coolant flow rate. In
the case of the lowest reflood rate (22.5 kg/s) two peaks of 30 % of nominal power
could be seen after reaching recriticality. With the flow rate of 45 kg/s several
power peaks with maximum of 220 % could be seen, but outside the power peaks
the fission power was negligible. With the flow rate of 160 kg/s a distinct power
peak of approximately 400 % could be seen followed by several power peaks and
the power remained on the level of 30 % at the end of calculation. With the highest
reflood rate of 540 kg/s the first power peak was about 1730 % of the nominal
power followed by another power peak of about 8 seconds later. The power stabi-
lised in this case to a level of 100 % of the nominal power (Fig. 4).

16



ioT

toT

TOTAL CORE POWER

o
Q.

O +2
* 10
u.
o

£ 10 + 1

o

10

•

1 •
r

i
1

! ;

i <
11
i i
i i

• •

/v/ ̂
/ '
—-i--

1 1

1
\

H
ll
n

-ti

(11
1

J
1

1

—

, — —

1
t
>
\
\

/

— R«flood

— Raflood

— Raflood

— R«flood

i

i
t

t
/

^ s -

22.5 kg/s

45 kg/s

160 kg/s ,

540 kg/s

1 1

' l 1

' 1 :

5 10 15 2 0 2 5

TIME (s)

BLACKOUT, ADS DEPRESSURIZATION AND REFLOOD

OLKILUOTO BWR, 2200 MWth

30

Figure 4 Total core power generation as fraction of the nominal power in
after reaching criticality, RECRIT calculation for Olkiluoto 1 &2.

However, the calculations did not address, how long the coolant injection could be
maintained. The recritical period was calculated only for 30 s. The long term
power level is strongly dependent on water injection rate.

The scoping studies with APROS resulted in a high initial power peak of about
260 % of nominal power, but the power stabilised in low level, close to decay heat,
after the initial peak. The reflooding rate in the scoping studies was low 10-50
kg/s.

Recriticality studies with SIMULATE-3K were started with tentative calculations
on a simplified 4 by 4 assembly BWR core, and on a full scale model of Oskar-
shamn 3 3300 MW^ plant. Studied cases started with total station blackout after 3
s with full power followed by scram and stopping of the core flow. The water boil-
off and core heat up started and when the core temperatures had increased to 1500
K, half the number of the control rods were withdrawn and reflooding was started.
The tentative SIMULATE-3K results showed that the Doppler feedback limited
the power pulse to less than one full-power second, although high power peaks
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may occur (100 - 1500 % of the nominal power). After the peak, the fission power
stabilised at an elevated level, the magnitude of which increased with reflooding
flow rate. In case of water injection of 625 kg/s corresponding to 5 % nominal re-
circulation flow rate, the power stabilised at about 35 % of full power.

In the full core calculations for 0-3 in the high pressure case the power peak after
reaching recriticality was low, but the reactor stabilised at a power level corre-
sponding to about 15 % of the nominal power with 175 kg/s reflooding flow rate.
In the low pressure case SIMULATE-3K predicted an initial power peak of about
15 % of the nominal power after which, the power settled down close to decay
power. SIMULATE-3K is still under development and needs additional updating
and modifications the full-scale calculations could, therefore, only be carried
through with some simplified boundary conditions.

The results of present studies showed that reflooding of a partly control rod free
core can give a recriticality power peak of a substantial amplitude, but with a short
duration due to Doppler feedback. The energy addition is small and contributes
very little to the heat-up of the fuel. However, with continued reflooding, the fis-
sion power increases again and tends to stabilise on a level that can be 10 % or
more of the nominal power, the level being higher with higher reflooding flow
rate. As only a thin axial control-rod-free core layer is needed to obtain a critical
configuration, the axial nodalisation has some impact on the results. Also, the
formulation of valid cross-section data for severe accident conditions has currently
not been addressed enough.

A scoping study on TVO BWR containment response to a presumed recriticality
accident with a long-term power level being 20 % of the nominal power was per-
formed. The results indicated that containment venting system would not be suffi-
cient to prevent containment over-pressurisation and containment failure would
occur about 3-4 h after start of core reflooding. In the case of station blackout with
operating ADS the present boron system would be sufficient to terminate the criti-
cality event prior to containment failure, but in case of feedwater LOCA and boron
dilution to the whole containment water pool, the present boron concentration
would not be sufficient to ensure subcriticality in the core.

Comparison of results obtained with the three different codes, i. e. APROS,
SIMULATE-3K and RECRIT shows considerable differences. RECRIT seems to
give higher recriticality power peaks and larger sustainable core power at high re-
flooding flows than APROS and SIMULATE-3K. The thermo-hydraulic models
for APROS and RECRIT have some similarities, but especially the lack of
quenching front model in five equation model of APROS limit currently its capa-
bilities for BWR reflooding related phenomena. Also, differences in implementa-
tion and interaction with the reactor kinetics might be a reason for the deviating
results, which have to be further investigated and explained.
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It can be recommended that a full range parameter sensitivity analysis until the
core is completely covered should be performed with all codes. A methodology is
developed for comparing the contents of the reactor physical data used in different
codes. All used analysis methods have their own advantages: SIMULATE and
APROS can offer their wide scope of application and experiences gained world
wide, RECRIT code can offer the physical description adjusted to BWR reflooding
specific phenomena.

The project successfully initiated development of adequate analytical tools for re-
criticality studies and thus laid a foundation for the continued work in the field in
the framework of the EU SARA project in 1997-1998.

4.3 Core Melt Behaviour in the Reactor Vessel Lower Head
The former two stages of the in-vessel melt progression studies within the RAK-
2.1 project addressed the phenomena related to reflooding and coolability of core
material in the original core boundary and the possibility of a partially damaged
core to reach recriticality during reflooding. In cases, where core damage progres-
sion cannot be terminated by reflooding in early phase, the core melt will eventu-
ally relocate into the lower head water pool.

The objective of this study is to investigate how and when core melt discharges
into the pressure vessel lower head, what is the temperature and the chemical
composition of the melt and in what form (melt pool / rubble bed) does the corium
reside in the lower head. Furthermore we will seek to assess what is the possible
failure mechanism of the lower head. In addition to these data, this study will ad-
dress the possibility to cool the debris in the lower head to prevent the lower head
failure and the consequences water injection.

The code comparison is aimed at trying to get a deeper understanding of the phe-
nomena in the lower head and to evaluate and compare different models with re-
spect to corium coolability in the lower head. The possibility of debris quenching
in the lower head could delay the vessel failure and change the course of the acci-
dent. It also means that in-vessel retention might be feasible. The codes studies
include both sensitivity analysis of the influence of different input parameters and
comparison of the results from different codes.

4.3.1 Technical Approach
The plant case studies on late phase melt progression were carried out using two
integrated risk-analysis codes - MAAP4 and MELCOR- and a special thermal and
structural analysis code PASULA [10]. Calculations were performed with
Forsmark 3 and Olkiluoto 1&2 input data.
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The analyses focused on performing comparative studies of MAAP4 and
MELCOR codes for lower head failure with creep rupture and MELCOR code and
PASULA model comparisons on lower head failure due to penetration failure. In
the Forsmark studies with MAAP4, only creep rupture was investigated, because
the penetration weld model in MAAP4 is not directly applicable to ABB reactor
type penetrations. In fact, the current MAAP4 model would produce non-
conservative results for penetration failure cases. For Olkiluoto analyses with
MELCOR, both creep rupture and penetration failure were examined. In case of
penetration failure MELCOR results were "checked" by calculation of the struc-
tural integrity of the penetration with the detailed PASULA model taking the
thermal load affecting the penetration as input boundary condition from the
MELCOR calculation. Thus one could assess the confidence in the MELCOR pre-
dictions.

Two base accident scenarios were investigated: station blackout with successful
depressurization of the RCS (low pressure case) and station blackout with failure
to depressurize the RCS (high pressure cases). A few reflooding cases were also
calculated to study the coolability of the debris bed in the lower head. Several sen-
sitivity runs were performed with both MAAP4 and MELCOR codes, varying key
parameters like debris particle size, debris porosity, debris fragmentation and a
number of more code specific modelling parameters [11].

Certain input parameters values, like particle size, were fixed by taking values
from experimental data (e.g. FARO tests). The results were assessed in light of
experimental observations from applicable simulant or prototypic material tests.

4.3.2 Main Results of the Late Phase Melt Progression Studies

The Bottom Head Package (BH) specially developed to address BWR lower head
features was activated in MELCOR code and applied to investigate the core debris
behaviour and the thermal response of structures in the Olkiluoto 1&2 reactor ves-
sel lower head both under low and high pressure difference between the RCS and
the containment. Lower head failure mechanisms and timing were examined by
allowing instrument tube failure (normal case) or by deactivating penetration fail-
ure model, which rendered the creep rupture and the wall ablation the feasible
lower head failure modes. Due to modelling assumptions in MELCOR all pre-
sented studies examine thermal behaviour of a rubble bed in the lower head.

MELCOR predicted that the debris was partially quenched during the initial down
fall from the core region in the low pressure cases. The lower head water pool
boiled off in 21-47 minutes. If the lower head penetration model was active, lower
head failed by instrument tube melting in multiple radial locations above 60 cm
from the bottom of the vessel. This occurred 13-50 minutes after lower head dry-
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out in low pressure cases and between 55 minutes and 1 h 17 minutes in high pres-
sure cases. According to PASULA calculations for Olkiluoto low pressure case,
the lower head failure would occur most likely due to instrument tube weld failure
at the periphery of the lower head hemisphere about 1 h after lower head dryout.
The instrument tubes in the centre of the lower head would fail due to melting in
about 5000 s at an elevation of about 1 m from the bottom wall. However, it is un-
likely, that the debris pouring into the flow channel would not freeze and block the
channel before discharging out of the vessel. According to PASULA calculations
the control rod nozzles would also loose strength at about 4000 s after lower head
dryout near the periphery of the lower head, but since the control rod guide tubes
are supported by a common tieplate, the failure of tubes at the periphery of the
lower head is deemed not to lead into debris discharge out of the vessel. According
to MELCOR calculations, the average debris discharge rate out of the pressure
vessel ranged from 7 kg/s to 56 kg/s during the first half an hour of the pour. How-
ever, the uncertainties in the debris discharge rate are high, since BH package has
only a simple parametric model for crust and blockage formation in the instrument
tube channel.

If the instrument tube failure was precluded in the MELCOR calculation, the
lower head failed due to creep rupture 5.5 hours from lower head dryout in a wall
node close to the connection of the hemispherical and cylindrical parts of the RPV
wall (Fig. 5). The reflooding of dry debris bed did not prevent the lower head fail-
ure under low system pressure, on the contrary the failure occurred earlier due to
excess heat release from Zirconium oxidation. The Zirconium oxidation fraction in
non-reflooding case was 16 % and in reflooding cases 47.. .75 % corresponding to
release of 420-925 kg of hydrogen.
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Figure 5 Debris bed temperatures, debris masses and porosities and the
lower head inner surface wall temperature at the time of creep rupture.
Olkiluoto calculation with MELCOR 1.8.3 in low pressure case.

In the respective MAAP4 calculations for Forsmark 3 the boiloff of lower head
water pool took 51 min ... 1 h 41 min, depending of the particle size and the debris
fragmentation fraction. The RPV failure by creep rupture occurred substantially
earlier in MAAP4 calculations, 1 h 14 min ... 1 h 56 min from the lower head dry-
out, than in MELCOR results. MAAP4 also calculated that the creep rupture takes
place at the bottom node of the vessel wall, which also differs from the MELCOR
prediction. The temperature distributions of debris and vessel wall in MAAP4 cal-
culation are illustrated in Fig. 6. The reason for the differences lies in the different
compositions and structure of debris layers in the bottom head, which are largely
defined by hard-wired modelling assumptions in the two codes: in MAAP4 the
metal layer resides on top of debris bed, where as in MELCOR the bottom layer
has the highest metals content and the mixing of the layers is limited due to high
faction of solids. The hottest part of the debris is the oxide layer generating decay
heat.
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MAAP4 also predicted the effects of reflooding of a dry debris bed differently
from MELCOR. The augmentation of Zircaloy oxidation during reflooding was
negligible. The fact due to modelling assumption in MAAP4, and one reason to
produce more favourable conditions for debris bed coolability compared to those
predicted by MELCOR. Another, even more powerful means of achieving coola-
bility in MAAP4 model is the assumed formation of a gap between the lower head
wall and the debris bed lower crust adjacing the wall. The water is assumed to be
able to penetrate into the small gap and remove heat effectively enough to prevent
the vessel failure. A lot of research is being done to verify the effectiveness of the
gap cooling. In a sensitivity case, where gap cooling was precluded through the
input, the RPV failed, despite reflooding, about 2 h after the lower head dryout.

Figure 6 Temperatures of lower head debris bed and lower head wall
structures at the time of creep rupture from bottom wall node in
Forsmark 3 low pressure case, MAAP4 prediction.
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In high pressure cases MELCOR predicted that the debris was initially totally
quenched in the lower head water pool. The boiloff of the pool took 21-47 min-
utes. If the instrument tubes were modelled in the lower head, the RPV failed due
to instrument tube melting at the elevation of debris layer 2, with the failure time
varying from 55 minutes to 1 h 17 minutes from the lower head dryout. If the
penetration failure was precluded the lower head failed due to creep rupture at 3.3
hours from the lower head dryout. Reflooding of dry lower head debris bed pre-
vented the (creep rupture) failure of the lower head only, if reflooding was started
immediately (1 min) after lower head dryout. In all other cases reflooding speeded
up the failure of lower head by amplified oxidation. A total of 330-627 kg of hy-
drogen was released during lower head reflooding.

In the MAAP4 predictions for high pressure sequences the boiloff of the lower
head water pool took a longer time, 36 min ... 1.4 h, than in MELCOR calcula-
tions. The lower head creep rupture time varied from 48 min to 1 h 11 minutes. It
is noticeable that MAAP4 and MELCOR predictions for creep rupture timing
agreed well in high pressure cases. Also the predicted failure locations agreed
better in high pressure cases.

The results of reflooding cases showed the same trends as with low pressure cases.
MAAP4 predicted better cooling than MELCOR. According to MAAP4 results the
creep rupture can be avoided if the reflooding is started at 20 minutes prior to cal-
culated creep rupture time. If the water injection begins later than 10 minutes be-
fore creep rupture, the RPV failure cannot be avoided.

Lower head thermal behaviour in BWR case was investigated also at the RIT [12],
[13]. The model developed at RIT treats the case of a uniform composition, ini-
tially quenched, debris bed of zero porosity, which is slowly converted into a melt
pool. The hemispherical lower head wall is included in the modelling and its melt-
through due to thermal attack of the melt pool is calculated. However, no struc-
tural calculations are performed.

The model was applied to the BWR scenario of lower head melt pool formation,
and vessel melt-through. The heat sinks of the control rod guide tubes and instru-
mentation tubes were ignored. Also ignored was the presence of any Zircaloy in
the BWR debris, which may lead to chemical energy addition.

Two cases were calculated, 1) with the assumption of constant internal heat gen-
eration equal to 1.0 MW/m3 (=16 MW) and 2) with internal pool heat generation
of 2.0 MW/m3 (=32 MW). These thermal powers are within the range of Olkiluoto
and Forsmark whole core decay heats after two hours from scram. The initial de-
bris bed mass was 135 metric tons and the initial debris temperature was 1000 K.
The model predicted the failure of vessel wall due to thermal ablation to occur at 3
hours 46 minutes and 1 hour 54 minutes in cases 1) and 2) respectively.
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This analysis for the BWR ignores the possibility of vessel failure through struc-
tural and/or creep loading prior to melt-through.

4.4 Experiments on Reactor Pressure Vessel Lower Head Hole
Ablation and Ex-Vessel Core Melt Coolability

Areas of severe accident phenomenology, which have received much attention but
have not yet been adequately resolved are

(a) the interaction of corium melt with the lower head vessel wall in the
presence or absence of water,

(b) interaction of the melt jet upon it's release from the vessel with the
containment space below the vessel, which may or may not contain a
deep pool of water.

The major questions of concern here are, (1) extent of the ablation of the initial
hole, or failure in the vessel wall, through which the melt is discharged into the
containment, (2) the extent of spreading of the melt jet on the concrete basemat in
the space under the vessel if there is none or little water present, (3) during inter-
action with deep water pool, the fraction of the melt jet that will fragment and
cool, and the fraction of the melt jet, which will not fragment, and deposit as a
melt pool under water to attack the concrete basemat, (4) the coolability of the
melt pool under water and (5) the long term coolability of the debris bed formed, if
substantial fragmentation of the melt jet with very small particles, is predicted to
occur.

Another question, which has been asked, regarding the interaction of the melt with
water, is the strength and the frequency of steam explosions, since, if they occur,
may fragment the jet completely into very small particles, produce a large amount
of hydrogen in a very short time, and produce large dynamic loads on the con-
tainment.

The primary objectives of the research programme at Royal Institute of Technol-
ogy (RIT) are to obtain data on the melt-structure-water interactions that occur
during the progression of a severe accident after a core melt has occurred in a
LWR. Specifically, data will be obtained for

• The ablation process, which increases the size of a hole or a LOCA failure in
the power head wall of the reactor pressure vessel, as the core melt is dis-
charged into the containment.

• The melt spreading process on the PWR cavity floor, or on the BWR drywell
floor in a relatively dry containment scenario.
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• The melt fragmentation process that occurs when the melt jet is discharged into
a water pool.

• The melt coolability process under a water overlayer that occurs when the
unfragmented melt collects at the bottom of the water and attacks the concrete
basemat.

• The debris coolability process that occurs when the heat-generating fragmented
melt particles collect in the bottom of the pool and attack the concrete basemat.

Other objectives are to (a) establish scaling relationships so that the experimental
results obtained are appropriate for model validation and could be extended to
prototypical situations, (b) construct phenomenological and/or first-principle com-
putational models for the processes mentioned above and validate the developed
and the existing models against data obtained in the experiments conducted in this
program and elsewhere.

The research work performed at RIT within NKS project can be divided into three
parts, namely, 1) modelling of the in-vessel thermal loading during core melt-
vessel interaction, 2) vessel hole ablation and thermal hydraulics of core melt dis-
charge from the reactor pressure vessel, and 3) phenomena of melt-water interac-
tions [13].

4.4.1 Phenomena of In-Vessel Thermal Loading
The objective of the performed studies at the RIT was to investigate heat transfer
in internally-heated melt pool under high Raleigh-number conditions, which result
in turbulent flows [14]. Such a process may occur in a postulated severe nuclear
reactor accident, when a decay-heated core melt pool may form. Isothermal rigid
boundary conditions are applied to all boundaries of the pool, where freezing of
core melt occurs. The most notable application envisaged is related to the accident
management scheme of external flooding of the reactor vessel to preclude its fail-
ure; thereby containing and cooling the melt within the vessel.

The aim of the work was to develop a new method for modelling heat transfer in a
heat-generating liquid pool, which can reasonably describe the related physical
processes and phenomena, and, at the same time, is simple enough, so that it could
be implemented in an integral reactor safety code [15].

First a new melt pool natural convection model was developed and validated for
steady-state and transient conditions for a variety of boundary and geometrical
conditions. A numerical method for phase change problems was added in order to
obtain a computer code, which can handle the solution of 2D conservation equa-
tions in the complex domain of the debris and vessel head wall. Phenomena of
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potential importance to the behaviour of core melt pool were identified and ana-
lysed. These are the crust dynamics and the effect of the mushy-phase properties
on melt pool heat transfer. Finally, an integral code was developed to analyse core
melt progression in the late phase of melt-vessel interactions. The code enables
reactor calculations in a 2D formulation, taking into account the crust behaviour,
melting of the vessel steel, and natural convection heat transfer in melt pool.

It was shown, by comparing the calculated results with the available experimental
data, that the model could predict, a) fractions of heat removed to the various
cooled surfaces of the pool, b) temperature fields within the pool under steady-
state and transient conditions, and c) local heat flux distribution on the bottom
curved surface of the pool [15].

The thermal hydraulic behaviour of the crust and that of the mushy layers, which
envelop the decay-heated molten corium pool was investigated. It was found that
the upper crust, though thin, is thermally stable, whereas the existence and stabil-
ity of the side ward crust are sensitive to the convective heat transfer in the vertical
molten-vessel steel layer [16].

The flow and convective heat transfer in the mushy zone of the crust layer are
found to have both stabilising (from hydrodynamic point of view) and destabilis-
ing (from the thermal point of view) influence on crust dynamics. The significance
level of these effects in the prototypic accident cases remains, however, unclear,
since they strongly depend on a corium property, namely the mushy-phase perme-
ability coefficient, which is unknown. Only experimental observations can provide
information, with which further assessments could be made.

As an example a BWR melt pool formation and the thermal attack of the debris
bed on the vessel wall was studied with the developed model [12]. The boundary
conditions of the calculation are shown in Fig. 10. Because of large size of the de-
bris bed and its relatively low heat conductivity, the effect of the cooled bounda-
ries is small and the debris heats up almost uniformly. Thus the melt pool occupies
a large fraction of the debris bed.

The internal heat source of the 135 tonnes debris bed was set to 1.0MW/m3 in an
example calculation. The end state of the lower head at the wall melt-through is
illustrated in Fig 11. The vessel wall melt-through occurs at 3 hours 46 minutes at
a location near the top of the melt pool. Approximately 109 tonnes of molten de-
bris, having superheat of 165 K. is available for discharge to the containment.
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Figure 10 Boundary conditions of a studied BWR configuration [12].

Figure 11 Temperature field at vessel wall melt-through [12].
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4.4.2 Vessel Hole Ablation and Core Melt Discharge
Vessel hole ablation, and the melt discharge processes have been investigated ex-
perimentally at RIT by employing simulant materials, and analytically by model-
ling the heat and mass transfer processes during core melt discharge. The model-
ling is based on the observations obtained during the experiments, and resulted in
a model, named HAMISA (hole ablation modelling in severe accidents) [17], [18].

The facility used to perform the tests was based in the Metal-Casting division of
the Royal Institute of Technology, where there is a small resistance furnace and an
induction furnace having capacity of ~ 15 litres of melt. The induction furnace can
be raised and tilted to pour the melt into test apparatus. For heating the oxidic
mixtures, a graphite crucible lined with A12O3 was employed. The scoping experi-
ments for hole ablation have employed ~ 5 litres or ~ 35 kg of melt.

The scoping hole ablation experiments have been performed with ~ 35 kg of the
mixture of PbO and B2O3 heated in an A12O3 lined graphite crucible placed in the
induction furnace. The test section was a steel cylinder -160 mm inside diameter
and ~ 400 mm height with a lead plate as the base. A hole of 10 mm diameter was
placed at the Center of the base plate. Three different lead plates of 20 mm, 30 mm
and 40 mm thickness have been employed in these initial experiments. The melt-
ing point of lead is 600 K and the melt temperature employed was ~ 1150 K. Thus
the temperature difference was ~ 550 K, which is not too different from that
prevalent in the reactor situations. The melt crystallisation has been measured to
begin at ~ 900 K, when the melt viscosity rises sharply. Although this can not be
signified as solidus temperature, the melt heat transfer and flow behaviour was
much like that of a slurry with high solid content.

The controlling parameters for the hole ablation tests are melt superheat, melt vis-
cosity, melt flow velocity through the hole, initial hole size and different melting
temperature wall structures. The extent of parameter variations were determined
through scaling and sensitivity analysis performed concurrent with or prior to ex-
periment planning.

Figure 12 shows the shapes of the ablated holes in the 40, 30 and 20 mm plates
after passage of 35 kg of melt. It is seen that the ablation process is two-
dimensional and that the final size of the hole is a function of the thickness of the
plate.
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Figure 12 Final hole geometry in the KTH scoping hole
ablation experiments: observations on 3 plates [18].

During the core melt discharge, the convective heat fluxes (from melt flow to dis-
charge hole boundaries) are the driving mechanisms for vessel wall ablation. Thus,
the heat transfer characteristics of a laminar entry region in experiments, and those
of a turbulent entry region in prototypic situations, have to be analysed in an accu-
rate manner. Based on a tentative identification, ranking and evaluation of related
physical phenomena are found to be (1) crust formation and relocation dynamics,
(2) temperature dependence of melt properties, and (3) the multi-dimensional heat
conduction and ablation front propagation in the vessel wall beneath the crust.

4.4.3 Phenomena of Melt-Water Interaction
Dynamic shock loads, which determine the immediate behaviour of structures en-
closing the steam explosion zone in a light water reactor (LWR) vessel or cavity,
have recently appeared as a focus of steam explosion modelling. At the same time,
the initial conditions of interest have been extended from nearly saturated (in-
vessel) to highly subcooled (ex-vessel) coolant conditions, with new limiting
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mechanisms coming into play. Additionally, the thermal energy of the melt parti-
cles fragmented by the explosion wave cannot be assumed to be mixed instantly
throughout the bulk coolant (even locally), inasmuch as the melt-coolant premix-
tures are typically quite lean in fuel. On the other hand, the melt-coolant premix-
ing in a deep, subcooled water pool can lead to relatively fast freezing of the melt
particles, hence limiting the maximum thermal energy available for the explosion
process. Such dynamical processes within the coolant and the melt phase have to
be considered with care before the model predictions can be applied to reactor
cases.

In this study the focus was on the melt freezing behaviour. The approximate time
scales of melt freezing are first considered by assuming a uniform temperature
profile inside the melt particle. The conditions, under which melt freezing could be
limited by internal conduction, were also examined. Several conclusions were ob-
tained as results of this study [19].

The quenching (freezing and cool down) of melt particles should be one of the
major factors affecting the ex-vessel steam explosion loading. Solidified melt par-
ticles cannot take part in an explosion, and, consequently, the time scales of
freezing are of primary interest. The quenching depends, first of all, on the surface
heat fluxes and any other heat sources such as exothermic metal oxidation. Ap-
proximate freezing time scales were estimated, but it was also found that the ne-
glect of internal conduction limitations may lead to an underestimation of the
freezing times. Transient conduction analyses were performed to explore potential
conduction effects, which depend on the particle size and properties. When con-
sidering the importance of internal conduction, one should also note that the sur-
face shell includes most of the sphere mass, and that shock-wave-induced frag-
mentation may be resisted prior to complete freezing.

The explosive melt fragmentation behaviour may, indeed, depend on the state of
the melt particle just prior to shock-wave-induced acceleration. A mushy particle
can be particularly "stiff due to internal crystal formation and subsequent in-
crease in effective surface tension and viscosity, while a mostly liquid droplet can
only resist moderate forces without fragmenting. It appears prudent to expect dif-
ferences between three basic configurations: (i) a superheated metal-type melt
droplet, (ii) an oxide-type melt particle with a solid crust and a liquid core, and
(iii) a mixed-type (binary, ternary) melt particle with a liquid core, an intermediate
mushy region and some crust on top. The transitions between these categories de-
pend on material properties and the thickness of the solid and mushy layers.

The studies suggest that the high surface heat fluxes, the relatively low initial su-
perheats, and the strongly temperature-dependent properties of corium could be
the key to the recent observations in the KROTOS tests (no explosions, yet, with
corium). With binary melt mixtures, the properties change continuously during
freezing, in contrast to pure melt materials, which exhibit "sudden" solidification.
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Single droplet experiments should be performed to understand fragmentation of
the mixed-type melts, both before and during the explosion propagation phase.
With additional data on time scales that can make the particles non-explosive, or,
at least, more resistant to fast fragmentation, the freezing models could be em-
ployed to predict ex-vessel reactor situations.

Needless to say, also the properties of various core melt mixtures, the pre-
explosion particle sizes, as well as the vessel melt release conditions, are crucial
for the estimates on ex-vessel steam explosion energetics.

4.5 Containment Thermal-Hydraulic Loads by Lower Head
Penetration Failure in High System Pressure

In cases, where the core degradation cannot be terminated and the core melt
migrates into the reactor vessel lower head and causes a thermal attack on lower
head penetrations and lower head wall, the accident progresses to core debris
discharge from the reactor pressure vessel to the containment. In some accident
scenarios this may lead to high pressure melt ejection (HPME). When the ejected
debris is dispersed into the containment gas volume, a large amount of energy may
be released from hot particles to heat and to pressurise the containment
atmosphere. In addition, the exothermic chemical reactions of the metallic compo-
nents with steam - and possibly oxygen - will increase the containment loading.
These heating processes are known as Direct Containment Heating (DCH).

HPME phenomena have not received the same attention in BWRs as in PWRs,
mainly because the probability of pressure vessel failure in high pressure is low
due to reliable Automatic Depressurization System (ADS) in BWRs. However, if
the containment fails from the HPME loads, the radiological consequences may be
serious.

The debris dispersal method in BWRs is most likely different from the classical
DCH scenarios envisaged for PWRs. In BWR the vessel is assumed to fail from
instrument tube penetration with a small initial hole. The discharging melt is as-
sumed to disperse directly, when entering the containment atmosphere during the
first few tens of seconds of the blowdown. In PWR case a large amount of melt is
assumed to discharge from the reactor pressure vessel at a pressure that can be
twice as high as the normal operation pressure of a BWR. The debris is ejected to
the cavity floor beneath the vessel lower head and the steam/water blowdown fol-
lowing after enhances the dispersal of the melt into containment atmosphere.

The objective of this study was to evaluate the containment pressure and temper-
ature histories in Olkiluoto BWR involved with the high pressure melt ejection.
The possible fuel coolant interaction in the pedestal water pool was not addressed.
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4.5.1 Technical Approach
High Pressure Melt Ejection in case of Olkiluoto BWR was studied numerically
applying CONTAIN 1.2 and MELCOR 1.8.3 computer codes. The strategy was to
estimate the debris, steam and noncondensable gas discharge rates from the pres-
sure vessel to containment with the MELCOR/BH model and then calculate the
containment response with CONTAIN. In addition to the BH model calculations, a
hypothetical corium discharge cases were studied with CONTAIN. In these cases
the ejected core melt was assumed to comprise 15-25 % of all core materials in
proportion to the initial core inventories. The temperature of the debris was de-
fined to be 2500 K (as generally predicted by the MAAP code).

The containment response was also calculated in one case with MELCOR for
comparison. Since the MELCOR code version 1.8.3 does not allow a parallel acti-
vation of both the BH model and the containment high pressure melt ejection
model (so-called FDI package), the containment calculation were performed ap-
plying the stand-alone mode of the FDI model.

4.5.2 Main Results from the HPME Studies
The studied accident scenario initiated with a station blackout. The depres-
surisation of the reactor coolant system was assumed to fail leading to a failure of
three instrument tubes in the lower head at full system pressure. The containment
studies focus on the short time period (about 120 s) following the instrument tube
failure. Most of the critical phenomena occur during the first few tens of seconds
after the RPV failure, because the growth of the initial hole in the bottom head
leads to a situation, where the pressure difference is not high enough to disperse
the debris directly from the hole. The high pressure melt ejection criteria in
MELCOR model is that debris discharge velocity exceeds 10 m/s and this limit is
reached at 20 seconds after the initiation of the blowdown (the RCS pressure at
that time is 20 bar).

According to the MELCOR/BH model about 10 000 kg of molten debris and 1000
kg of superheated steam is discharged from the reactor pressure vessel during 20
seconds after the failure of the instrument tubes. The debris is highly metallic
having the composition of 19.1 % Zr, 76.6 % Fe, 3.6 % FeO, 0.7 % ZrO2 and
0.0003 % UO2. The surprisingly high metal content can be explained by the fact
that according to the MELCOR model the debris is first quenched when migrating
from the core support plate to the lower head water pool. The penetrations are as-
sumed to remain intact prior to lower head dryout. The heatup of the penetrations
follow the heatup of the bulk debris, and the instrument tubes are assumed to fail
when the debris temperature reaches the melting point of stainless steel. At that
point only metals are molten and able to be ejected from the lower head. The tem-
perature of the debris ranged from 1700 K to 2500 K.
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The pressure and temperature responses of the pedestal are illustrated in Figs. 13
and 14, respectively.
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Figure 13 Pressure in the Olkiluoto BWR predicted by
CONTAIN and MELCOR. Dry pedestal and metallic debris.
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Figure 14 Temperature in the Olkiluoto BWR pedestal predicted
by CONTAIN and MELCOR. Dry pedestal and metallic debris.
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The pressure peaks were high, about 7-8 bar. The maximum gas temperature in the
pedestal was above 1500 K, with CONTAIN predicting higher temperatures than
MELCOR. The gas temperature in the upper drywell was also high, above 1000 K.
The high gas temperatures are consequences of the initial discharge of highly su-
perheated steam and the heat released from the metal oxidation. In general
MELCOR model predicted more complete and intensive chemical reactions than
CONTAIN. However, the calculations with metallic debris were sensitive to model
parameters, like particle size and parameters controlling oxidation kinetics (Fig.
15).
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Figure 15 Sensitivity of gas temperature in the drywell to model pa-
rameters (particle size d, chemical reaction time T~l/diff).

In the hypothetical cases, where 15-25 % (22 500 -38 700 kg) of the whole core
material inventory and 34 000 kg of saturated water were assumed to disperse to
the containment atmosphere in 30 seconds. About 77 % of the debris consisted of
oxides. The debris temperature was assumed to be 2500 K. These cases represent a
situation, where a large amount of high-temperature debris flows from the core
region into the lower head forming a homogeneous melt pool.
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In the oxidic melt case the main contributor to the containment pressure loading
seemed to be the mass and energy release from the reactor coolant system during
the HPME. The temperatures in the containment were significantly lower than in
the respective metallic debris cases. The pedestal gas temperatures were about
450 K in all calculated sensitivity cases with the pedestal pressure ranging from
6.5 to 8.5 bar. The effects of the Direct Containment Heating processes were mi-
nor. Also the results were insensitive to parametric variations.

On the basis of the performed calculations, it can be concluded that high pressure
melt ejection may jeopardise the leaktightness of the containment penetrations due
to high temperature or at least lead to early containment venting in Nordic BWRs.

4.6 Source Term Calculations for Swedish PWR
This subtask was done in the fifth and final phase of the subproject RAK-2.1
following the studies of degraded core reflooding, recriticality, later phase melt
progression and containment response to high pressure melt ejection. The earlier
source term calculations for Swedish PWRs are based on the integral code MAAP.
A need was recognised to compare these calculations with calculations performed
with a mechanistic code. For this task the code combination of ORIGEN 2,
SCDAP/RELAP5 and CONTAIN were chosen.

4.6.1 Technical Approach
The present work is a study of the source term to the containment and to the envi-
ronment in case of total loss of power at Ringhals 2 PWR plant.

The initial core inventories of fission products were calculated with ORIGEN2.
The thermal hydraulic behaviour and the fission product release and transport in
the primary and the secondary system of the Ringhals 2 were modelled with
SCDAP/RELAP5. The release of fission products and materials from the reactor
coolant system predicted by SCDAP/RELAP5 was then taken as input to
CONTAIN code, used to calculate the containment response up to possible source
term release into the environment.

4.6.2 Main Results
The five radial channels in the core were the basis for the calculation of the core
inventory of fission products, which was calculated using the code ORIGEN2.
From the radial power distribution in the core an average power for each channel
was calculated. The history of each fuel element, from April 1997 and back
through all the cycles the element had been active in the core, was recorded. Fuel
elements with the same history, i.e. fuel elements that every year had been placed
together in the same radial channel, was collected together and constituted one
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ORIGEN2-run. In all, 27 0RIGEN2-runs were made. The output from all runs
were added up, and a total fission product inventory could be calculated. How this
mass was distributed over the radial channels was also calculated and used in the
SCDAP input.

The results from the SCDAP/RELAP5 calculations include a PORV cycling be-
ginning after 1 h, a surge line creep rupture happening after 2.3 h, and fission
product releases beginning when the fuel cladding was damaged after 2.1 h. The
fission product transport routine did not seem to work properly though, and this
will be further investigated and discussed with the code developers at INEEL.

Additional work with the project will therefore await until the code problems are
solved and new corrections have been made to SCDAP/RELAP5.

4.7 Conclusions and Open Issues
The in-vessel melt progression and core coolability at various stages of a severe
accident were studied numerically in the RAK-2.1 subproject.

At first the core coolability in the original core boundary was investigated. The
performed analyses suggest that fuel damage can be prevented if the core reflood-
ing is started before the core temperature rises above 1800 K, even with as low an
injection capacity as 45 kg/s. If the water injection is initiated later, some fuel
damage will be inevitable due to excessive heat release from metal oxidation Per-
formed analyses also showed that the core spray is more efficient in cooling of an
overheated core than downcomer injection. Furthermore, on the basis of per-
formed code calculations a small time window exists, where large portion of core
is without absorber material while fuel is still in an intact geometry. If reflooding
is started during this time interval the BWR is likely to reach recriticality.

The issue of core reflooding has been studied extensively in the current and past
NKS programmes. We feel that, presently, little could be added to the performed
work in this area with the numerical studies. The further development in the area is
more needing experiments on high temperature reflood heat transfer and on mate-
rial behaviour (including properties and chemistry) under high temperatures and
large thermal gradients than further assessment of computer current code models.
Furthermore, the operability of water injection systems under various reflooding
conditions would need to be assessed critically.

The work with reflooding was succeeded by the evaluation of recriticality issues.
The investigations showed that the fission power peak related to recriticality is
strongly dependent on the coolant injection rate, becoming higher with increasing
water injection rate. The performed Nordic calculations suggest that the first
prompt power peak can be high (several times the nominal power) but has a short
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duration (the effective energy release is less than one full-power-second). The
scoping studies for containment response to recriticality suggest that a stabilised
power level of 20 % of the nominal power would be too high for prevention of the
containment failure with the current safety systems.

The project successfully initiated the development of computational tools for as-
sessment of recriticality in BWRs. Further plant analyses are needed and will be
performed in the framework of the EU SARA project in 1997-1998.

If core degradation proceeds to so-called late phase, where core melt migrates into
the lower head, the performed studies suggest that the RPV failure in an ABB type
of BWR most likely occurs due to instrument tube nozzle failure. If the core de-
bris is first fragmented and quenched during the fall through of the deep water
pool in the lower head, as predicted by MELCOR/BH code, the instrument tube
failure takes place at about 1 h after the lower head dryout. This is significantly
later than with the assumption of the instrument tubes being embedded in a homo-
geneous melt pool, where instrument nozzles were calculated to fail in less than
one minute from the contact. However, these studies did not address in detail the
core melt discharge out of the pressure vessel and the possible blocking of the in-
strument tubes by refrozen debris. In such a case the RPV failure may take place
later via a local creep rupture. Large differences exist in the code predictions
(MAAP, MELCOR) for timing of the local creep rupture, especially in the low
pressure cases. In the high pressure cases the code predictions agreed better, sug-
gesting that a local creep rupture occurs 1-3 h from the lower head dryout.

The coolability of debris in the lower head by late reflooding was also predicted
differently by different integral codes: MELCOR predicted that the metallic debris
is not likely to be coolable by late reflooding due to effective oxidation in the rub-
ble bed, whereas MAAP generally predicted more favourable results for coolabil-
ity, largely due to assumed efficient heat transfer in a gap formed between the
lower head wall and the debris bed.

Debris behaviour in the lower head was investigated also at the Kungliga Tekniska
Hogskolan (KTH). A 2-D numerical model was developed to address the heat
transfer phenomena in a homogeneous, hemispherical melt pool. The developed
model was applied to a reference BWR case to assess the lower head failure due to
wall ablation (ignoring the possible structural/creep loading), with a result that
with typical Nordic BWR initial and boundary conditions the ablation failure
would occur in 2-5 h.

Also, the lower head hole ablation issue was studied by performing simulant mate-
rial tests and by developing numerical models. The investigations supported the
observation of fast hole growth and the 2-D character of the hole growth process.
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One of the major uncertainties that was observed with the analysis of MAAP and
MELCOR calculations for late phase melt progression, was the criteria and mod-
elling of core support plate failure. Both codes have a simple, parametric models
controlled by user dials for prediction of support plate failure. These models, how-
ever, thus control also the pattern and history of the core debris relocations into the
lower head. Another major uncertainty in the lower head studies is the downward
migration of debris in the instrument tube channel, including the possible refreez-
ing and blockage formation in the channel.

The fourth topic that was addressed in RAK-2.1 was the effects of High Pressure
Melt Ejection (HPME) to the containment. The performed numerical analyses
suggest that the pedestal and the drywell will experience a pressure spike of up to
8 bar during the first minute of the HPME. Even more damaging to the contain-
ment penetrations may be the high gas temperatures in the containment, the pre-
dicted drywell gas temperatures were 800-1000 K. High gas temperatures are
caused by release of highly superheated steam and by oxidation of metals in the
discharged debris. Particularly MELCOR/BH model predicts that the debris that is
discharged through the failed instrument penetrations would have a very high
metal content. In these studies the possible fuel coolant interaction issues were not
addressed.

However, KTH performed also some analytical work on fuel-coolant interaction
related issues. Results of the investigations suggest that the reason for rare occur-
rence of steam explosions with oxidic melt is the "toughness" or capability to re-
sist fast fragmentation of a mushy particle. It is characteristic to oxidic melts to
have a wider temperature range for mushy region than metallic melts.

An interesting question rising from the performed MELCOR and CONTAIN
studies would be the possibility and consequences of the fuel-coolant interactions
in the flooded pedestal, in case of metallic melt discharge as suggested by
MELCOR/BH package results.

The source term analyses for Swedish PWR with a mechanistic code combination
were initiated in the RAK-2.1 project. This study was especially challenging con-
sidering the limited time frame available to complete it in the last year of the four-
year period of RAK-2 project. The work is still underway at the end of the RAK-2
project and will be continued with national financial resources. However, input
files for Ringhals 2 for all needed computer codes were prepared and initial fission
product inventories were calculated and primary circuit thermohydraulic and fis-
sion product analyses were started. The comparison of MAAP and a mechanistic
code predictions of the source term is still an open and interesting issue.
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5 Development and Testing of a Computerized
Accident Management System

5.1 Description of the Current CAMS Prototype

5.1.1 Introduction

CAMS (Computerised Accident Management Support) is a system that will pro-
vide support in normal states as well as in accident states. Support is offered in
identification of the plant state, in assessment of the future development of the ac-
cident, and in planning of accident mitigation strategies. It does not give support in
execution of the chosen mitigation strategy.

We imagine different types of users: operators and shift leaders in the control
room, the staff in the technical support centre (TSC), and people in the national
safety authorities. These different types of users need different types of support.
CAMS picks up information from the plant and transforms it into a more digesti-
ble form before presenting it to the users. This transformation process can be con-
trolled by the user.

CAMS consists of a data acquisition module (DA), a signal-validation module
(SV), a tracking simulator (TS), a predictive simulator (PS), a state-identification
module (SI), a probabilistic safety assessment module (PSA), and a man-machine
interface module (MMI). The work of these modules is co-ordinated by a module
called the system manager (SM). In addition, there are the strategy generator (SG)
and the critical function monitor (CFM), these two are not integrated into the pres-
ent version of CAMS.

The purpose of the prototype is to study how advanced information techniques can
be utilised efficiently in accident management. Various methods are tested. The
possibilities and also the difficulties of the chosen design are evaluated.

The design of the first CAMS prototype has been described in 1994 in HWR-390,
Reference [20]. Advancements in 1994-96 have been reported in HWR-440, ref.
[34]. Recent improvements include:

• A special data acquisition module has been added, making it easier to couple
CAMS to any data source, be it a plant or a simulator.

• The SV used an approach with a single neural network, and this module had not
been integrated into the prototype. Now it has been expanded into an approach
using combination of fuzzy logic and neural networks, and this expanded SV
has been integrated into the prototype.
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• The TS has been added to the system. The tracking is made by adjustment of
parameters rather than of variables, using a least-squares criterion.

• In addition to the version describing the plant Forsmark-2, a version for another
plant, the Barseback-1, has also been made. It is, however, the Forsmark-2 ver-
sion which has been integrated into the present prototype.

• The SI, which existed only in a rather rudimentary form in the previous proto-
type, has been expanded and integrated into the prototype.

• A PSA module has been written and integrated into the prototype.

• New pictures have been added to exploit the new modules; SV, SI and PSA.
The new and improved trend system of Picasso-3 version 2.0 has been taken
into use and all the supporting programs use the new application program inter-
face.

• As the prototype now contains a large number of modules, a SM has been
added to co-ordinate the other modules.

• Emphasis has been placed on making a general design and structure facilitating
easy maintenance and adaptation to different reactor types. Although specific
plant knowledge is implemented inside each module, it should not be necessary
to rearrange the whole design when changing to another plant.

And, in addition:

CAMS has been tested at a safety exercise at the Swedish Nuclear Inspectorate in
May 1995. This work has been reported in a joint paper between staff from the
Swedish Nuclear Inspectorate and staff from the HRP, Reference [21]. The main
conclusion was that CAMS was useful already in the incomplete form that it had
at that time, and that it had room for improvement and extension.

A lessons-learned report has been written, Reference [22], about on-line simula-
tion and estimation, to review ideas that can be used in CAMS. Some of these
ideas have been used in the TS. The present prototype has been made for a boiling-
water reactor, but the possibility of making a version for pressurised-water reac-
tors will be investigated.

5.1.2 The Structure of CAMS
Figure 16 shows the main modules of CAMS and the data flow between them.
First we note that CAMS is an information system, data flows from the plant to the

41



user. You can influence what goes on in the modules close to the Man-Machine
Interface, but you cannot operate the plant through CAMS.

The plant data are picked up by the Data Acquisition module (DA). From there
they flow to the Signal Validation module (SV). Validated data flow to the Track-
ing Simulator (TS) and to the State Identification module (SI). The TS augments
the measurements with three sorts of extra data:

• data which the user should like to know, but which are not measured
• data that are used for initialisation of the predictive simulator, but which are not

measured
• data that are measured, but which also can be calculated from independent

measurements.

In the latter case the TS acts as the calculation assistant of the SV. The co-
operation between the SV and the TS is indicated by the double arrow between
them. From the TS, validated and augmented data are available to any module that
may request it. In addition to the SV already mentioned, the main customers for
such data are the Man-Machine Interface (MMI) and Predictive Simulator (PS).
When requested by the user, the PS will pick up the current state from the TS. The
PS may be asked to predict what will happen if no intervention is carried out, or if
a certain sequence of interventions is carried out.

The SI produce qualitative information about the plant state: there is or is not a
leakage, a component is or is not available, etc. This information is communicated
to the user by the MMI. It is also the starting point for the analyses done by the
Probabilistic Safety Assessment module (PSA), the Strategy Generator module
(SG), and the Critical Function Monitor (CFM). As indicated, the SG and the CFM
have not been integrated into the present version of the prototype.

Data from all these modules flow to the Man-Machine Interface (MMI) to be ex-
amined by the user. The user can control the data transformation going on in the
PS, PSA, etc., this is indicated by the arrows going backwards from the MMI to
these modules.
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DA= Data Acquisition
SV= SignalValidation

T S = Tracking Simulator
SI = State Identification

PS = Predictive Simulator
PSA=Prab. Safety Assessment
SG = Strategy Generator
CFM = Critical Function Monitor

MMI = Man-Machine Interface

Figure 16 CAMS main components and the functional links between them.

5.1.3 The Signal Validation Module (SV)

Purpose
The Signal Validation module (SV) in CAMS is currently based on neuro-fuzzy
techniques. The complete algorithm and procedure can be found in Reference [31].
Currently, a set of reactor safety related signals has been used in the SV module,
but the same design can be applied concurrently to other sets of process signals.

43



Description

/L
v 1 STEP
\ DELAY

ONE STEP AHEAD
FEEDBACK

ONE STEP AHEAD
ANN

BACK STEP 1
FEEDBACK 1

PROCESS

A
V

i

FUZZY
CLASSIFIER

.A

JSSS* | /«« . /—/* • •
i

i i |
OUTPUT

SELECTOR

1

•

/ ANN4

1

POSSIBILISTlC
CLASSIRER

- -

RELIABILITY
ASSESSMENT

Figure 17 Neuro-fuzzy Signal Validation functional diagram.

Figure 17 shows a simplified diagram of the neuro-fuzzy model. The probabilistic
fuzzy classifier is used to identify one or more possible regions of the process op-
erating point (as defined by the set of signals to be validated), to which the in-
coming sample could belong. The probabilistic nature of this classifier results in a
prompt detection of patterns outside the module training volume (which can intro-
duce unacceptable errors in the neural networks response).

The neural networks (ANN) have been trained, each in a different region, in the set
of the possible regions identified by the classifier. They work concurrently during
the validation process and their output is averaged using the fuzzy membership
value of the incoming pattern in each cluster (region). In this implementation,
seven clusters have been identified, which cover the entire power-flow map of the
reactor.

An example of test results is given in Figure 18.
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Figure 18 Detection of the 2nd failure mode: Neutron power drops 4% {constant
error).

Plant condition: Power decreasing from 100% to 50% in about 1 hour,
then steady state

Failure modes: 1) Coolant temperature drifts up at +1.7 C/h, starting
at 1400 s
2) Neutron power drops 4% (constant error), at 1750 s
3) Steam generator level drifts up at 7.2 %/h, starting
at 2500 s

The plot shows the result of the 2nd failure mode. The error bands in the mismatch
plots are calculated by the models according to the expected system accuracy and
should be interpreted as follows:

First band: It is set at 2 standard deviations of the expected error. Exceeding this
band is considered a first warning, especially if the situation persists.
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Second band: It is set at 4 standard deviations. Exceeding this band is considered
a definitive alert signal.

From the analysis of the rest of the plots which is not included here, it can be seen
that the model was able to detect the abnormalities providing also a good estima-
tion of the right values for the failed sensors.

Failure n.l has been detected after 400 sec, when the drift was +0.2 C

Failure n.2 has been immediately detected

Failure n.3 has been detected after few seconds, considering the high rate of drift
All the other signals were confirmed, at high reliability.

5.1.4 The Tracking Simulator (TS)
Purpose
The purpose of the TS (Tracking Simulator) is to calculate:

Quantities that are not measured, but which the user should like to know. Used by:
MMI.

Quantities that are not measured, which are to be used as initial values when pre-
dicting what will happen. Used by: PS.

Quantities that are measured, but which can also be calculated from other inde-
pendent measurements. Used by: SV.

Requirements
For this prototype, the required estimates are:

-Cladding temperature
-Relief valve flow
-Steam leakage inside the containment
-Water leakage inside the containment.

More requirements may be added to this list later, for instance:

-Water level in the reactor tank (for the SV)
-Steam leakage outside the containment
-Water leakage outside the containment
-Further, some estimates may be available at no extra cost.
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Description
TS receive new measurement data at regular intervals. But not all the interesting
state variables are measured. Non-measured and measured variables are for in-
stance temperatures, pressures, positions, velocities, quantities for which we can
establish equations describing the main part of their development with time, even
though our knowledge is never precise.

The classification into variables and parameters is not always obvious. If we for
example enlarge our description of flow phenomena to also include the corrosion
of a steel pipe, and establish equations for the change of the wall thickness with
time, the wall thickness will be a variable rather than a parameter.

Parameters are quantities that normally do not change, or at least change only
slowly, like lengths and cross sections of pipes, the thicknesses of steel walls and
electric resistances. The existence or non-existence of a leakage also is included in
this category. These latter things, which we often call "constants", may also
change and the method chosen for the tracking simulator is to estimate the change
in these parameters. Thus we improve our estimates of the measured variables , the
unmeasured variables , and the parameters .

5.1.5 The State Identification Module (SI)
Purpose
The purpose of the State Identification (SI) module is to identify the state of the
plant and to communicate information to the user and to other CAMS modules. In
the current version, the outputs of the SI module are the following

• output to the user: textual information describing the plant state, status of criti-
cal safety functions and availability of safety systems (see the MMI chapter for
more details)

• output to the TS: presence of a steam or water leakage inside or outside the
containment and the occurrence of steam release through relief valves

• output to the PSA: the occurrence of initiating events and the availability of
front-line and support systems.

Description
The state identification module is a knowledge based system with the classical
main components: a knowledge base and an inference engine. It is developed us-
ing a specific tool: GPS (Goal Planning System, Reference [27]) which provides
the inference engine and the knowledge-acquisition tool.
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The current knowledge base contains 3 parts:

1. Safety objective trees
State Identification is based on Safety objective trees as defined by the NRC, Ref-
erence [32]. The safety objective trees identify the relationships between plant
safety objectives, challenges to the safety objectives, mechanisms that cause the
challenges and strategies that would mitigate or prevent the mechanisms using a
hierarchical tree structure. We have chosen to represent safety objective trees,
from the safety objective level to the mechanism level. The strategy level will be
the purpose of the future SG module.

So far, we have implemented the trees related to the following safety objectives:
• prevent core damage,
• maintain containment integrity.

2. Leakage detection and steam release
The current knowledge base only detects leakage inside the containment by
monitoring the evolution of the containment pressure and temperature and the
water level in the reactor vessel. Steam release through relief valves is monitored
by checking the position of the relief valves but also the temperature in steam re-
lief lines to prevent errors due to wrong information about the position of the relief
valves.

3. Safety systems availability and initiating events
The safety systems monitored by the SI module are automatically started under
given plant conditions. When the starting conditions of a safety system are ful-
filled, the SI module checks if the system is really working and if not, it tries to
identify the reason why the system does not work.

For example, when the starting conditions for the low pressure cooling system are
met, the flows in the low pressure cooling lines are checked. If there is no flow,
the system is declared unavailable. Then the speed of the pumps and the position
of the related valves are verified and the user is informed of abnormal situations.

The considered initiating events are LOCA of different sizes (large, medium,
small), manual or automatic shutdown of the reactor and loss of important func-
tions like heat sink, feedwater or external power. The occurrence of these events is
already detected in the previously described parts of the knowledge base. The in-
formation is transmitted to the user and to the PSA module.
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Figure 19 Example of a safety objective tree.

5.1.6 The Predictive Simulator (PS)
Purpose
The purpose of the Predictive Simulator is to tell the CAMS user what the future
state of the plant will be, by running a model of the plant faster than real time. In
the case of an accident, the user will see if the safety systems of the plant are suffi-
cient as the accident evolves, or if some interference is needed to reach a safe
state. If a safe state cannot be reached, the simulator will give indication of when
the plant reaches a critical state.

When the user wants to run a prediction, he will initialise the simulator with the
current state of the plant (which is a major task of the Tracking Simulator). The
user can then let the simulator run by itself to see what will happen if no mitiga-
tion strategy is tried, or by manipulating the controls of the simulator he can test
different strategies to see which effect they have and choose the better one.
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The simulator can also be used to check what might happen before it happens (if
ever). Say, we have lost all auxiliary feedwater pumps but one. If the last one
should also fail, how much time do we have before the core is uncovered? With
this information the user can be prepared if so should happen (this sequence of
events happened at the safety exercise at the Swedish Nuclear Inspectorate in May
1995, see Reference [21]).

Description
No modules use the output from the simulator. The output goes directly to the
relevant predictor pictures and the trend system within Picasso-3. But the control
of the simulator goes through the System Manager. In this way the System Man-
ager knows the commands to the simulator, without being loaded with all the dis-
play data.

Operating the simulator is done using three pictures, "Predictor Control", "Pre-
dictor Panel" and "Predictor Set-up".

"Predictor Control" is similar to the process picture, which gives an overview of
the process, regarding layout and placement of components. This has been done so
that the user will recognise and be familiar with the picture during an accident.
There is one important difference; in "Predictor Control" one can control the Pre-
dictive simulator. This is done using a mimic style interface where one can point
and click on components. A small window will pop up and the state of that com-
ponent can be modified (a pump can be started, a valve opened etc.). "Predictor
Panel" has a more traditional layout with buttons and sliders to mimic what op-
erators are used to from the control room. This layout gives a more detailed con-
trol of the systems in the plant, like manual scram and suppression pool cooling.

"Predictor Set-up" is used to start, stop and initialise the predictor. Start and stop
are self-explanatory, and initialise is used to make the predictor reflect the state of
the plant. Normally initialising will be activated when the plant has changed its
state, or when the user wants to try a new mitigation strategy. It is not necessary to
stop the predictor to control and modify components, it can be done while running.

5.1.7 The Probabilistic Safety Assessment Module (PSA)
Purpose
The purpose of this PSA module is to provide on-line accident prevention and
mitigation strategies for a nuclear power plant (NPP) as one module of the CAMS
(Computerised Accident Management Support).

Description
This module contains plant specific PSA data, comprising event trees, failure
probabilities etc. It has several event trees categorised according to the initiating
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events (IEs). Each event tree has an initiating event frequency and a branching
probability. The various support systems for branches are considered and their de-
pendencies are calculated logically.

The risk or Core Damage Frequency (CDF) is re-calculated based on the current
state of the plant and the pre-calculated level 1 PSA. The CDF is relatively low
when the plant is operating normally. However, if a component or a system be-
comes unavailable for one reason or another, say failure or maintenance, the fail-
ure probability is changed and the current risk is re-calculated and displayed. This
function can be activated by data from the state identification (SI) module of
CAMS.

If an initiating event occurs, the event tree is re-calculated and the PSA module
shows which systems of the plant that should operate normally. If the plant re-
sponds to the event in the normal way, the plant will be shut down and come to a
safe state. However, if some functions do not work, the PSA module generates
another path and gives the information about the critical systems to the Strategy
Generator (SG) module. The new path is checked by the SG and if the state of the
plant is changed, either by the operators or automatically by the control system,
the PSA module follows the new route.

Functions of the PSA module
The PSA module calculates the core damage frequency using the latest status of
the plant periodically (the period is 10 seconds now). The status of each safety
functions is obtained from the SI module. The module has a calculation part im-
plemented in the C++ language and a display part made with Picasso-3. The user
can interact with the module, i.e. the system status can be modified temporarily.
However, the data from the SI override the user input.

5.2 Lessons Learned from Use of CAMS during a Safety
Exercise at the SKI

5.2.1 The Purpose of the Experiment
The Swedish Nuclear Inspectorate (SKI) kindly accepted to test CAMS at a safety
exercise on the 4th of May 1995. A similar safety exercise takes place once a year,
involving another plant each time. Such an exercise is a large arrangement, and the
CAMS experiment was a very small part of it.

The purpose of the experiment was to see how CAMS would serve one of the three
groups of users, in a situation as close to a real accident situation as possible: Does
CAMS provide the sort of information actually needed? Is it fast enough? Will the
user be able to operate it? Is the user interface adapted to the needs of the user?
The conclusions will be used as feedback to the further development of CAMS.
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5.2.2 The Exercise
In this exercise, unit 1 at the nuclear power plant Barseback was supposed to have
an accident. Most of the exercise took place at the plant or close to it. In addition,
Lansstyrelsen (The County Council), Statens karnkraftinspektion (the Swedish
Nuclear Inspectorate), and Statens Stralskyddsinstitut (The Radiation Protection
Institute) took part in the exercise. Altogether, about 1200 people participated.
The role of the Swedish Nuclear Inspectorate during the exercise was to give ad-
vice to the Radiation Protection Institute and to the County Council on the fol-
lowing questions:

• Will there be a radioactive release?
• If so, when?
• How large?

Data from the plant were transferred from the technical support centre at the plant
by telephone and fax. The advice to the Radiation Protection Institute and the
County Council was also given by telephone. Such advice may be the basis for
deciding whether to evacuate the local population or not, whether to distribute io-
dine tablets, etc.

The CAMS is designed assuming automatic data transfer from the plant. Missing
the data link, a simulator running on a computer in an office next to the operation
room was updated now and then with the data received by phone. A UNIX work-
station ran the fake plant. The fake plant then transmits data to CAMS by a data
network. As seen from CAMS, it does not matter if the data come from the fake
plant or from the real plant. CAMS was run on another workstation.

5.2.3 Emergency Organisation of the Nuclear Inspectorate

In an emergency situation the operations room is manned by four groups of peo-
ple: the communications group, the status group, the analysis group, and the man-
agement. The communications group received incoming calls and forwarded them
to the relevant people. The status group described the main features of the current
state by writing the information on a whiteboard. The analysis group tried to
evaluate the risk situation from the information available, and the management
took decisions on which advice to give out and also decided on timing of the ac-
tivities.

CAMS was planned to be a tool to assist the analysis group. During the exercise,
one person from the status group also used CAMS.
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5.2.4 Preparations before the Exercise
CAMS was originally designed with the plant Forsmark unit 2 as the example
plant. To fit the exercise, the entire system was changed to model Barseback unit
1. Both are boiling-water reactors, but otherwise they differ in many ways. For
instance, Barseback has external recirculation pumps while Forsmark has internal.
Barseback has one turbine whereas Forsmark has two. Barseback has a two-
volume containment, while Forsmark has a three-volume containment. A few
Forsmark features still remained, due to lack of time, and testing had been insuffi-
cient.

Three persons from the Swedish Nuclear Inspectorate visited Halden for a one-day
course with teaching and training on the 29th of March. The teaching consisted in
knowing what kind of assistance CAMS can and cannot offer. They were trained
in interpreting the various pictures, but not in pushing the buttons, this was to be
performed by people from HRP.

The system was installed in the operation room at the 25th and 26th of April. The
last-minute changes were put in at the 3rd of May. At both these occasions the fu-
ture users had a short repetition of the training.

5.2.5 Features of CAMS Useful for a National Centre
During the exercise CAMS consisted of the following modules:

• Predictive simulator Prototype
• Strategy generator Early prototype
• Man-machine interface Prototype

The man-machine interface consists partly of tools to help the user rapidly to un-
derstand the status of the plant, partly in tools to operate the strategy generator and
the predictive simulator. Given the role of the Nuclear Inspectorate, the tools to
facilitate understanding the plant state is not so important, as the state of the plant
is reported to them by telephone. Strategy generation is also not so important, de-
cisions on starting pumps and opening valves are taken at the plant, not at the Nu-
clear Inspectorate. Prediction of what will happen is the task of the Nuclear In-
spectorate, the predictive simulator is therefore the important tool for them.

5.2.6 The Accident Scenario
The scenario was very detailed and only the most important features shall be men-
tioned here.
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The exercise started at 07.00 o'clock by a simulated fire in an electrical equipment
room. The fire was extinguished at 07.45, but large damage to the electrical
equipment was reported. The control equipment for the main feedwater pumps
failed, the pumps were running at full speed. A reactor high water-level alarm re-
sulted, then a scram, until the reactor vessel was completely filled with water. This
resulted in a pressure shock of 120 bar at 08.00. A leakage took place outside the
containment at 08.05. Radioactive water was running out. By 08.10 the main
feedwater pumps stopped, and it was impossible to make them start again after this
event. At 08.15 the water level was decreasing.

A relevant subset of all the available information was transferred from the control
room to the technical support centre by phone, where it was reorganised, and a
smaller subset further transferred by phone to the Nuclear Inspectorate. All such
operations will inevitably take time, so there will always be a delay. At 08.30 the
first message arrived that there had been a fire, that was now extinguished, and
that there was a high pressure in the reactor. How high was not known. At 09.30
there is a more detailed message on what happened at 07.30. The leakage outside
the containment was correctly diagnosed and reported.

During this first part of the exercise there were problems operating the telephone
system. A call to the analysis group came to the status group. Some incoming calls
were not received, remarks like "Try to push button A!" were heard. CAMS was of
no use, as there were almost no data available.

We can only speculate what a complete CAMS with a data link from the process
computer could have done. Hopefully the delay of the information transfer could
have been substantially reduced, and the information more correct and also more
complete. But this of course remains to be proved. Later in the exercise the under-
standing of what happened at the plant was much better, and the information was
more complete and also less delayed.

At about 11.30 the auxiliary feedwater system was in operation with only one of
the two pumps running, the other pump being unavailable because of the fire. The
situation was aggravated by the fact that the low-pressure emergency feedwater
system was also unavailable due to the fire, and so was the suppression pool cool-
ing system. The single pump in the auxiliary feedwater system was therefore es-
sential. The pressure was about 60 bar. The estimated time to core uncovery was
comfortably long. The analysis group used CAMS to predict what would happen if
the pump running should also fail. They did the necessary pushing of buttons
themselves, not asking the CAMS people for help, and came to the conclusion that
the available time to core uncovery would be dramatically shortened to about 1
hour. The trend curves describing this hypothetical event were printed on paper.

CAMS was mentioned in the discussions at the staff meeting at 11.45.
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Then came the message that the only available pump had also failed. At the staff
meeting at 13.00 the analysis group predicted a considerable release at 16.00 or
perhaps as early as 15.00, if the two pumps both remained unavailable. To obtain
at least some cooling, the boron-system pumps were started, using non-borated
water. If an auxiliary-feedwater pump would start in the meantime, the situation
would be much better. It was suggested to send the trend picture of what would
happen to Barseback by fax, but this was not done. The County Council decided
on certain actions at least partially based on CAMS predictions. It should have
been made clearer to the Nuclear Inspectorate that CAMS had not been properly
validated against the Barseback plant, and that its predictions should not be
trusted.

At 14.40 it was reported that all the systems that had been down had started to
function, and the exercise was at its end.

5.2.7 Experimental results
General Debriefing
At the general debriefing session after the exercise it was mentioned that CAMS
had actually been useful. In the beginning of the exercise there had not been the
necessary input data to arrive at any conclusions, neither for people nor for com-
puters. The data were not only too scarce but also too delayed. It was expressed
that later in the exercise CAMS provided much interesting information even in the
present situation, with no data link from the plant.

Special CAMS Debriefing
Everybody agreed that a data link from all plants is very desirable, it would im-
prove the situation with or without CAMS. But an electronic data handling system,
with its capability to handle large amounts of data in a short time, would particu-
larly benefit from a data link. The stumble stone here is money. One should dis-
cuss very thoroughly how much data is necessary and how often it should be trans-
ferred.

The users found it difficult to know when to initialise the predictor to the process,
when to start, the predictor, and when to stop it. These controls should be redes-
igned. Improved training may also improve the situation. But basically, when
something is felt to be difficult, improved design is to be preferred to improved
training.

CAMS should have an operator of its own, rather than the way it was done at the
exercise, where the analysis team member wanting a piece of information would
leave his place and go up to the CAMS station to push the buttons.
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Overall Impression
Overall, it seemed as CAMS can be a very important tool for SKI; both when
analysing the development of scenarios and when giving information to The Ra-
diation Protection Institute and The County Council about the severity of the acci-
dent, threats, and probable radioactive releases. This information can also be use-
ful for important decisions. The use of CAMS would have been even greater if it
had been possible to utilise a direct data-link from the actual process. It is recom-
mended to test this out in the next exercise, by a connection to a simulator where
the scenario is played from.

CAMS is designed for three main purposes:

• To identify the status of the process
• To evaluate the future development
• To plan strategies for coping with the accident

The first of those purposes was difficult to fulfil, as there was no direct data-link
from the actual process. The second and the third, however, were well fulfilled in
this actual exercise.

What the users found most useful with CAMS in this scenario, was its possibility a
bit into the scenario to predict the time at which the core would be uncovered.
Usually such predictions are based on handbooks and experience. Such a predic-
tion may take from 5 seconds up to 1 hour.

The users did not use CAMS to decide the size of the leak, or the seriousness of
the accident. For those evaluations, information directly from the plant was used.
CAMS was evaluated as more useful in accident scenarios than in normal situa-
tions. However, if CAMS is to be installed at the Swedish Nuclear Inspectorate, it
will probably be used as a simulator, to predict different developments etc. Now,
the different plants are reporting their status to the Swedish Nuclear Inspectorate
every 24 hours. With a direct data-link, this reporting could be limited.

Displays in Use/Displays not in Use during the Exercise
The SKI staff did not look at the process display at all. (This would of course have
been different if there had been a direct link.) Nor did they find the motor-way
diagram of much use. They did not feel comfortable with this display, and said
that they were not used to think like this. The usefulness of this display is of
course dependent on how often CAMS is used. If CAMS is used very seldom, it
should be considered to use more intuitively understandable displays. The control
panel was also not much in use. It was said that it was difficult to interpret the
coding of open and closed valves in this format.
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Apparently the users concentrated so much on the predictive simulator that they
forgot to check if the process had changed in the meantime. Better training on this
point may improve the situation. The planned improvement of the trend diagrams,
so that the process trends and the predictor trends will be shown in the same view,
will attract the attention of the user to the fact that things may have happened in
the process that make the prediction invalid.

The displays that were most in use were the predictive process and the trend dia-
grams; both feedwater, core and containment. The water level and the pressure
measurements were said to be very valuable parameters. They missed trends for
steam, all feedwater measurements and residual heat. It was suggested to make a
separate display for emergency cooling: core cooling system and residual heat.
This is also very interesting from a PSA (Probabilistic Safety Analysis) perspec-
tive.

The Inspectorate staff did not look too much at the condensers and the turbines.
When the Inspectorate is called in, the condensers are not in use for their main
purpose, however, they may still be used as a reservoir of water.

Trend Diagrams
The trends were evaluated as the absolutely most informative part of CAMS. It
could be an advantage to include trends that show whether the process follows the
prediction or not.

For the core, the water-level indication in the trend diagrams could be improved
by indicate the top and the bottom of the core. On the tank-pressure diagrams, the
70 bar limit should be indicated. It was also suggested that if several trends should
be included in one diagram, they would like a colour distinction between the
curves. As CAMS probably only is going to be used once a year, it must be easy to
use.
The time axis should be divided differently. The most common way of reading
trends, is to divide the time axis into 15 minutes or 1/2 hours intervals.

Navigation
The CAMS functions were considered to be easy to operate. To know which dis-
play was up and how to change to another display was described as easy. But the
changing between displays in CAMS could be quite slow sometimes.
What was difficult, however, was the starting of the predictive simulator. The se-
quence of the necessary operations could be made clearer. At one occasion during
the exercise the "Initialise to Process" had been pushed twice. This indicate that an
improvement of the design is desirable.
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Perform Actions
To make actions in the system was generally easy. Sometimes it was difficult to
know the meaning of number codes (0/1), and sometimes it took a while before the
action was followed by a consequence.

Readability
The users thought that the letters were clear and easy to read, and that the status of
pumps and valves had a clear meaning. Colours and contrasts were also considered
OK. They also thought that it was useful to know the structure of the system in
advance (it was useful with training).

Feedback
At the moment, there is very little feedback from the system. The users did not
feel that they needed much more feedback than already available. There are some
dialogue boxes which are useful.

Different Users
There might be different users of the CAMS system. It is important to investigate
the different users' needs. What is included in the system as it is today, is suffi-
cient for SKI, with some small modifications. The control room operators and the
staff at a national centre might have other ideas of what should be included in the
system. It seems that CAMS will have great possibilities both for use and for fur-
ther development.

5.3 Future Perspective of CAMS in Severe Accident
Applications

It is planned to develop CAMS further to be able to handle severe accident condi-
tions. Then a severe accident code is needed like MAAP4. The MAAP4 code is
able to carry out predictive and tracking functions, since the code is built with
some degrees of freedom to adjust the phenomena to the diagnostic conditions.
Consequently, instead of a Tracking Simulator and a Predictive Simulator, there
will be only one module of MAAP4.

To be able to use the MAAP4 code in the CAMS system it will be necessary to
include two new modules, a Diagnosis Module and a Fitting Module, instead of
the original Tracking Simulator and State Identification modules of CAMS.
The Diagnosis Module will receive and process the plant data from the Signal
Validation module which should be tested against severe accident conditions. The
Diagnosis Module will allow the user to identify the status and conditions of the
plant in a single moment of the accident. It will pick up the necessary plant data,
calculate the plant variables that are not directly measured and are needed to per-
form diagnosis, and determine plant state: initiating event, status of systems and
containment. Therefore this module will have equivalent functions to these of the
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State Identification and the Tracking Simulator modules of CAMS, although with-
out on-line fitting capacity.

The Fitting Module will compare the plant state obtained from MAAP4 calcula-
tions to the new plant state processed through the Diagnosis Module, allowing the
adjustment of the simulated scenario to the diagnostic done, in a semiautomatic
way.

5.4 Conclusions and Open Items
This report shows the actual status of the CAMS project. The first phase of the
project (1992 - 94), which is described in Reference [20], [21], and [22], focused
mainly on the following tasks:

• information needs during normal and accident conditions in a NPP
• methods that can be successfully applied to a CAMS system
• MMI and human factors requirements.

The Swedish Nuclear Inspectorate kindly accepted to test CAMS at a safety exer-
cise on the 4th of May, 1995. CAMS is designed assuming automatic data transfer
from the plant. Missing the data link, a simulator running in the next room was
updated now and then with data received by phone. As seen from CAMS, it did
not matter if the data came from a fake plant or from a real plant, except that the
data were delayed.

Overall, it seemed that CAMS can be a very important tool for a national author-
ity. A data link from the plant would increase the usefulness. Several comments to
design features were collected, and will be used to improve the system.

The model needs more inputs to control the main parameters, and a larger reper-
toire of fault conditions should be put into the model.

In the second phase of the project the development of those ideas into a working
prototype has begun. Its main purpose is to test those methods in a simulated envi-
ronment, to verify that the many developed functions, using different techniques,
can work together producing the desired result in an efficient way. In other words,
this prototype can be considered a test platform to do the following:

• Develop and integrate modules like Tracking Simulator, Signal Validation,
State Identification, PSA, and Predictive Simulator. Evaluate how each task is
performed, and identify advantages and drawbacks in the methods used.

• Design a functional structure able to co-ordinate and synchronise the activities
that take place in all those modules. The overall output of the CAMS system
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should then be able to satisfy the information needs requirement mentioned
above.

• Design and test an appropriate user interface for different kinds of users, with
different needs and knowledge.

During the CAMS design, a considerable effort has been made to maintain the
generality of the CAMS concept; although the referenced process has so far been a
BWR plant, the use of this structure and design can be applied to other processes,
including non-nuclear processes. An important feature of the system, in this re-
spect, is that all the functions or modules (TS, SI, SV, etc.) are completely inde-
pendent of each other and that modules can be deleted, added or changed without
affecting the rest of the system. Moreover, the external tools here used (APROS,
GPS, Picasso-3, etc.) are just plugged into CAMS, so that other tools can be easily
used, depending on the application. This solution is also in line with the "testing
platform" concept cited above, where the need to test different solutions for a sin-
gle module within the general CAMS framework (with other functions turned off)
can be anticipated. Future work will concentrate on development of CAMS to
handle severe accident conditions.
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6 Data Collection from Reactors in Nordic
Surroundings

The main objective of the project has been to investigate, collect, arrange and
evaluate data of reactors in the Nordic neighbourhood to be used by the Nordic
nuclear preparedness and safety authorities. The importance of such information
was recognised after the Chernobyl accident in 1986 and the data provided would
help the authorities in giving information to the public in case of an accident in a
nuclear power plant neighbouring the Nordic countries.

The project has been an extension of the previous NKS project SIK-3 (1990-1993),
where data of selected reactors in Germany, Lithuania and Russia were collected.
Thus, reactors in Great Britain has been included as well as satellite reactors. A
database has been developed encountering both the reactors from the SIK-3 proj-
ect and the British reactors. Finally a report has been made on reported accidents
in nuclear ships - mostly nuclear submarines.

6.1 Description of British Reactor Types

In Figure 20 are shown the locations of the British nuclear power plants.

The following British reactor types have been treated:

• Dounreay Prototype Fast Reactor PFR

• Advanced Gas Cooled Reactor AGR
• MAGNOX Gas Cooled Reactor
• SizewellBPWR

Dounreay at the northern coast of Scotland has been the principal Center for the
British development of fast reactors. It was established in 1955. Two fast reactors
have been built at Dounreay. Firstly the Dounreay Fast Reactor (DFR) in 1960
with an electric power of 15 MW. It was the first fast reactor power plant to sup-
ply electricity to a national grid. The DFR was closed down in 1977.

The second fast reactor at Dounreay, the Prototype Fast Reactor, was connected to
the grid in 1975. It had an electric power of 250 MW and was closed down in
1994 - mostly by political reasons. The PFR reactor is described in more detail in
[36.]
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FBR reactor (closed in 1994)
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Dounreay
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Figure 20 Location of the British nuclear power plants.
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The Advanced Gas cooled Reactor (AGR) is a reactor type which has only been
built in Great Britain. 14 AGR reactors have been built, located at 6 different sites
and each station supplied with twin-reactors.

The Torness AGR plant on the east coastline of Scotland, 60 km east of Edin-
burgh, has been chosen as a reference plant and is described in more detail in
[37]. Data on the other 6 stations are given only in tables with a summary of de-
sign data.

Where specific data for Torness AGR has not been available, corresponding data
from other AGR plants has been used, primarily from Heysham II, which belongs
to the same generation of AGR reactors.

AGR reactors in operation
STATION UNIT

Dungeness B

Hartlepool

Heysham I

Heysham II

Hinkley Point B

Hunterston B

Torness

MWE

2x660

2x660

2x660

2x660

2x660

2x660

2x701

START OF
OPERATION

1983-85

1983-84

1983-84

1988

1976

1976-77

1988

Total number of AGR units at 7 sites

The MAGNOX (natural uranium-metal fuel in magnesium-aluminium-beryllium
alloy clad) reactors represent the first generation of gas cooled reactors built in
Great Britain. Totally 20 Magnox units at 8 different sites are operating with the
first being built in the late fifties.

Sizewell A, a twin-unit 2 x 325 MWe plant, has been chosen as a reference plant
for describing the Magnox type of reactors in technical report NKS/RAK-
2(97)TR-C4.
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Magnox reactors in operation
STATION UNIT

Bradwell

Calder Hall

Chapelcross

Dungeness A

Hinkley Point A

Oldbury

Sizewell A

Wylfa

MWE

2x166

4x55

4x55

2x285

2x270

2x313

2x325

2x670

START OF
OPERATION

1962

1956-59

1959-60

1965

1965

1967-68

1966

1971

Total number of MAGNOX units 20 at 8 sites

Finally, as the last of the existing reactor types in Great Britain the Sizewell B
PWR reactor is described.

Sizewell B PWR reactor
STATION UNIT

Sizewell B

MWE

1200

START OF
OPERATION

1995

The Sizewell B Nuclear Power Station is the first Pressurised Water Reactor built
in Great Britain. Originally, it was planned as the first in a series but at present it is
uncertain whether there will be more PWRs built in Great Britain in the near fu-
ture.

The design of Sizewell B started in 1980, based on the Westinghouse/Bechtel con-
cept. The reference plant is the Callaway plant in Missouri, USA, but experience
derived from the French nuclear power program has also been taken into account
in the construction of Sizewell B.

The planning/design period stretched over a number of years due to a prolonged
public debate over the safety and economy of nuclear power. Changed and addi-
tions to the original design were introduced to satisfy very stringent demands to
reliability. Safety analyses of the as-built NPP shows that even with very conser-
vative assumptions the risk to public health from credible accidents is acceptable
low.
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Construction orders for Sizewell B were placed in 1987, construction started in
1988. First criticality was achieved in March 1994 with commercial operation in
February 1995. More detailed description of Size well B is given in [38].

6.2 Accidents on Nuclear Ships
In the Nordic countries there is a considerable interest in the nuclear activities at
the Kola peninsula. This also includes the naval nuclear activities. Norway and
Finland have borders close to the areas where the nuclear activities take place. In
case of an accident whereby radioactivity is released to the atmosphere, fall-out
may be detected on their territory. The north of Sweden is further away, but still
situated in the region. Denmark will not be directly affected by an accident at the
Kola peninsula, but Denmark has - like Norway and Iceland - significant fishing
interests in the North Atlantic where nuclear submarines patrol. In this connection
it should be remembered that the Faroe Islands and Greenland are part of the
Kingdom of Denmark.

For this reason it was decided to include a study of accidents with nuclear vessels
in the 1994-97 Nordic Nuclear Research (NKS) Programme. The present study is a
continuation of a similar study which was carried out as part of the NKS pro-
gramme of 1990-93. With new information becoming available there is a need to
up-date the earlier study.

At the end of the report a number of annexes containing data on Soviet/Russian
submarines is given. These data have been collected from various sources. They
are not always consistent and may also not be correct, so they should be used with
caution.

The technical report [39] starts with an analysis of possible types of accidents
which could lead, directly or indirectly, to release of radioactivity to the environ-
ment. Next, available information on 61 reported nuclear ship events is consid-
ered. Of these 6 deals with U.S. ships, 54 with USSR ships and 1 with a French
ship. The ships are in almost all cases nuclear submarines. Only events that in-
volve the sinking of vessels, the nuclear propulsion plants, radiation exposures,
fires/explosions, sea-water leaks into the submarines and sinking of vessels are
considered.

For each event a summary of available information is presented, and comments are
added. In some cases the available information is not credible, and these events are
neglected. This reduces the number of events to 5 U.S. events, 35 USSR/Russian
events and 1 French event. A comparison is made between the reported Soviet ac-
cidents and information available on dumped and damaged Soviet naval reactors.
It seems possible to obtain good correlation between the two types of events. An
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analysis is made of the accidents and estimates are made of the accident probabili-
ties which are found to be of the order of

103 per ship reactor year

It is finally pointed out that the consequences of nuclear ship accidents are fairly
local and does in no way not approach the magnitude of the Chernobyl accident.

It is emphasised that some of the information, on which this report is based, may
not be correct. Consequently some of the results of the assessments made may not
be correct.

6.3 Satellite Reactors
A literature study on the Russian COSMOS 1900 satellite, supplied with a reactor
converter for producing electricity, has been made. The satellite was launched in
December 1987 but due to problems, the reactor part of the satellite was dismissed
to a higher orbit in October 1988. From this orbit the reactor core itself should be
dismissed to an orbit with a period of revolution of about 600 years, assuming the
safety system is working properly. However, the literature has not unveiled the
facts about the final destiny of the reactor core.

The reactor is assumed to be of the Topaz type, that is a thermal, liquid metal
cooled reactor with a thermal power of 85 kW and electric power of 5-10 kW. The
fuel is high enriched UO2 and the moderator is made of ZrH2. The fuel weight is
about 50 kg and the total reactor weight about 100 kg.

More details are found in the technical report NKS/RAK-2(97)TR-C6.

6.4 Database of Reactors in Nordic Neighbourhood
A computerised database has been made of nuclear power plants neighbouring the
Nordic countries. This database includes the nuclear power plants covered in the
SIK-3 project, that is plants within about 150 km from the border of a Nordic
country, and the nuclear power plants in Great Britain.

The objective of the database is to have easy access to the main data of the nuclear
power stations neighbouring the Nordic countries - mostly to be used by the nu-
clear safety authorities in case of an emergency situation.

Since the database is developed in Microsoft Access it can easily be implemented
in existing information systems. Thus, it will be included in the information sys-
tem under development by the Danish Nuclear Emergency Management Agency.
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Figure 21 shows the structure of the database.

Nuclear Power Plants included in the Database
GREAT BRITAIN

Bradwell
Calder Hall
Chapelcross
Dungeness
Hartlepool
Heysham
Hinkley Point
Hunterston
Oldbury
Sizewell
Tomess
Wylfa

GERMANY

Brunsbiittel
Kriimmel
Brokdorf
Stade

RUSSIA

Leningrad
Kola

LITHUANIA

Ignalina

Link
to

NKS/Reports

Forms: I
Figures

S art i

1 r

Forms:
Select Nuclear
Power Station

<r

Forms:
Select Unit

r

Print
facilities

»
i

Table:
Stations

Table:
Units

Make
Query

Figure 21 Structure of the NKS database of reactors neighbouring
the Nordic countries.

67



6.5 Conclusive Remarks
The main objective of the project, that is to investigate, collect, arrange and evalu-
ate data of reactors in the Nordic neighbourhood to be used by the Nordic nuclear
preparedness and safety authorities has been fulfilled, when taking into account
the work made in the previous NKS project SIK-3.

However, the task of providing up-to-date information on the safety upgrades of
the Leningrad and Kola nuclear power plants in Russia and the Ignalina plant in
Lithuania has only partly been carried through. The available data has been so
spare, that a new edition of the previous made data reports could not be justified.
Those update information available have been included in the database of neigh-
bouring reactors.

The task of investigation of the number and status of mobile reactors has also been
less comprehensive than original planned, mostly due to lack of information. Any-
how, a study of accidents occurred in nuclear propulsion ships has been carried
out.

As for the future work, the developed computerised database on reactors neigh-
bouring the Nordic countries should be extended with more details of the power
plants. The reactors within the Nordic countries could also be included - at least to
the benefit of Norway and Denmark. Finally, the database should be supplied with
a more user friendly interface and be made accessible through the Internet com-
puter network.
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7 Discussion of Future Research Needs

7.1 Severe Accident Phenomena
In-vessel severe accident progression has been investigated quite extensively in
the current RAK-2.1 project as well as even earlier in SIK-2. Some knowledge has
been gained in all important fields of in-vessel melt progression. However, the
remaining uncertainties -in particular in the plant calculations- are largely due to
uncertainties prevailing in the whole scientific field and cannot be solely solved in
the Nordic efforts. Such items maybe for instance the failure time and mode of the
core support plate, the morphology and chemical composition and chemical reac-
tions of the debris in the lower head and the accurate prediction of core debris dis-
charge path and flow rate through a lower head penetration failure. The assessment
of equipment operability under different severe accident conditions would be in-
teresting, this could cover the survivability of core spray system in high tempera-
tures, the feedback effect of the heat sink capacity of the suppression pool in re-
criticality situations and the sufficiency of available boron injection system to se-
cure subcriticality in different accident scenarios.

Ex-vessel phenomena were mostly out of the scope of RAK-2.1. Only effects of
High Pressure Melt Ejection was studied to some extent for an ABB reactor. Also
a limited source term analysis was performed for Swedish PWRs, though with a
new and interesting approach combining two detailed computer codes. This pro-
vided a good way to compare MAAP4 results.

Selected containment phenomena could provide an interesting topic for future
NKS work on severe accident area. A few items are suggested below:

1. Ex-vessel Core Melt Fragmentation and Coolability
Core melt coolability in the containment is an important issue to all Nordic
BWRs, since the current severe accident management relies on the assumption
that core-concrete interaction will be prevented by flooding the pedestal prior
to the vessel failure.

The Nordic studies could include a review of current experimental data on the
in light of Nordic BWRs. Simulant experiments on melt jet breakup and coola-
bility are being performed at KTH. Also, the development of a European, inte-
grated severe accident code for plant applications has raised interest within EU.
NKS work could support/find future connections with possible EU projects in
this field.

2. Hydrogen Distribution and Combustion in BWR Reactor Building
In certain severe accident scenarios large amounts of hydrogen is anticipated to
be released from a BWR core. The primary containment is normally inerted
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with nitrogen thus precluding the possibility of combustion. However, the re-
actor building has oxygen rich atmosphere making hydrogen combustion (even
super sonic) possible, which in turn may jeopardise the leak-tightness of vari-
ous containment penetrations from outside the primary containment.

Various computer codes are available in the Nordic countries to assess hydro-
gen distribution and possible combustion in a confined geometry. The NKS
work could consist of scoping studies on hydrogen distribution with different
lumped parameter codes and analysis of combustion in deflagration area. Sim-
ple hand calculations could be used to assess possible detonation pressure
loads.

3. Formation and Behaviour of Organic Iodine in Nordic NPPs
The iodine, released from the fuel during a severe accident, is transported to the
containment. It is generally accepted that most of the iodine will react with
Caesium forming Csl aerosols. However, a fraction of iodine gas may react
with methane released during degradation of control rods or with organic mate-
rial (paints, gables etc.) in the containment forming organic iodides. The cur-
rent containment filters, in general, have poorer decontamination properties
against organic iodides than aerosols and I2gas.

The issues related to organic iodine are being addressed also in EU projects.
NKS work could comprise small, well defined tasks in chemistry or in defini-
tion of containment conditions that would complement the work carried out in
the EU projects.

4. The Spreading of Boron in Reactor Coolant System
This task would focus on estimation of boron distribution in the reactor coolant
system, after the start of boron injection. The problem would be a general
thermal-hydraulic issue, not addressing singularly severe accident conditions.
Boron spreading in BWRs and dilution in PWRs has been studied in national
projects in Sweden and Finland and various working tools have been devel-
oped, that could be applied in the Nordic work. Also experimental work has
been carried out in the field. Nordic work could comprise analysis of selected
accident cases and utilising and combining knowledge gained in different Nor-
dic countries on the area.

5. Source term evaluation using best estimate codes
A preliminary study aiming at source term calculations with detailed computer
codes, so called best estimate codes, was conducted in the last year of
NKS/RAK-2.1. The codes SCDAP/ RELAP5 and CONTAIN were applied for
a severe accident in Ringhals 2 PWR. Earlier source term evaluations for
Swedish reactors are generally based on calculations with MAAP, which is a
simpler, fast running code mostly used for parametric studies. The scatter in
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published source term data is still large, and much development work is going
on, internationally, both in experimental investigations and as model improve-
ments in computer codes. The retention of fission products from aerosols by
various processes, their solubility and chemical reactions in the reactor system
and containment are still issues where increased knowledge is needed.

It is therefore proposed that source term studies be continued within next NKS
programme. These should comprise a literature survey of the state-of-the-art,
combined with code calculations using the latest versions of best estimate
codes available through the CSARP agreement with NRC. Complementary to
SCDAP/RELAP5, use of VICTORIA as a stand-alone code for fission product
behaviour in the primary systems should be considered. The studies for Swed-
ish PWRs should be completed and, in addition, calculations should also in-
clude a Swedish BWR.

A special issue of concern is the possibility of containment bypass in PWRs
through ruptured heat exchanger tubes

7.2 Computerised Accident Management Support
Information needs for severe accident management has been the main topic in
many meetings and conferences, during the last few years. As a result of this, two
important features, currently not implemented in CAMS, emerged among a gen-
eral consensus about the opportunity to have an extension to severe accident con-
ditions in operator support systems for accident management:

1. Integrate SAMG (Severe Accident Management Guidelines) in the operation of
CAMS

2. Predict and map external dose release, as a consequence of the accident and the
forecasted weather conditions

The first item has the goal to help the operator in implementing the right procedure
or guideline, at the right time, while the predictive simulation function of CAMS
will estimate the effect on the plant of the execution of the procedure. The Figure
22 shows a possible implementation of this feature and its connection with the
predictive simulation.
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Figure 22 Schematic description of the possible extension of CAMS to include
modules for predictions of radiological releases.

The integration of SAMG in CAMS can have also two other potential benefits, i.e.
operator training in SAM and SAMG design and verification.
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Abbreviations

ABB Asea Brown Bovery AB
ADS Automatic Depressurization System
AGR Advanced Gas Cooled Reactor
APROS Advanced PROcess Simulator
BWR Boiling Water Reactor
CAMS Computerised Accident Management Support
CDF Core Damage Frequency
CFM Critical Function Monitoring
DA Data Acquisition
DC Downcomer of the reactor coolant system
DCH Direct Containment Heating
DFR Dounreay Fast Reactor
ECCS Emergency Core Cooling System
EU European Union
FARO Test facility at Joint Research Centre Ispra for studying fuel-

coolant interaction
FBR Fast Breeder Reactor
HAMISA Hole Ablation Modelling in Severe Accidents (computer code)
HPME High Pressure Melt Ejection
HRP Halden Reactor Project
IFE Institutt for Energiteknikk
IVO Imatran Voima Oy
KROTOS Test facility at Joint Research Centre Ispra for studying steam

explosions
KTH Kungliga Tekniska Hogskolan
KTM Kauppa- ja Teollisuusministerio
LOCA Loss of coolant Accident
LWR Light Water Reactor
MAAP4 Modular Accident Analysis Program (integral severe accident

analysis computer code)
MELCOR Integral severe accident analysis computer code
MMI Man-Machine Interface
OECD Organisation for Economic Co-operation and Developments
PASULA Computer code modelling structural and thermal behaviour of

instrument tube penetrations in the reactor vessel lower head
PCT Peak Cladding Temperature
PFR Prototype Fast Reactor
PS Predictive Simulator
PSA Probabilistic Safety Analysis
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QUENCH

RAK-2

RCS
RECRIT
RIT
RPV
SARA
SCDAP/RELAP5
SG
SI
SIK-2
SIK-3
SIMULATE-3K

SKI
SM
SV
T/H
TS
TVO
UNIX
VTT

Test facility at Forschungszentrum Karlsruhe for studying phe-
nomena occurring during fuel reflooding at high temperatures
NKS Project 1994-1997 on safety against releases in severe
accidents
Reactor Coolant System
Computer code for BWR recriticality and reflooding analyses
Royal Institute of Technology
Reactor Pressure Vessel
Severe Accident Recriticality Analysis (EU project 1997-1998)
Computer code modelling in-vessel severe accident phenomena
Strategy Generator
State Identification
NKS project 1990-1993
NKS project 1990-1993
Computer code modelling core neutronics and thermal-
hydraulics
Statens Karnkraft Inspektion
System Manager
Signal Validation
Thermal-Hydraulics
Tracking Simulator
Teollisuuden Voima Oy
Computer operating system
Valtion Teknillinen Tutkimuskeskus
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Nordic Nuclear Safety Research (NKS)
organizes joint four year research programs involving some 300 Nordic
scientists and dozens of central authorities, nuclear facilities and other
concerned organizations in five countries.The aim is to produce practical,
easy to use background material for decision makers and help achieve a
better understanding of nuclear issues.

To that end, the results of the fifth four year NKS program (1994-1997) are
herewith presented in a series of final reports comprising reactor safety,
waste management, radioecology, nuclear emergency preparedness and
information issues. Each report summarizes one of the ten projects carried
out during that period, including the administrative support and coordina
tion project. A special Summary Report, with a brief resume of all ten pro
jects, is also published. Additional copies of the reports on the individual
projects can be ordered free of charge from the NKS Secretariat.

The final reports together with some technical reports and other mate
rial produced during the 1994 -1997 period have been collected on a
CD-ROM, also available free of charge from the NKS Secretariat.
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