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Foreword

The 5th International Meeting on Thermal Nuclear Reactor Safety was held
in Karlsruhe on September 9-13, 1984; it was attended by some 500
scientists and engineers from 25 countries. The conference was jointly
sponsored by the European Nuclear Society (ENS), the American Nuclear
Society (ANS), the Canadian Nuclear Society (CNS) and the Japan Atomic
Energy Society (JAES). The meeting was further endorsed by, and
organized in cooperation with, the Nuclear Energy Agency (NEA) of the
Organization for Economic Cooperation and Development, the International
Atomic Energy Agency (IAEA}, and the Commission of the European
Communities (CEC). Host organizations were the Kerntechnische
Gesellschaft (KTG) and the Kernforschungszentrum Karlsruhe (KfK). The
meeting was the fifth in a series of international meetings in the same
subject areas with ANS and ENS as primary sponsors.

The Karlsruhe reactor safety meeting was held to reflect on the preseht
status of engineered safety systems in nuclear power plants-and to
represent the findings of international safety research.

Seven invited experts of international reputation outlined the present
state of the art in survey lectures. Moreover, more than 200 technical
and scientific papers selected from 280 submitted papers, dealt with
recent findings in reactor safety technology and research in the
following areas: safety systems and functions optimization; man machine
interface and emergency response; code development and verification;
system and component behavior; fuel behavior during severe accidents;
core debris and core concrete interaction; fission product behavior;
containment response; probabilistic risk assessment. We wish to thank
all speakers for their valuable contributions.

The meeting was concluded by a panel discussion on "Progress and Trends
in Reactor Safety Technology and Research - What Has Been Achieved to
Date? - What Remains to Be Done?"



II

It is not possible to acknowledge individually all persons who
contributed to the meeting. We are greatly indebted to H.H. Hennies,
President of the German Kerntechnische Gesellschaft (KTG), and J.M.
Hendrie, President of the American Nuclear Society (ANS) who served as
General Chairmen, and to A. Birkhofer as Chairman of the Technical
Program Committee. Many thanks are due to the members of the Steering
Committee, the Technical Program Committee, the Review Committee and the
Organizing Committee.

The 6th International Meeting on Thermal Nuclear Reactor Safety was
announced to take place in February 1986 at San Diego, California.
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OTTAWA, ONT. KIP 539
21045 COLUMBIA, MARYL.
WURENLINGEN

KARLSRUHE

PRESTON PR4 ODB

PISA

RICHLAND, WA

ROMA

OFFENBACH

PINAWA MANITOBA ROEILO
SAINT-PAUL-LEZ-DURANCE
00101 HELSINKI

KOLN 1

GEESTHACHT

STOCKHOLM
FONTENAY-AUX-ROSES
UPTON NY, 11973
KARLSRUHE

VALLINGBY

KARLSRUHE

OFFENBACH

STOCKHOLM

BERLIN 30

ALBUQUERQUE, NM 87111
BONN 7
NYKUPING
ISPRA (VARESE)
STUTTGART 80
STUTTGART 80
TORONTO, ONT.
KARLSRUHE
ALBUQUERQUE, NM 87112
NYROPING

STUTTGART 80

IDAHO FALLS ID, 83415
ALBUQUERQUE NM, 87185
KARLSRUHE 1

KARLSRUHE

M5G IX6

MANNHEIM 1
FONTENAY-AUX~ROSES
DORSET  DT2 8DH
KOLN 90
TORONTO, ONT.
KARLSRUHE
LAUSANNE
STUTENSEE 5

M5G IX6



BURGER, BERND

BURKE, RICHARD P.
BURSON, DR. S. BRADLEY
BUNEMANN, DIETRICH
BURGER, MANFRED
BUTTNER, WOLF-E.
CACCIABUE, CARLO PIETRO
CAHUZAC, ANTOINE
CAMBIEN, ISABELL
CARACHALIOS, CONSTANTIN
CARDEIRA, F.

CARNINO, ANNICK
CARTER, JAMES C.
CASSETTE, PHILIPPE
CAVE, L.

CENERINO, GERARD
CHADHA, J.A.
CIGARINI, MARCO
CLARK, J.M.

CLOUGH, DR. P.N.
COLE, RANDALL K.
CONTE, DR. MADELEINE
COSTAZ, JEAN-LOUIS
CURCA-TIVIG, FLORIN
CURTIS, ROBERT

DALLE DONNE, PROF. M.
DE BOECK, BENOIT
DELJA, ALEKSANDAR
DENNING, DR. RICHARD S.
DEUBER, DR. H.
DIENST, DR. WOLFGANG
DILLMANN, HANS-GEORG
DOBBE, CHARLES
DREDEMIS, GEOFFROY
DROLSHAMMER, O.
DROUIN, M.T.

DUCO, JEAN

DUNCKER, PETER
ECKERED, THOMAS
EDWARDS, A.R.

EGLIN, WOLFGANG
EHRHARDT, DR. JOACHIM
EIFLER, WALTER
EL~-GENK, MOHAMED S.
EL-SHANAWANY, DR. M.
ENERHOLM, ANDERS
ERBACHER, F.J.

ERVEN, ULRICH
ESPEFALT, RALF
FABIAN, DR. HERMANN
FABREGA,

FAIRCLOTH, REGINALD L.
FARELLO, ELVIO
FASOLI-STELLA, PAOLA
FEHRENBACH, DR. P.J.
FERMANDJIAN, JEAN
FERRELL, W.L.
FERRERO, CLAUDIO
FEUERSTEIN, DR. H.
FIEGE, A.

FINZI, S.

FIORENZA, JOSEF

XXXIV

UNIV. STUTTG.
SANDIA N.L.

US NRC

GKSS

UNIV. STUTTG.
GRS

CEC ISPRA
ELECTR. FRANCE
KFK GMBH

UNIV. STUTTG.
PORT.NUCL. SOC.
ELECTR. FRANCE
T.E.C.

CEA ,
RISK ASSESSMT.
CEA

ONTARIO HYDRO
KFK GMBH
SCOTL.EL. BOARD
UKAEA

SANDIA N.L.
CEA

EDF (SEPTEN)
UNIV. STUTTG.
US NRC

KFK GMBH

ASS. VINCOTTE
FAC. MECH.ENG.
BATTELLE

KFK GMBH

KFK GMBH

KFK GMBH

EG&G IDAHO INC
CEA

KFK GMBH
SCIENCE APPL.
CEA

KWU KARLSTEIN
RAADET F. KKA
UKAEA
BADENWERK

KFK GMBH

CEC ISPRA
UNIV. N.MEXICO
NNC

ROY. INST. TECH.
KFK GMBH

GRS
SWED. ST+ POWER
KWU ERLANGEN
CEA

UKAEA

ENEA

CEC ISPRA
AECL

CEA

SCIENCE APPL.
KFK GMBH

KFK GMBH

KFK GMBH

CEC BRUSSELS

‘'KWU ERLANGEN

D -7000
USA -
Usa -

D -2054
D -7000
D —-8046
I-21020
F-75006
D -7513
D -7000
P—
F-75008
USA -
F-92260
GB -
F~92260
CDN -

D -7500
GB -

GB -

D -7500
F-92260
F-69628
D ~7000
USA -

D -7500
B -1180
YU -
USA -

D -7500
D ~7500
D -7500
UsA -
F-92260
D -7500
USA -
F-92260
D -8757
$-10248
GB -

D -7500
D -7500
1-21020
usa -
GB -
5~10044
D -7500
D -5100
5-16287
D -8520
F-13115
GB -~
I_
I-21020
CDN -
F-92260
USA -

D ~7500
D -7500
D ~-7500
B_
D

-8520

STUTTGART 80
ALBUQUERQUE NM, 87185
20555 WASHINGTON D.C.
GEESTHACHT-TESPERHUDE
STUTTGART 80

GARCHING

ISPRA (VARESE)

PARIS

STUTENSEE 1

STUTTGART 80

LISSABON

PARIS

KNOXVILLE, TENNESSEE
FONTENAY-AUX-ROSES
TUNBRIDGE WELLS, KENT
FONTENAY~-AUX-ROSES
TORONTO, ONT. M8Z 5S4
KARLSRUHE

GLASGOW, G44 4BE
WARRINGTON, WA3 4NE
KARLSRUHE 1
FONTENAY-AUX~ROSES
VILLEURBANNE
STUTTGART 80
GAITHERSBURG MD 20878
KARLSRUHE

BRUSSELS

BEOGRAD

COLUMBUS, OHIO 43201
KARLSRUHE

KARLSRUHE

KARLSRUHE

IDAHO FALLS ID, 83415
FONTENAY-AUX-ROSES
KARLSRUHE

87102 ALBUQUERQUE N.MEX
FONTENAY-AUX-ROSES
KARLSTEIN

STOCKHOLM

WARRINGTON WA3 5QU
KARLSRUHE 1

KARLSRUHE

ISPRA (VARESE)
ALBUQUERQUE, NM 87131
LEICESTER, LE8 3LH
STOCKHOLM

KARLSRUHE

AACHEN

VALLINGBY

ERLANGEN
SAINT-PAUL-LEZ-DURANCE
OXON ’

ROMA

ISPRA (VARESE)

CHALK RIVER, ONTARIO
FONTENAY-AUX~ROSES
87102 ALBUQUERQUE N.MEX
KARLSRUHE

KARLSRUHE

KARLSRUHE

BRUSSELS

ERLANGEN




FISCHER, DR. KARSTEN
FISCHER, DR. P.-M.
FOUREST, BERNARD
FRESCURA, G.M.
FRISCHENGRUBER, KURT
FROMENTIN,

FROHLICH, DR. REIMAR
FUCHS, HANS

FURRER, DR. MAX
FYNBO, PETER B.
GABALLAH, DR. IBRAHIM
GARDNER, RICHMOND
GARLAND, J.A.
GAUDENZIO, MARIOTTI
GAUVENET, ANDRE
GEIGER, DR. WERNER
GIESEKE, DR. JAMES
GILBY, ERNEST V.
GILL, RALPH
GINSBERG, DR. THEODORE
GIROUX, CHRISTIAN
GITTUS, DR. J.H.
GOUFFON, ALAIN
GOVAERTS, PAUL
GOVAERTS, PIERRE
GREEF, DR. C.P.
GREMM, DR. OTTO
GRIFFITH, JERRY D.
GRIMM, PETER

GROOS, DR. EKKEHARD
GROS, G. .
GRASLUND, CHRISTIAN
GUARRO, SERGIO
GUESNON, HENRI
GULDEN, DR. WERNER
HADALLER, G.I.
HAGEN, DR. S.

HALL, PETER

HARPER, FREDERICK T.
HASCHKE, DR. DIETER
HASSANIEN, DR. S.
HAUS SERMANN,
HEDGRAN, ARNE
HELLSTRAND, ERIC
HENDRIE, DR. JOSEPH M.
HENNIES, DR. H.H.
HENNINGS, DR. WILFRIED
HERBOLD, G.
HERTTRICH, DR. MICHAEL
HEUSER, DR. F.W.
HICKEN, PROF.DR. E.
HILL, DR. T.F.
HINDLE, EDWARD D.
HIRMER, FRANZ
HIRSCHBERG, STEFAN
HOCKE, KLAUS-DIETER
HOERTNER, DR. HELMUT
HOFMANN, DR. PETER
HOFMANN, G.

HOFMANN, WOLFHARD
HOHMANN, HERMANN
HOLTBECKER, HELMUT

XXXV

BATTELLE

KFK GMBH

CEA

ONTARIO HYDRO
KWU ERLANGEN
EIR

KFK GMBH
MOTOR-COLUMBUS
EIR

RISO NAT.LAB.
HRB GMBH
STONE& WEBSTER
AERE HARWELL
ENEL—-CRTN
ELECTR. FRANCE
BATTELLE
BATTELLE
GILBY ASS.

GRS
BROOKHAVEN N.L
CEA

UKAEA

CEA
S¢CeK+/C.EN.
ASS. VINCOTTE
C+E.E.B.

KWU ERLANGEN
US ENERGY DEP.
EIR

KFA JULICH
CEA

SWEDISH NPI
LLNL
FRAMATOME

KFK GMBH
WESTINGHOUSE
KFK GMBH

CEGB

SANDIA N.L.
EIR

ONTARIO HYDRO
NUCL. EN. AGENCY
ROY. INST.TECH.
STUDSVIK
AMERICAN NUCL.
KFK GMBH

KFA JULICH
GRS

BMI

GRS

GRS

ATOMIC EN.CORP
UKAEA

XWU ERLANGEN
AB ASEA-ATOM
UNIV. STUTIG.
GRS

KFK GMBH

KFK GMBH

KWU OFFENBACH
CEC ISPRA

CEC ISPRA

D -6000
D -7500
F-92260
CDN -

D -8520

CH-5303

D ~7500
CH-5401
CH~5303
DK~4 000
D -6800
UsA -
GB -
1-56100
F-75008
D -6000
USA -
GB -

D -8046
USA -
F-92260
GB -
F~92260
B ~2400
B -1180
GB -

D -8520
USA -
CH-5303
D ~5170
F-92260
$-10252
USA -
F-92084
D -7500
CDN -

D -7500
GB -
UsA -
CH-5303
CDN -
P-75016
§~10044
$-61182
UsA -
-7500
-5170
~8046
-5300
-5000
-8046
ZA-0001
GB -

D -8520
§-72104
~7000
-8046
-7500
~7500
-6050
1721020
1-21020

oo oouo

oYU oowo

FRANKFURT 90
KARLSRUHE
FONTENAY-AUX-ROSES
TORONTO ONT. M5G IX6
ERLANGEN

WURENLINGEN

KARLSRUHE

BADEN

WURENLINGEN

ROSKILDE

MANNHEIM 1

BOSTON, 02107
OXFORDSHIRE OXII ORA
PISA

PARIS

FRANKFURT

COLUMBUS OHIO 43201
KNUTSFORD, CHE. WA169DZ
GARCHING

UPTON, NY 11973
FONTENAY=AUX~ROSES
CULCHETH, WARR. WA3 4NE
FONTENAY~AUX-ROSES
MOL

BRUSSELS
GLOUCESTERSHIRE GLB 9PB
ERLANGEN

WASHINGTON DC, 20545
WORENLINGEN

JULICH
FONTENAY-AUX-ROSES
STOCKHOLM

LIVERMORE, CA 94550
PARIS LA DEFENSE
KARLSRUHE

HAMILTON ONT. L8N 3K2

" KARLSRUHE

GLOUCESTER
ALBUQUERQUE, MM 87185
WURENLINGEN

TIVERTON ONT. NOG 2T0
PARIS

STOCKHOLM

NYKOPING

UPTON NY, 11973
KARLSRUHE

JULICH

GARCHING |

BONN 1

KOLN 1

GARCHING

PRETORIA, SOUTH AFRICA
PRESTON, PR4 ORR
ERLANGEN

VASTERAS

STUTTGART 80

GARCHING

KARLSRUHE

KARLSRUHE

OFFENBACH

ISPRA (VARESE)

ISPRA (VARESE)



HOLZER, ROBERT
HOSEMANN, DR. J.P.
HOWIESON, J.Q.
HOGBERG, LARS
HAFNER, H. .

HAFNER, WOLFGANG
THLE, P.

ILBERG, DR. DAN
ISRAEL, MATHIEU
JACOBS, GUNTER
JAHNS, ARMIN
JAPAVAIRE, ROBERT
JASSIM, MOHAMED WIDAD
JESCHKI, WOLFGANG
JOHANSSON, KJELL O.
KALLENBACH, ULRICH
KALLT, HAIKLEI
KALVERBOER, C.
KANZLEITER, T.F.
KAPULLA, DR. H.
KARB, E.

KARWAT, PROF.DR. HELMUT
KASTENBERG, WILLIAM
KATO, MASAMI
KATZENMEIER, GUSTAV
KELLY, JOHN E.
KERSTING, E.
KESSLER, PROF. G.
KIM, BYONG-JOO
KINSMAN, DR. PETER R.
KISSEL, HELMUT
KLEWE-NEBENIUS, DR. H.
KNOBEL, RONALD C.
KOBUSSEN, J.
KODAIRA, HIDEKI
KOENIG, JAN

KOHLI, RAJIV

KOHN, DR. E.

KOLEV, DR.-ING. NIKOLAY
KOLLAS, JOHN G.
KOLLATH, DR. KLAUS
KOMORIYA, DR. H.
KOMST, MATTI

KOSTER, A.

KOTAKE, SHOJI
KOUTSOUVELIS, G.
KRAFT, ROLF

KRESS, DR. TOM S.
KREWER, KARL HEINZ
KRIEG, R.

KROEGER, P.G.
KRUGER, DR. P.J.
KROSING, GERD
KUCZERA, DR. B.
KUHLMANN, DR. MICHAEL
KUMMERER, PROF. K.
KURZAWE, MICHAEL
KUTTRUF, HELMUT
KUSTERS, DR. HEINZ
KOBERLEIN, DR. KLAUS
KONIG, DR. L.
KORBER, DR H.

XXXVI

NIS

KFK GMBH

AECL
NUCL. P, INSP,
KFK GMBH
BATTELLE

KFK GMBH
BROOKHAVEN N.L
ELECTR. FRANCE
KFK GMBH

GRS

CEA

TAEC

HSK

STUDSVIK

UNIV. STUTTG.
UNIV. LAPPEEN.
N.V. PZEM
BATTELLE

KFK GMBH

KFK GMBH

TU MUNCHEN
UCLA

NIPPON ATOMIC
KFK GMBH
SANDIA N.L.
GRS

KFK GMBH

UNIV. WISCONS.
UKAEA

KFK GMBH

KFK GMBH
KNOBEL & ASS.
EIR

UNIV. TOKYO
LOS ALAMOS N.L
BATTELLE

AECL

KFK GMBH
GREEK AEC

GRS MBH
ARGONNE N. L.
IMATRAN VOTMA
NUCOR
MITSUBISHI RES
KFK GMBH

KFK GMBH

OAK RIDGE N.L.
BMFT

KFK GMBH
BROOKHAVEN N.L
NUCOR

BYV-SV

KFK GMBH
BATTELLE

KFK GMBH

KWU KARLSTEIN
DR. LEDERMANN
KFK GMBH

GRS

KFK GMBH

AP (ANG.PHYS.)

HANAU 1

KARLSRUHE

MISSISSAUGA ONT LSK 1B2
STOCKHOLM

KARLSRUHE

FRANKFURT 90

KARLSRUHE

UPTON NY, 11973
CLAMART CEDEX
KARLSRUHE

KOLN 1
FONTENAY~AUX-ROSES
BAGHDAD

WURENLINGEN

NYKOPING

STUTTGART 80

53851 LAPPEENRANTA 85
AA MIDDELBURG
FRANKFURT 90

KARLSRUHE

KARLSRUHE

GARCHING

LOS ANGELES CA, 90024
KAWASARI-CITY
KARLSRUHE 1
ALBUQUERQUE NM, 87185
GARCHING

KARLSRUHE 1

MADISON WI, 53705
WARRINGTON

KARLSRUHE

KARLSRUHE

LYONS GA, 30436
WURENLINGEN

TOKYO

LOS ALAMOS, MM
COLUMBUS OHIO 43201
MISSISSAUGA ONT L5K 1B2
KARLSRUHE

AGHIA PARASKEVI

KOLN

ARGONNE IL, 60540
00101 HELSINKI 10
PRETORIA, SOUTH AFRICA
TOKYO, CHIYODA-KU
KARLSRUHE

KARLSRUHE

37831 OAK RIDGE, TENN.
BONN
KARLSRUHE
UPTON, NY
BONN 2
MUNCHEN 70
KARLSRUHE
COLUMBUS OHIO 43201
KARLSRUHE
KARLSTEIN

KETSCH

KARLSRUHE

GARCHING

KARLSRUHE
GECHINGEN

11973



L"HERITEAU, JEAN-PTIERRE
LAMROTH, HARRY
LANG, ULRICH
LANORE, JEANNE-MARIE
LAPPA, DAVID ALLAN
LARKINS, DR. JOHN T.
LAURIDSEN, KURT
LEE, W.

LEIMEISTER, HANS-R.
LEISTIKOW, DR. S.
LEMANSKA, MIRIAM
LEUSCHNER, DR. A.H.
LEUTHROTH, CLAUDE
LEVEN, DR. DIETRICH
LEVINE, SAUL
LEWINS, DR. JEFFERY
LEWIS, PROF.H.W.
LIEBER, KARL
LIENART, P.
LILLINGTON, J.N.
LITAT, DR. DAN
LOEWENSTEIN, WALTER
LOMAZZI, FRANCO
LONG, STEWART W.
LONGWORTH, J.P.
LOOMIS, GUY G.

LUMMERZHEIM, DR. DIETHARD

LUXAT, J.C.
MAGDALINSKI, JAN
MAILLAT, A.
MALAUSCHEK, HANS
MALCOLM, ERNST L.
MALHERBE, J.

MANDL, RAFAEL
MANIORI, DAVIDE
MANSOOR, SYED HASAN
MARCILLE, R.
MARTIN, IVAN C.
MARTIN, ROGER
MARTTILA, JOUKO
MATSUMOTO, MASAKI
MAURER, H.A.

MAYR, PETER
MAZZINI, M.

MC CAULEY, EDWARD W.
MEIER, DR. SIGURD
MERCIER, DR. OLIVER
MERCIER, PIERRE
MERKLEIN, WALTER
MESLIN,

MESNAGE, JOSETTE
METZIG, DR. GUNTHARD
METZINGER, DR. J.
MEYER, DR. LEONHARD
MICHAEL, HORST
MICHEELSEN, B.
MIETTINEN, JAAKKO
MILHELM, JEAN-LUC
MITCHELL, KEITH
MOBERG, LARS
MORELL, DR. WILFRED
MORISON, W.G.

XXXVII

CEA

IMATRAN VOIMA
UNIV. STUTTG.
CEA

LLNL

US NRC

RISO NAT.LAB.
ONTARIO HYDRO
GRS

KFK GMBH
SOREG NRC
NUCOR

CEA

GRS MBH

US NRC

UNIV. CAMBRIDG
UNIV. CALIF.
EIR

EDF/SPT

UKAEA

ISR. ATOMIC EC
EPRI

NIRA
COMBUSTION ENG
CEGB

EG&G IDAHO INC
GRS MBH
ONTARIO HYDRO
AB ASEA~ATOM
CEA

KFK GMBH

US NRC

C.E.N,

KWU ERLANGEN
ENEA-DISP

KFK GMBH
EDF/SPT

AECL

EDF (SEPTEN)
SATELLYTUR.
HITACHI LTD
CEC BRUSSELS
UNIV. STUTTG.
UNIV. PISA
LLNL

GRS

EIR
HYDRO-QUEBEC
KWU ERLANGEN
EDF/SPT
FRAMATOME

KFK GMBH

MPI

KFK GMBH |
STONE& WEBSTER
RISO NAT.LAB.
TECH.RES. CENTR
CEA

NNC
SCANDPOWER
KWU ERLANGEN
ONTARIO HYDRO

F-92260
SF -~

D -7000
F-92260
UsA -
USA ~
DK—-4000
CDN -

D -5000
D -7500
IL -
ZA-0001
F-13115
D -5000
USA -
GB -
USA -
CH-5303
F-75384
GB -

iL -
USA -
I-16100
UsA -
GB -
Usa -
D -5000
CDN -
5-72104
F-13115
D -7500
Usa -
F-91191
D -8520
I..
D -7500
F-75384
CDN -
F-69626
SF -

J -
B -1049
D -7000
I-56100
USA -

D -5000
CH-5303
CDN -
D -8520
F-75384
F-92084
D -7500
D -6900
D ~-7500
USA -
DK-4000
SF -
F-92260
GB -

N -2007
D -8520
CDN -

FONTENAY-AUX-ROSES
00101 HELSINKI 10
STUTTGART 80
FONTENAY-AUX-ROSES
LIVERMORE, CA 94550
WASHINGTON DC, 20555
ROSKILDE

TORONTO ONT. M5G IX6
KOLN 1

KARLSRUHE 1

70600 YERNE

PRETORIA, SOUTH AFRICA
SAINT-PAUL~LEZ-DURANCE
KOLN

GAITHERSBURG MD, 20878
CAMBRIDGE

SANTA BARBARA CA, 93106
WURENLINGEN

PARIS CEDEX 08
DORCHESTER, DOR.DT2 8DH
TEL-AVIV 61070

PALO ALTO, CA.

GENOVA

SPRINGFIELD VA, 22152
BERKELEY, GLOS.

IDAHO FALLS, ID. 93401
KUBLN

TORONTO ONT. M5G IX6
VASTERAS
SAINT-PAUL-LEZ-DURANCE
KARLSRUHE

20555 WASHINGTON D.C.
GIF-SUR-YVETTE
ERLANGEN

ROMA

KARLSRUHE

PARIS CEDEX 08

CHALK RIVER ONT, K0JIJO
VILLEURBANNE CEDEX
00101 HELSINKI
IBARAKI-KEN

BRUSSELS

STUTTGART 80

PISA

LIVERMORE CA, 94550
KOLN 1

WURENLINGEN

GENTILLY, QUEBEC
ERLANGEN

PARIS CEDEX 08

PARIS LA DEFENSE
KARLSRUHE

HEIDELBERG

KARLSRUHE

BOSTON MA

ROSKILDE

HELSINKI
FONTENAY-AUX-ROSES
LEICESTER, LE8 3LH
KJELLER

ERLANGEN

TORONTO ONTARIO



MORLOCK, GUNTER

MUNZ, PROF.DR. D.
MURATA, KENNETH K.
MULLER, KLAUS

MULLER, PROF.DR. U.
MULLER-DIETSCHE, W.
N.N. -~

NAGEL, DR. KLAUS
NASCHI, GIOVANNI
NEITZEL, H.J.
NEWBIGGING, A.
NICHOLS, ALAN L.
NISHIO, MASAHIDE
NISSEN, KLAUS L.
NORWOOD, KEITH S.
0"DONNELL, E.P.
OBATA, HIDEO
OHLMEYER, HERMANN
OKAZAKI, MOTOQAKI
OLLIKKALA, HANNU
ORTH, KARLHEINZ
OSBORNE, M.F.

OSETEK, DANIEL J.
PANITZ, DR. HANS-JURGEN
PASLER, HORST

PEEHS, DR. MARTIN
PELCE,

PENN, W.J.

PERINIC, D.
PERNECZKY, DR. LASZLO
PERRAULT, D.

PERSSON, AKE H.
PERSSON, LEIF
PETERSEN, DR. C.
PETIT, GERARD
PETRANGELI, GIANNI
PFRANG, W.

PFORTNER, DR. HERMANN
PICKARD, PAUL S.
PICKMAN, D.O.
PLATTEN, JAMES L.
PODOWSKI, DR. MICHAEL Z.
POINTER, W.

PON, DR. G.A.
PREISCHL, WOLFGANG
PROHASKA, DR. GUNTER
RASMUSSEN, INGVARD
RASTAS, AMI

REDDY, DR. DEVUNI GANESH

REHME, PROF.DR.-ING KLAUS

RETMANN, DR. M.
REISER, H.

RENARD, ALFRED
REOCREUX, DR. MICHEL
RHODES, N.
RICKETTS, CRAIG
RIEBOLD, W.L.
RININSLAND, DR. H.
RIVIERE, JOEL
ROCHE, HENRI
ROGERS, J.T.
ROHAIGI, U.S.

XXXVIII

GRS

KFK GMBH
SANDIA N.L.
KFK GMBH

KFK GMBH

KFK GMBH
UMWELT~MIN,
KFK GMBH
ENEA-DISP

KFK GMBH
UKAEA

UKAEA

TOSHIBA

KFK GMBH
UKAEA

EBASCO SERVICE
CENTURY RES.C.
HEW

JINS
SATELLYTUR.
KWU CRLANGEN
0AK RIDGE N.L.
EG&G IDAHO INC
KFK GMBH

KFK GMBH

KWU ERLANGEN
CEA

ONTARIO HYDRO
KFK GMBH

INST. F.PHYSICS
CEA
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Opening Address by Dr. H. H, Hennies

Ladies and gentlemen:

At this opening of the 5th International Conference on Thermal
Reactor Safety I would like to welcome you all in Karlsruhe.

I am particularly happy to see so many friends and guests from
all over the world and I hope that we will be able to continue
successfully the tradition of this series of meetings. A special
word of welcome gges to Minister Weiser of the State Government
of this State of Baden-Wilirttemberg and to Dr. Narjes of the
Commission of the European Communities, who will be here in

a couple of minutes., I also have pleasure in welcoming the
Rector of the University of Karlsruhe, Prof. Kuhnle, who will
attend this morning's session, and among our foreign guests I
would like to welcome in particular the President of the

American Nuclear Society, Dr. Joe Hendrie.

The German Kerntechnische Gesellschaft as the sponsor and the
Karlsruhe Nuclear Research Center as the organizer of this
conference have been, and are, grateful for the support they

have received from many sides. I would like to mention espe-
cially the European Nuclear Society, the American Nuclear
Society, the Canadian Nuclear Society, the Japan Atomic Energy
Society, the Nuclear Energy Agency of OECD, the International
Atomic Energy Agency, the Commission of the European Communities,

and the Badenwerk utility.

This meeting will deal with findings of research into the
safety of reactors, and most of the contributions will be
devoted to the safety of light water reactors, which is the
reactor line supplying most of the nuclear electricity today.

This very mature reactor system makes an increasing contri-



bution to our electricity supply. Especially in Europe, nuclear
power in many countries has already reached a level of 40 to

50% of the electricity supply.

This applies to Finland, Sweden, Belgium, France, and Switzer-
land. In the Federal Republic of Germany, at present about 25%
of the public electricity supply comes from nuclear reactors.
This percentage is likely to increase very soon, as a number

of large nuclear power plants will be going on stream.

Several hundred large power reactors in all parts of the world
are proof of the fact that nuclear power has now outgrown its
development years and has become an established technology.
The reliability of reactors has improved continuously and the
accident record is still extremely positive in the sense that
neither the persons working in these facilities nor the public

in their environments have suffered damage due to radiocactivity.

The hazard potential undoubtedly associated with handling radio-
active materials is the reason for the intensive worldwide
research in the field of reactor safety. Especially after the
accident which occurred some five years ago at the Three Mile
Island plant in the United States, many theoretical and ex-
perimental studies have been conducted on the accident behqvior
of light water reactors. Although their results have not léd

to any major changes in reactor facilities, they have improved
some details of the systems in specific cases. Especially our
knowledge about the possible production of hydrogen has been
enhanced and measures have been initiated to prevent ignition
or explosions. This process has now largely been completed and
I think it is safe to say that we now understand well enough
the behavior of reactors in normal operation and under all

kinds of credible accident conditions and that the existing



safety systems in accidents react in such a way that there

will be no detriment to the public.

Of course, this question can never be answered for good; it
is therefore only natural in research and development to
inguire again and again whether our assertions continue to
be valid also in the light of more recent findings. We will
try to do so over the next few days and, on Thursday at the
panel discussion, will attempt to strike a balance by asking

what remains to be done in the field of reactor safety research.

The sixties and seventies were mainly devoted to investigating
the sequences and the consequences of the so-called design
basis accidents; especially the loss-of-coolant accident and
the behavior of the emergency core cooling systems were given
much attention. In recent years, more effort has been con-
centrated on the highly improbable but, as far as consequences
are concerned, much more dangerous core disruptive accidents.
These accidents, including the core meltdown accident, are

so improbable, to the best of our knowledge, that formally
they are not even taken into account in the licensing
procedure on the construction and operation of nuclear power
plants. Yet, they do play a considerable role in the public
debate about the risks of nuclear energy. For this reason,
reactor safety research has been trying for years to find

an answer to the question of the extent of damage likely

to be associated with these accidents. These studies have

been conducted in many places all over the world. In the
Federal Republic of Germany, where some initial work was
started more than ten years ago, they have been intensified
recently, the Karlsruhe Nuclear Research Center having made

a major contribution. The results of these activities are



very important and should have a considerable impact on the
future assessment of the risks of nuclear power, for it is
seen that all former statements on the consequences of core
disruptive accidents were wrong, inasmuch as most of the

consequences indicated were much too severe.

This was due to the conservative treatment in the absence
of detailed theoretical and experimental studies. Today,
we are on much more solid ground in this sector. Even in
case of a total core meltdown there would be no national
disaster. The so-called China syndrome, i.e., the core
melting through the building foundations, will not occur
and the reactor containment can be expected to fail at
such a late point in time that the release potential for
radioactive particles by then will have decreased by many

orders of magnitude.

We feel that these studies can be concluded very soon and
that the results will then be available in a guantitative
format. In the Federal Republic of Germany, the consequence
will certainly be that the new version of the German Risk
Study, which is to be available by late 1985, will show
much slighter consequences for these types of accident,

At our Karlsruhe Nuclear Research Center, tests are at
present going on about the interaction between metal melts
and concrete, which are guite impressive. I would like to
encourage you to have a look at this facility; we call

it BETA. This can be arranged within our program of tours

today and tomorrow.



0f course, the general statement I just made holds true world-
wide; it alos applies to all variants of light water reactors.
However, since these facilities do differ from type to type,
even from plant to plant, one must be careful in comparing
specific, individual results and must not conclude from the
differences in findings to the bandwidth of error inherent

in these statements.

I hope that this meeting will bring us a step closer to our
goal: to understand better the behavior of reactors in normal

operation and, especially, under accident conditions.

When defining the work still to be done we should also examine
very carefully what degree of accuracy is needed. It is neither
possible nor necessary, for an accident as improbable as the
melting of the whole reactor core, to calculate within a

factor of 2 or 3 the consequences of activity releases. One

order of magnitude or perhaps more is certainly sufficient.

At the Karlsruhe Nuclear Research Center we feel that, for
German light water reactors, this goal will have been reached
in two years’ time at the latest; we will then considerably

cut down on research expenditures in this field.

Ladiés and gentlemen, I would not want to conclude without
expressing my sincere gratitude to all those who, for more
than one year, have been instrumental in preparing this
conference: the members of the Steering Committee, the members
of the Program Committee headed by Prof. Birkhofer, and the
members of the Selection Committee. My special thanks go to
the staff members of the Karlsruhe Nuclear Research Center

who actively participated in the preparation: Dr. Rininsland



togethef with Mr. Bork, Mrs. Schrodder and Mrs. Pleli have
worked very hard to make this conference, hopefully, a

success.

Nuclear technology, especially problems of reactor safety,
are part and parcel of the political environment, and for
this reason it is my special pleasure to welcome Minister
Weiser and Dr. Narjes, who has arrived in the meantime.

They will present the views of the Baden-Wiirttemberg State
Government and of the Commission of the European Communities
on the problems we are addressing.

Minister Weiser, the floor is yours.



Address by the Baden-Wiirttemberg State Minister

of the Interior, G. Weiser

Ladies and gentlemen:

Tt is a pleasure and also a great honor for me to

be able to welcome at this 5th International Meeting
on Reactor Safety such a large number of experts

in the field of nuclear technélogy who have come

to Karlsruhe from so many countries. I would like

to convey to you the best wishes of the State
Government of Baden-Wirttemberg, particularly of

the Minister President, Mr. Spdth, and again I would

like to welcome you very cordially in this State.

The State Government of Baden-Wirttemberg, and in
particular myself as the Minister responsible for
the safety of nuclear technology in this State,
appreciate very much that this conference is being
held in Karlsruhe, the city where, more than 27
years ago, the Kernreaktor Bau- und Betriebsge-
sellschaft mbH was founded by the Federal Republic
of Germany and the State of Baden-Wirttemberg to
build the FR2 research reactor and some additional
institutes, whichbthen developed into the Karlsruhe
Nuclear Research Center, one of the major research

establishments in the field of nuclear technology.

The openness to new technological developments and
to international exchanges of experience has since
the beginning of the use of nuclear energy in this
country been a natural prerequisite to successful
scientific work. Many events with international
participation at the Karlsruhe Nuclear Research
Center in the past have been evidence of that

important function.
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Today's meeting is in line with this tradition, which
has been cultivated at the Karlsruhe Nuclear Research
Center for almost as long as the State of Baden-
Wilirttemberg has existed. When the Nuclear Research
Center was founded, the State of Baden-Wiirttemberg

was just four years old.

I hope you will bear with me if, as a representative
of the State Government, I mention with a certain
amount of pride a number of examples to indicate that,
here in Baden-Wiirttemberg, major contributions are
being made or have been made towards the development
of nuclear technology and towards the solution of

related safety questions.

In addition to the FR2 research reactor, which I
have mentioned before, the first German designed and
built reactor after 1945, I would like to mention

as a further example in the Federal Republic of
Germany a reactor developed in this country, the
multipurpose research reactor at Karlsruhe, which

in its eightenn years of operation proved the tech-
nical maturity of the underlying concept of a heavy
water moderated and heavy water cooled pressurized

water reactor.

In the field of advanced reactor technology, the
compact sodium cooled nuclear reactor at Karlsruhe
should be mentioned, whose operation for many years
has contributed important know-how in the field of
the technology of fast breeders and which, within
the framework ofvthg fast breeder research project,

will continue to play an important role in the future.
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Also one of the larger nuclear power plants

in West Germany was built in Baden—wﬁrttemberg,
i.e., the Obrigheim Nuclear Power Station, which
is a demonstration plant of the PWR type that
has been in successful operation for more than
110,000 hours and which, like the plant at
Neckarwestheim commissioned eight years later,
holds a good position in terms of availability
worldwide. Three other major nuclear power plants
in Baden-Wiirttemberg are being commissioned

or under construction. In WAK, a small pilot
reprocessing plant in Karlsruhe, which has been
in operation since 1971, a major contribution

is made towards research and technological

testing of reprocessing spent nuclear fuels.

In addition to the many practical experiences
the operation of these plants has yielded,
thorough research in the field of nuclear
technblogy is being undertaken also at the
universities of this State and at the Karls-
ruhe Nuclear Research Center. Some of that
research specifically deals with questions of

reactor safety.

One prominent example in that context is the
comprehensive Nuclear Safety Project of the
Kernforschungszentrum Karlsruhe, whose extensive
line of research, e.g., on the behavior of fuel
elements and other reactor components during
accidents, tests on the developments of hypo-
thetical core meltdown accidents, and activities

to improve fission product retention and reduce
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radiation exposure, has found recognition and

acceptance internationally.

Another important research project of the Karis-
ruhe Nuclear Research Center in the field of
reactor safety are the large scale tests carried
out under realistic conditions on full scale
reactor components of the decommissioned Super-
heated Steam Reactor of GroBwelzheim in Bavaria.
I would like to mention, by way of example,
particularly the thermal shock tests of the
reactor pressure vessel, experiments on the
effects of loss-of-coolant accidents on pressure
vessel internals and on safety valves as well

as the seismic experiments carried out there.

In addition, the Center also runs a number of
major projects with safety and environmental
implications in the field of fast breeders,

uranium enrichment, reprocessing of spent fuel
elements and treatment of radiocactive wastes,
nuclear fusion and, recently, also in the field

of environmental research within the framework

of the "European Reéearch Center for Air Pollution

Control'" Project.

Another major center of reactor safety research
in Baden-Wiirttemberg is the Materials Testing
Institute (MPA) of the University of Stuttgart
headed by Prof. KuBmaul, which works on guestions
of materials and strength of materials. Although
this is not the main topic of this meeting,

the important contributions to reactor safety
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coming from that Institute, which will celebrate
its 100th anniversary this year, should be em-
phasized. MPA's work on the safety of pressurized
components and systems has contributed greatly
and has won international acclaim, Broad research
and development programs have been carried out
with the most modern, sometimes unique, testing
equipment to assess materials and component
behavior under extreme conditions. The so-called
basic safety concept for pressurized components
has been established theoretically and backed
experimentally to exclude reliably the occurrence
of large breaks. This "leak-before-break" prin-
ciple is now being applied not only in this

country, but also abroad.

Another research activity conducted in the State
of Baden-Wirttemberg, which I would like to
mention, is the comprehensive emergency core
cooling project, UPTF, which is being prepared
on behalf of the Federal Ministry for Research
and Technology as part of an international large
scale research project involving the United
States and Japan. The test rig which, apart

from the absence of nuclear heating, simulates
the primary system of a large PWR on a 1:1
scale, was built at the Mannheim power plant
headed by Dr. Schoch. Another major project

of reactor safety research is thus being sup-
ported by the technical facilities of that

power plant. The tests, which are to be started
in the second half of 1985, will supplement

many earlier emergency core cooling



tests carried out elsewhere.

Ladies and gentlemen, the topic of this meeting,
reactor safety, has always been one of the most
vital and most widely discussed subjects in

the public with respect to the peaceful use

of nuclear energy. Nuclear power plants contain
large amounts of radioactive substances whose
handling must be managed safely and which must

be kept from the environment reliably by a
system of multiple barriers. It is not for
nothing that licensing and supervisory procedures
for nuclear power plants include stringent safety
requirements to guarantee the protection of

the workforce and the population in the vicinity
of these plants, some of which requirements

go far beyond the standard in other technical
fields. The Government of the State of Baden-
Wirttemberg has never left any doubt about the
fact that it assigns the greatest importance

to the safety of nuclear power plants and thus

the protection of people.

The strictness of the licensing procedures and
the thorough control exercised by the regulatory
authority, as well as the efforts made by vendors
and operators of nuclear power plants, have

been successful. The operating experience accumu-
lated with the technical safety systems of
nuclear power plants in this country has been
very positive. Major incidents with radiological
consequences to the environment have been avoided

so far,
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Monitoring the emissions of radioactive sub-
stances from nuclear power plants and additional
pollution control in the environment of plants,
the results of which exercises are published
annually, show that the exposure levels to
persons arising from nuclear power plants in
this country, including the incidents that

have occurred so far, are not only within the
framework of the dose limits for normal operation
under the German Radiation Protection Ordinance,
but as a rule have been underrun by a sizable

margin.

My Ministry will ensure that conditions remain
like this by its safety related cooperation

in the licensing procedures and its intensive
supervisory activities. This supervision is
further intensified by the startup, in the near
future, of the Nuclear Reactor Remote
Surveillance System in Baden-Wlrttemberg. The
operation of this automatic system is also an
expression of the State Government's dedication
to the justified safety requirements of our

public.

In comparing nuclear power plants and con
ventional thermal power plants we should not
overlook that also coal fired power plants

emit radioactive substances due to the natural
radioactive components contained in the fuel.
The resultant environmental radiation exposure,
as you know, is guite comparable to that

resulting from normal operation of nuclear
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power plants. However, coal fired power plants
produce other types of emissions in addition.
Even 1f the required 85% desulfurization is
achieved down to 270 milligrams of sulfur dioxide
per cubic meter of offgas, and even if nitrogen
oxides are reduced to 200 milligrams per cubic
meter of offgas, electricity generation in coal
fired power plants, equivalent to 1300 MWe
nuclear power plants, is still associated with
emissions annually of some 8000 tonnes of
sulfur dioxide and 6000 tonnes of nitrogen
oxides. In addition, the problem of waste
disposal in connection with desulfurization

and reduction of nitrogen oxides must also

be solved.

Being responsible in this State for the
solution of these problems, I ofen say that

I do not hope that one day the same innocents
who carry those fliers saying that one should
stop talking and instead do something for
desulfurization, when they find that there is
no more sulfur and no more fly ash in power
plant emissions, will come along and demand
that there should be no sulfur and no fly ash
on our waste disposal sites. We have to solve
these problems in a holistic approach. It is
still easier to describe problems than to find

appropriate solutions.

In addition, ladies and gentlemen, I think that
environmental problems should not be discussed

by people who are not very knowledgeable in



the field, use only slogans and thus add to

the doubts in the minds of the public, If I
look at some of those rallies, the people
attending them and the people who deal with
these problems in a very emotional way, and
others who make very emotional speeches and
thus increase their uncertainty, I sometimes
wonder whether those who use slogans and think
this will solve problems will at all realize

whether they can shoulder this responsibility.

I think that so far we have jointly ensured
that safety is guaranteed, and this is some-
thing to which the public has a vested right.
We will continue to make efforts in this field.
I am very grateful to everybody who makes his
contribution in his particular sector in the

scientific field.

Ladies and gentlemen, in coal fired power plants,
the total amount of carbon burnt is released

into the atmosphere as carbon dioxide.

According to the operating experience accumulated
so far, nuclear power plénts have been foupd

to be acceptable not only with respect to their
risk, compared to other risks of life, but they
justifiably can be regarded as a particularly
non-polluting technology of electricity genera-
tion. It is therefore regrettable that the
resistance of concerned environmentalists in

the past has been, and still is, directed

especially against nuclear power plants. Let
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me only remind you of the thesis argued partic-
ularly in this state, and coming always from

the same source, about the connection between
the emissions of radiocactive substances from
nuclear power plants or, more generally, ionizing
radiation, and the widespread diseases of our
forests. I think that those who were against
building the Wyhl Nuclear Power Plant in the
Black Forest and at the same time wanted to
build a new coal fired power plant in the same
region should take a look at their own positions
with respect to environmental protection. They
should seek further education before voicing

theses in the public which cannot be supported.

In the State of Baden-Wlirttemberg, we have a
great interest in reducing the resistance

against nuclear power plants, for electricity
from nuclear power will be particularly important
in this State with its high population density.
The use of nuclear power, to my mind, will be
indispensable also in the future, not only
because of the less polluting electricity
generation compared with the emissions from
fossil fired power plants. The State Government
therefore, both for environmental and economic
reasons, in the long run wants to cover a major
portion of the base load requirement of electric-

ity from nuclear power plants.

Ladies and gentlemen, although nuclear power
plants have already achieved a very high safety
standard, further improvements in the safety
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and reliability of these plants will remain

our constant concern. We are all called upon

to contribute to the best of our knowledge and
ability. Particularly, in the field of nuclear
energy, the evaluation of operating experience,
the results of safety research, and the exchange
of knowledge and experience are of particular

importance.

Let me therefore wish you a very fruitful ex-
change of experiences and views and the best
of success for this conference and, last but
not least, a very pleasant stay in this State,
which is still beautiful despite the many en-

vironmental problems we have.
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Address by Mr. Narjes, Member of the Commigssion of the
European Communities

Chairmen, Mr. Minister, Mr. Rector, Ladies and Gentlemen:

On behalf of the Commission of European Communities which,
besides IAEA and NEA, is one of the international organ-—
izations sponsoring this meeting, I would like to welcome
you very cordially at the 5th International Conference on
the Safety of Light Water Reactors, a meeting wich is
being attended by a large number of leading experts from
all parts of the world as members of the nuclear community.

The joint organizers of this meeting are the European
Nuclear Energy Society, the American Nuclear Society, the’
Cahadian Nuclear Society and also, last but not least,
the Japan Atomic Energy Society.

The international character of the event is not only proof
of the importance attached to the problems of nuclear safety
worldwide, but is also a good example of the present effec-
tive international cooperation and successful joint actions
in the field of nuclear safety extending also to inter-

national projects in safety research.

Irrespective of a number of continuing problems, nuclear
power in many European countries is contributing more and
more to the generation of electricity. Unfortunately, this
is not true of all European countries. I would like to
draw your attention especially to the situation in France
and Belgium, two countries in which the use of nuclear
power is far advanced and the share of nuclear power in

electricity generation is above 50%.
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As a consequence of the o0il crisis in the seventies, France
decided on its ambitious, far reaching program of nuclear
power plant construction and continues it, irrespective of
the decline in the energy requirement in recent years.

France thus has an excess now of nuclear generating capacity,
can make more economic use of energy and export electricity
to almost all European countries, such as Italy, the Nether-
lands, Germany, especially to Baden-Wirttemberg, the host
state of this meeting.

Baden-Wiirttemberg can benefit directly from the French nuclear
power program, I hope at satisfactory prices, and can align
its own nuclear power plant program with these services.

I am very much in favor of exchanging goods of all kinds and
algso services across the European frontiers, including the
transmission of energy, for this is an excellent instrument

of cooperation.

Irrespective of the many efforts taken in public information
programs and other public relations activities, the public
acceptance of nuclear power is still a major problem in

some European countries; this is also true of the Federal

Republic of Germany.

The debate about nuclear power is almost a classical example
of the problems of guidance and orientation arising in
legitimate democratic disputes in a highly industrialized
environment. We cannot solve these problems without the
assistance of the media. They play a key role. We cannot
simply stand by and accuse the media of having opened their

pages to a tide of irrationalism. Also the media participate
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in the gradual learning processes about technical and
scientific subjects and can arrive at definitive solutions

only step by step.

I think we all should try to seek an unbiased discussion
of the pros and cons. We should clearly separate opinion

and information and we should also refrain from agitation.
We should not suppress or promote fears and apprehensions.
We should also point out what the risks are with which we
must live and can live, and it is under this aspect that

the successful work in the field of reactor safety and its

representation to the public plays such an important role.

Not every procedure trying to convince the public of the
need for nuclear power will work equally well in all member
countries of the Community; each country will have to seek

its own solutions.

In some countries of the Community, e.g., many programs are
restricted to an outline of facts and data in order to
convince the public in the hope that this provides an
adequate amount of information to the public. In other
member countries, arguments are used which are more emo-
tional, thus causing psychological barriers to be built up

against the accpetance of unbiased information.

At this conference, safety problems will be discussed at
a high technical level, but I hope that this meeting will
also contribute to informing the public about the present

state of safety of nuclear installations.



24

Nuclear power is a feasible solution helping us to solve
our energy supply problems through sufficient ways and
means of safety utilizing this source of energy. In the
nuclear power plants all over the world we have accumulated
a record of safe and economic operation for 3000 reactor
years. With respect to their availability, nuclear power
plants compared to conventional power plants show an
excellent record, availability,after all, being one of the
main criteria by which to assess plants of this type. In
view of the high capital costs of nuclear power plants,
availability indeed is a factor of great importance, for
unforeseen outages can be very expensive. An unplanned
outage of a 1000 MWe nuclear power plant may cost more
than DM 1 million a day, and this sum does not include the
costs of the replacement electricity to be purchased.
Reports about power failures and plant outages and plants
to be decommissioned should also be regarded as sufficient

proof of the absolute priority of reactor safety.

Data published at the 1983 World Energy Conference, covering
a number of years, incidentally show that the reliability
of nuclear power plants is equivalent to the reliability
of conventiohal facilities. Some member countries of the
European Communities in recent years have been able to demon-
strate in a striking way what competent management can do

to improve reliability and output.

In this connection, I would like to mention the 1300 MWe
pressurized water reactor of Grafenrheinfeld in Germany,
which started commercial operation in mid-1982 and which,
according to information from the plant vendor, has supplied

more electricity in 1983 than any other reactor in the
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world. That plant has a load factor of 87.6% and produced
some 10,000 GWh, which is a record for a single reactor.
Even higher load factors of about 92% were reported from
some smaller plants, and the older facility of Stade was
operated at a load factor of more than 86% as recently as
in 1983, These are recent data documenting the high avail-
ability and the excellent performance of nuclear power

plants in Europe.

After these rather general remarks I would like to enter
into the details of the subject of -this conference, which
is reactor safety, especially the contribution the European
Communities can make to the solution of at least some of
the problems still open.

The Commission has always stressed very much the harmonization
of criteria, rules and guidelines within the Community. In
a number of working parties it promotes opportunities for
discussions and dialogs and for mutual exchanges of in-
formation about safety methods, legal provisions, standards,
and specific safety programs. The Commission feels that the
harmonization of existing national rules and guidelines in
nuclear safety should emerge naturally from a series of
continuing discussions throughout the Community and should
not be the result of some policy handed down from somewhere
in the Community.

In these activities, the Commission is based on a Council
decision of July 22, 1975 about the technological problems
of safety in nuclear power in which the Council of Ministers

agreed "that in stepwise harmonization of safety requirements
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and criteria a step-by-step procedure is adopted in order

to ensure uniform and sufficient protection of the public
and the environment against radiation hazards from nuclear
activities and, at the same time, the development of com-
mercial interaction is promoted. However, this harmonization
should not result in a safety level lower than what has

already been achieved."

Some modest progress has so far been made in this field, on
the basis of which the Commission has planned to continue

this effort, also in the interest of industrial policy.

In another field, radiation protection, there is more progress.
The duty of the Community to set up uniform safety standards
for the protection of the health of the public and the work-
force and to ensure that these rules are implemented, is

laid down in the Euratom Agreement.

In Article 33 of the Euratom Agreement, the duties of the
member countries, on the one hand, and the rights of the
Commission, on the other hand, have created more positive
conditions for a high degree of harmonization within the
European framework. This also implies international cooper-
ation in the broad field of labor hygiene and health protec-

tion.

A relatively complete catalog of legislation has now been
drafted in the Community countries, which takes into account

obligations within Euratom.

As radiation protection is a permanent duty, this radiation

protection policy must now be expanded and updated. Whenever



27

an amendment is made, all recent findings in the fields
of radiobiology, medicine and physics should be taken
into account and the experience madé in applying the
basic standards in the past should be considered.

These attempts to adapt safety criteria and standards are
supported by a number of research efforts, to which also

the Community contributes.

Within the framework of reactor safety research, we have
also learned more about the origins, the sequences and

the consequences of potential accidents and broadened our
bases for the definition of safety related requirements

and criteria. Moreover, new possibilities have been created

to ensure safe reactor operation.

The development of nuclear power, from the early days, has
been accompanied by extensive safety research programs.
Although the power plants now existing are being operated
with a sufficient degree of safety, the}e arg several
reasons to advocate the continuation of reactor safety

research programs:

1.

Designers and power plant operators/heed the findings of
this research in order to improve tHe protection of their
workforce, the public and the environment and the plant%
themselves. The research programs, through bettéi knowl-
edge of potential accident sequences, are to alléw the
safety margins to be quantified in the designs*of'com—

mercial nuclear power plants.

The results of safety research are indispensable to the

improvement of licensing procedures, for in the light
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of those research findings, acceptable design bases and
the limits of plant operation can be cast into more
definitive frameworks and the measures to be taken in
incidents can be defined more effectively.

3. Much attention must be devoted also to continuous feed-
back of information from licensing authorities and super-
visory institutions to research institutions so that ‘
research efforts can be reconsidered regularly and can
be better aligned to technical requirements, for these
authorities and institutions in their day-to-day work
must apply rules and guidelines and also test and inspec-
tion procedures.

Joint research and development work has contributed im-
portantly to the safety concepts. The following areas

should be mentioned in particular: the safety of pressure
vessels and pipes, non-destructive tests, studies of thermal
stresses and mechanical stresses acting on the reactor core
under major accident conditions, and the stresses acting on
the containment as a result of internal accidents, and the
loads to which nuclear power plants may be exposed as a
result of external impacts.

Nuclear technology is one of our modern high technologies,
to use a journalese term. We should therefore try, in the

safety assessment of all advanced technical facilities,

to apply uniform technical rules to ensure that the oper-

ation of these plants will not entail major hazards to the

public and to the workforce employed in those plants.

In the present political and social context, as I said, the

research conducted about safety also makes an important and
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indispensable cdntribution towards promoting the acceptance

of nuclear power in the public. Potential hazards associated
with nuclear power generation are now assessed in a more
realistic way and are compared with those risks, which must
exist in a highly developed society as a result of indus-
trialized technical processes. Research and development work

in the field of risk analysis has developed new instruments

for a systematic assessment of safety problems. Comprehensive
analyses of the risks of power reactors have helped to establish
an important framework within which to assess safety related

criteria.

The present research programs of the Community and the in-
dustrialized countries continuing to advance light water
power reactors, especially the United States, have grown
considerably in recent years. The accident in Three Mile
Island in 1979 has shown the importance of the role and the
behavior of the operator under accident conditions and

also for the consequences of accidents. In the case of TMI,

serious fuel damage occurred.

We have learned more about the problems associated with
typical incidents to be borne in mind in designing reactors;
we therefore now study anomalous events which, even if they
occur on a very small scale, can negatively affect the normal
operation of a plant, and we are also studying much more
severe accidents, even though their occurrence may be very

improbable indeed.

For many years, most of the research activities of the
Community in the field of technical problems of nuclear

safety have been carried out within the framework of
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programs of the Community Research Center. Since 1973,

reactor safety has been the main topic of those programs.

They comprise theoretical and experimental activities on
accident analysis and the analysis of accident consequences
and on the improvement of methods and instruments of accident
prevention. Special efforts are made with respect to the
development and application of new, advanced methods in order
to minimize the uncertainties inherent in probabilistic risk

assessment.

Major analytical and experimental topics are the investigation
of physics phenomena, which play a decisive role in loss-of-
coolant accidents, and also of the transients associated with
serious damage to the reactor core. These studies are being
conducted to improve .or validate the safety codes and, if
possible, generate new information to allow more efficient
procedures to be set up for operation and for emergency

conditions.

One example of research devoted to hypothetical major acci-
dents with very low probability of occurrence was the SUPER-
SARA Project which, within the framework of an in-pile ex-
periment, was to study the behavior of light water reactor
fuel in case of a loss-of-coolant accident. However, in the
very planning stage of the ambitious project it was found
that the expected benefit to reactor development and accident
research would not justify the tremendous costs of these
series of tests. Financial considerations caused the project

to be abandoned.

A more positive example to be mentioned is research conducted

at the Ispra Community Research Centef, which has meanwhile
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been widely accepted in the nuclear community; I am referring
to the LOBI Project, which simulates a loss-of-coolant acci-
dent in a four-loop pressurized water reactor of 1300 MWe.
The experiments were also supported by the German Federal
Ministry for Research and Technology and the findings are
being discussed in an ad hoc working group in cooperation
with national experts and are exploited for the benefit of

all those involved.

One example of cooperation in the field of safety research
throughout the countries of the Community and beyond is

the PISC Program devoted to the Inspection of Steel Compo-
nents. It was initiated by a joint working group of OECD

and the Commission for Safety Problems of Reactor Components
Made of Steel. The program serves to test the methods and
techniques presently applied in non-destructive testing and,
if possible, improve them. The LOBI and PISC programs are
also major parts of the 1984-1987 program of the Ispra
Community Research Center about the technological problems

of nuclear safety.

Besides the work conducted in the laboratories of the
Community Research Center, the Commission in order to main-
tain its key role in nuclear safety, has also created the
possibility to run research in the laboratories of the
member countries by bearing part of the costs.

As far as this type of research projects is concerned, the
Commission has proposed another four-year program between
1984 and 1987, which will continue the research started
within the first program, but will cover a broader range

of technical subjects.
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This program will either supplement or support the research
conducted at Ispra and will be integrated into the national

programs.

In the form proposed at present, research efforts break down
into three categories: research on accident prevention, improve-
ment of our knowledge about accident phenomena so that accident
consequences can be limited and, finally, research about prob-
abilitistc assessment techniques. These three categories are
closely interrelated. It should be added that some of the

topics mentioned are not restricted to the narrow field of

light water reactor powef plants and include also human factors

and man-machine interaction.

The high costs of the programs of safety research, which use
test facilities of a very iarge scale, need result in
international research efforts. Within the proposal presented
about cost sharing, participation in international research
projects or programsg carried out outside the Community coun-
tries has been envisaged.

It is regrettable, therefore, that the European Council of
Ministers so far, for budgetary reasons, has not been able

to adopt this program. The continuation of our cooperation
within the Community in this important field of reactor

safety right now is being jeopardized, which is even more
regrettable, as the efforts of the Commission have had, and
still have, the support of most of the members of the European
Parliament. Several resolutions in the European Parliament
have pointed to the urgency of this work. The Commission
nevertheless will do everything within its powers in the

future to support reactor safety and reactor safety research
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and to remove obstacles to exchange of knowledge and services.
Nuclear nationalism is not a solution for the future, let

alone for safety engineering and radiation protection.

This conference, too, will help to communicate the right

solutions.

I wish you a very successful meeting.
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NUCLEAR-REACTOR OPERATION
ACROSS THE WORLD

André Gauvenet

Electricité de France

Paris, France

Abstract

For a number of years, and especially since the accident to TMI-2, a
great deal of world attention has been given to the problems of operating
nuclear power stations.

With the help of numerous data banks, both national and international,
it has been possible to exchange information on results and to pass
on to all interested parties the reports on incidents and their ana-
lysis. These exchanges have certainly been very beneficial.

In view of the wide diversity of presentation, it is difficult to pick
out the most significant parameters, apart from overall results. However
in what follows an attempt is made to do this, in an essentially
qualitative form.

1 - INTRODUCTION

1.1 The accident at Three Mile Island (with regard to which it should
be remembered that despite its apparent gravity it caused no human
injury) marked an important stage in the development of safety concepts
and devices in nuclear power stations. The findings concern in par-
ticular the amount of radiocactivity released in the Reactor Building
during the accident at TMI, and the appearance of a hydrogen bubble
caused a great deal of rethinking internationally. Certain conclusions
on these problems, which will be very important for the future, will

no doubt come to the surface in the next two or three years.

1.2 Since 1979, there has been no serious accident to a nuclear reactor.
None has been shut down for a very long period (except the TMI
reactors). These good results are probably partly due to the renewed
attention that has been given since 1979 to a number of essential prob-
lems. The old reactors have been modified where possible. In the
design of the units at present under construction, the changes have
been even more considerable.
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I shall mention here the operational factors, such as the greater
attention paid to the human element (and consequently to training and
the internal organization of power plants), and in this context to

the relationship between man and machines, to automation (how far should
it go?), and to the new arrangements in control rooms, including the
safety boards.

I also note the considerable effort made, often of an original nature, in the
area of the planning and drafting of procedures (especially for ac-

cident situations), as well as the introduction of specialists (Shift
Technical Advisors in the United States, Ingénieurs de S{ireté et Radio-
protection in France) who can make a progressive analysis of incidents

and consequently give invaluable advice in the event of a serious

accident, as this analysis method offers diversified redundance com-

pared with the conventional codified method used by operators.

Lastly, I shall mention the development of measures taken in the event
of an accident, which have once more been partially inspired by the
shortcomings found at the time of the TMI accident.

1.3 In practice, the results of the operation of nuclear power stations
are given in the reports and statistics in the form of an evaluation

of the load or availability factors, to whose definition I shall come
back later. It is relatively easy to publish these statistics on a
monthly or annual basis, and to establish a classification featuring
"successes" and "failures",

I would not go as far as to say that these presentations, which some-
times remindone of a championship league, have no meaning; but I would
like to try to pick out the parameters that seem to me particularly
significant in the trends in power-plant load (or availability) factors, -
assessing these trends not only at short, but above. all at medium or
long term. The ideal for the future will be to draw up an evaluation

of a large part of the working life of each plant, and finally of its
whole life.

Certain questions come up immediately; we shall complete them later.
For example:

1.3.1 - Do plants in which fuel is renewed during operation have a
better load factor that those in which fuel is renewed during
shutdown?

1.3.2 ~ Does the load factor change more or less systematically with
the increasing age of the plant? (Number of fuel cycles for
water-cooled power plants.)

1.3.3 - Considerable change can follow the initial period of a plant's
working life. 1If, in a given country, the shutdown periods
are deliberately extended for systematic inspections and tests,
does this have a measurable effect:
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- on availability during operational periods?

- on availability during the mature period, when outage
durations can be reduced?

This shows, amongst other things, that one must assess both
overall availability (including shutdowns) and availability
outside shutdown periods.

1.3.4 - Plants are of different types; they are built differently and
have different ratings; they operate in countries with different
technological habits, probably linked to what may be called
national cultures. What is the influence of these various
parameters?

1.3.5 - In studying the parameters, account must be taken of special
cases, some of which will not be the same in the future:

- the influence of series construction, which facilitates
commissioning and operation, but which may cause problems,
sometimes difficult ones, in exploiting experience, since
when a modification is decided on it has to be applied to
all the reactors in the series, in operation or under con-
struction. Even in the absence of series construction, some
important components may be standardized, and this may
already pose generic problems. :

~ for countries in which the share of nuclear energy in total
energy production is becoming large (above 30-50% perhaps)
it is essential to plan and apply a "load following" procedure.

This naturally affect the significance (and the representa—
tive nature) of the load and availability factors.

— Studies are in progress for the use of new fuels in water-
cooled reactors. It is obviously premature to discuss these
today. These new fuels should, when they are ready, enable
availability to be increased systematically, provided they
do not cause incidents in themselves, and above all, perhaps,
provided extended operating periods do not have an incidence
on the general problems of maintenance and tests.

1.4 Although, as I have already said, nuclear power plants are at present
working satisfactorily in terms of safety and availability (these are
partially linked), incidents occur, as in any industrial installation;
some are of small importance, and only affect individual components,

but others have complex effects. The action taken prevents these. .in-
cidents from degenerating, but they are considered as possible pre-
cursors of more serious ones. Lastly, some may be considered as
particularly important.

In all countries, incidents are classified in fairly similar ways, and
when they exceed a certain degree of seriousness must be reported to

the safety authorities. Data banks have appeared for plant safety and/or
reliability, and here again the thinking that followed the TMI accident
has given new impetus to a trend that would probably have occurred
anyway, but which was strongly encouraged by it.
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Certain data banks are international. They enable valuable exchanges
of information to take place - for example, the lessons of experience
from serious incidents on certain power plants can be used preven-
tively on others.

These are some of the international data banks existing now:

i

The International Atomic Energy Agency (PRIS)
~ OECD - NEA (IRS)

Euratom (JRC-ISPRA)

- INPO

UNIPEDE (in project).

These systems are additional and adapted to the national systems,
some of which are now highly developed. ’

I have made wide use of the results and comments of the IAEA, NEA
and INPO, as well as certain data from Euratom. I am very grateful

~ to these organizations.

2 — PLANT AVAILABILITY -~ SIGNIFICANT PARAMETERS

I shall first give a few statistics, mostly from IAEA, which cover a
large proportion (80%) of the world's nuclear power stations.

2.1 Let us recall a few definitions:

- The load factor (LF) is given by the relation (in French : CP) :

LF E

Pn x H

il

in which E is the net energy produced (MWhe)
Pn is net maximum capacity (MWe)
H is the number of hours in the period in question.

- The availability factor (or coefficient) AF is (in French : CD)

AF = En
Pn x H

in which En is the net energy corresponding to the net power available
and Pn and H are as defined above.

The load factor (or production coefficient) is used universally.
The availability factor is useful when the unit in question is being
operated below the energy available (load following).

Here, for example, are the load and availability factors for French
power plants in 1983:
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LF (Load Factor)' 1 64.5%
AF (Availability Factor) : 67.8%

Cumulative results since each plant was first coupled up:

LF (Load Factor) : B58.6%
AF (Availability Factor) : 61.7%

1.,2.2 Figures 1, 2 and 3 give some overall results for nuclear-power-—
plant operation throughout the world.

Comments:

The curves for PWR reactors (below 600 MWe and 600 MWe and above)
are traced on each graph for reference.

- Broadly speaking, it can be said that plants that are recharged
while operating (GCR and PHWR) have a slightly higher load factor
on average than that of the reference PVWRs.

- For each type of reactor, there appears to be a characteristic
pattern for the first years of service (varying for different para-
meters, and in particular in length when it has been possible to use
experience with the first reactors for subsequent similar or identical
ones). The load factor then rises, falling again when the plant

is 10 to 15 years old.

It would therefore seem that after an optimum adult age (5 to 10
years), most nuclear units follow a more or less general aging pattern.

In my opinion this is only partly true. It is certain that systematic
faultsappear on plants of different types after a number of years.
This is the case for example for:

~ faults due to structural corrosion or deformation of the graphite
in GCRs,
- faults due to corrosion of the steam circuits in BWRs,

- faults leading through corrosion to the breakage of pins in the
structures carrying the control rods of PWRs,

— faults in steam generators for most types of reactor except BWRs.
On this subject it should be noted:
- that some of these faults may appear quite early (5 to 7 years),

as for example for the pins,

- and that many of them lead to shutdowns for varying periods, and
in any case of significant duration,

- and that some of these faults are fairly generic, even when the
reactors have not been constructed as a series,
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- and that it is possible that, with some of these faults corrected,
the plants can start off again on another period of maturity.
(But this remains to be proved in the next few years) We are ap-
parently in a transition zone for different types of reactor.

Note finally that the number of reactors that have reached an age of
more than 10 years (or 15 years, depending on the case) is very small.
Only one has reached the maximum age.

Consequently, while it is true that for this small number of reactors
there is a tendency to age and to outages, sometimes prolonged, for
maintenance, repairs or even just for detailed inspections, the load-
factor values are hardly significant as the numbers they cover are
too small.

2.3 Another way to look at the trend in load factors against time is
to make overall averages from one year to the next for each country.

The IAEA has calculated general averages for the whole lives of the
plants in a given country. It looks as if these averages mean something.
One can also calculate sliding averages over certain years, and aver-
ages for the period after the time of teething troubles (for the
countries with significant programmes, this does not differ from

the previous case).

The results for all the operating times of different types of reactor
(up to and including 1983) are given in table 1.

The averages for the whole period of each nuclear programme vary very
little if we except the teething years, whose effect incidentally
is different in the different countries. :

These averages range from 59% to 81.5% for the PWRs of 600 MWe and
above that have been taken as examples.

The spreads around the averages vary little; their sizes are as follows:

PWR 600 MWe 10 to 12%
PWR 600 MWe 10 to 14% (20% for the 8th year)
BWR 600 Mwe 13 to 18% (19% for the 9th year)
BWR 60 MWe 5 to 12%

These tables show a fairly high degree of diversity. Too many factors
are involved for lessons to be learned, especially in cases where the
load factor is growing compared with the general average.

We should note, for example:

~ the effect of the teething years, when the programme is not growing
rapidly.

~ the temporary influence of TWMI since:
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. in that year, some reactors were shut down temporarily,
. special inspections and maintenance were ordered.

- the "bad years", generally few in number, correspond to a more or
less generic fault, which when found was corrected fairly quickly.

The trend in annual outages is also interesting (see table 2).
This table gives, as an example, the statistics for annual outages in 1982,

If we except the special case of the heavy-water reactors (recharged
during operation), all the other types, including AGR and GCR, had in
1982 annual outages of around 2,500 hours {(i.e. 28% of total time in

the year). In fact, these times range between 2,100 and 2,860 hours, i.e.
within 16% of 2,500. Secondly, the proportion of planned and unplanned
outages is not very different for these reactors (75 and 25% res-
pectively).

3 - THE MOST IMPORTANT INCIDENTS

I have so far been concerned with what may be called fundamental faults,
such as those caused by physico-chemical phenomena, sometimes aggravated
by mechanical phenomena, which are among the essential causes of aging.

These are not, properly speaking, occasional faults, even though tech-
nological progress may enable them to be overcome. They are often
faults that existed in classical energy technologies, where they were
tolerated because they were relatively easy and cheap to repair, while
in nuclear reactors this type of repair has to be done undet radiation:
it is sometimes impossible, short of replacing a large proportion

of the equipment (e.g. steam generators).

I would now like to consider, in more general terms, the most important
incidents that occur in power plants, whose analysis leads in principle
to improvements for the present (in plants in service), and even more
for the future (plants at the design or construction stages).

These incidents are examined very closely, and more and more on an
international basis. ‘

3.1 What can be called a significant incident?

To a large extent, the definition varies between countries, as it is

the safety authorities who decide. There are of course contacts and
exchanges between these authorities, and they tend towards homogeneity in
the definitions. The international bodies, and especially IAEA (PRIS
system) have created a standard procedure for incident reporting which is
tending to become general; we however have here definitions and comments
that concern both - safety and reliability, and thelr scope is wider than
that of the official government definitions.’

OECD-NEA, though it does not collect complete statistics, gives a
detailed analysis of incidents.
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In what follows I shall comment on the most important incidents, without
confining myself to "significant" incidents in the strict sense.

3.2 How many important incidents are there per unit, and what is the trend?

The number of incidents varies from one country to another, and also with
the type and age of the plant. It is well known, for example, that the
number of emergency shutdowns varies widely from one country to another:
for example, among those for which I have the most information, the
U.S.A., Sweden, France and Japan for water-cooled reactors. .

But 1 am talking here about the most important incidents, which only
include certain emergency shutdowns; their number appears more consistent.

I have noted, depending on the country and with the reservations mentioned
above, between 0.5 and 4 important incidents per unit per year, the

term "important" meaning that such incidents can be considered as possible
precursors, or that at least they require lessons to be learned from

them in technical and/or human terms.

If we consider emergency shutdowns (rarely considered important), we find
that their number varies considerably, between 0.4 and 15 per unit per
year, and this variation is very interesting. But the very definition of
emergency shutdowns varies between countries:(whether they are automatic
or not; classification varying with the length of the shutdown).

The trend in the anndal number of incidents is slow. In general, there
are more in the first year of operation; the number then falls at varying
rates, usually rather irregularly. The same applies to emergency
shutdowns.

3.3 How can these incidents be classified?

Their importance depends more on their consequences than their causes.
Causes and consequences are however two essential elements in their analysis.

The different countries concerned, the IAEA and OECD-NEA have developed
such classifications. It can also be said that the consequences, if we
go beyond considerations strictly confined to safety, can be examined
from a practical point of view:

- the length of the resulting shutdown,
— whether or not electricity production is interrupted,
- the amount of energy production lost.

OECD-NEA, with its IRS system, goes much further, examining the con-
clusions. to be drawn .from incidents.

The shutdown resulting from the incident may be either immediate and due
to the incident itself, or later for additional maintenance or replace-
ment of a component. In the latter case, the shutdown may be at the
time of the annual outage, and its duration more or less masked; it may
be classified as planned or unplanned, depending on the case.
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This type of classification is interesting, but it is difficult to
interpret all its aspects. One can however deduce from it a certain
priority in the analysis of cases,

Taking into account this first classification, it is interesting to
examine the causes of incidents on a triple reference system:

~ What type of component has failed {(valvegear, pumps, water or elect-
ricity supply, etc.)?

- What system (in the widest sense) has been affected by the incident?
For example, the primary or secondary cooling system, the control
rod system, the reactor vessel, turbine, etc.

- What "technology", in the widest sense, is concerned? For example,
mechanical, electrical, electronic, or human factors.

Here are a few results of these analyses. 1 shall only mention those

I consider the main ones, since detailed technical presentations in this
conference will surely give more detailed results. (Figures 4 and 5,
table 3)

Just as 1 dwelt above on generic (or one might say supergeneric)
problems arising from corrosion, I shall note here the importance of
certain components among others, which break down often. For example:

~ valvegear: 11 to 14% of incidents
- pumps: 9 to 11%
- certain circuits: 9 to 11%

In general, component failures are responsible for 20 to 25% of unavail-
ability, or 50 to 70% of the hours of unplanned outage.

Curiously enough, the unavailability percentages arising from equip-
ment failures are fairly constant for the different types of water-
cooled reactor.

With regard to systems, the following come up particularly often:

= incidents on turbines and generators i 20 to 25% of cases
— incidents in the reactor proper 8 to 12%

- the primary cooling circuit : 13 to 27%
~ the monitoring system : 18 to 22%
- water supply : 10 to 13%

These are rough figures, which show the importance of the secondary
circuit and the non-nuclear part in incidents (up to 70% of cases).

For the third reference system, the results of the analyses, expressed
as percentages, vary widely from one electricity company to another,
especially for the share of human error in incidents.

This percentage varies not only for the reason indicated, but also be-
cause the human environment can vary considerably (in the training of
people and teams, of course, but also more directly in the drafting of
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procedures, references to equipment elements and places, possible ambig-
uities, different degrees of automation, the way data and results are
presented, etc.)., This point is so important that I will come back to it.
The reports on human factors are incidentally still few and far between,
except for specific analyses.

In any case, I shall mention here, rather than result averages which do
not mean much, varied or even extreme situations that give percentages
of 20 to 33% of human failure (as a percentage of causes of incidents).

3.4 How do these factors vary from case to case? What are the sig-
nificant parameters?

Since the measuring yardsticks for incidents vary enormously and are
difficult to compare, one can therefore only conjecture.

As I said above, the first years of operation are of particular impor-
tance, with multiple incidents {and extended annual outages).

It is certain that this is less noticeable some time after the very first
power plants were brought into service, especially for the later plants
built as a series or those for which there has just been some stan-
darization (for example in their essential components).

It would seem that at present we are more or less everywhere in a phase

of improvement and maturity, much more than in one of aging. To explain

this very qualitative conclusion, I tend to eliminate certain statistical aber-
rations and not to take too much account of the " important but curable

faults", which though they have a considerable influence on the load

factor in terms of outage time are only transitory, as correction takes

place relatively quickly. These are complaints of maturity, after those

of youth, but they precede those of age which have yet to appear.

Other explanatory parameters may be the "personality" of the construc-
tor, of the operating company and the.country in question.

The constructor may include the licensor, but at the present advanced

stage of nuclear technology construction quality (in varying degrees by

local contractors), and that of materials and components, and above all

the quality insurance methods used in the construction and operation, are proba-

bly more important. .

Our different countries and electricity companies have their own traditions
of technique and human relations which situate them to varying extents
in these fields.

3.5 I would like to add a few words on two'particularly important
problems, which are linked to operation.

— What are the consequences, for the present and future, of the analyses
of incidents that are carried out systematically .in our different
countries at INPO, OECD-NEA, etc.?

They are no doubt beneficial, but the fall-out of these andlyses is not
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perceived immediately. Their exploitation in operation and a fortiori
in the design of various parts of a nuclear plant demands a great deal
of time and care, especially if the constructor is itself involved in it.

I would add that, except in cases of force majeure for which immediate
action is necessary, it is often desirable to wait and reflect before
making the modifications that seem appropriate. A modification that
seemed obviously right has sometimes proved to create many disadvantages
for reliability and operation. Reviews of consistency are particularly
important here, .

Preliminary tests, sometimes of long duration, and good liaison between
the constructor and operator are essential conditions for the technical
improvements that result in particular from the lessons of experience.

- It is well known that while many systematic tests are essential, some
may prove risky at long term:

- either because the reliability of a component (a Diesel engine for
instance) may diminish for its planned operational use if it is tested
too often,

- or because too frequent application of a complicated test, especially
when it is manual, may create a risk of systematic incidents.

There is no doubt a balance has to be struck here.

4. HUMAN AND TECHNICAL PROBLEMS

While human problems (the so-called human factor) were not discovered
for the first time with the TMI accident, it must be admitted that with
some exceptions they had not been given enough attention previously.

We ought to have drawn inspiration earlier, as we do today, from aero-
nautical technologies, in which human problems have for long had priority
attention: it is recognized that with very advanced techniques human
failure is a leading cause of incidents,

Since 1979, much has been done. I will classify it in 5 categories:

1. Training

2. Explanation and information

3. Presentation and aids to operators

4, Taking incident situations into account

5. A proper balance in man-machine relations.

The first two points have been discussed at length. Training has im-
proved, in particular with the use of simulators that take more and more
complicated and realistic accident situations into account, and also by
additional means such as Computer-Assisted Teaching, which provides
operator training for accident cases, and function simulators.

Information and explanation still require much effort to arrive at. total
understanding of procedures, signs and symbols. Some new developments
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(colour codes, for example) are not easy to apply in operating power
plants.

Adequate presentation of data and results is also being achieved more
or less everywhere.

It often involves complete redesign of control rooms to simplify the
amount of information and how it is read; once more, this is often diffi-
cult in completed power plants. These problems will be covered at

length during our meetings.

1 shall link together the efforts made to take account of incident situ-
ations and proper use of machines, i.e. in this case computers.

New safety boards that display the results of calculations and sometimes
new procedures for special situations, and lastly the redundant use of

an engineer (STA, ISR) to analyze difficult situations, will lead us in
the future to give very close attention to a whole series of problems that
are both technical and human, complex and promising. These new devel-
opments are already appearing.

It is lastly obvious that the best operators are those who have been
chosen well, trained well and kept up to date; but they are also those
who are particularly motivated. This is a difficult element to
define, which varies from country to country.

5. OTHER PROBLEMS
Many other problems could be discussed here; some have already been
mentioned. I have by no means dealt with all the important problems
and I have concentrated on water-cooled reactors, in view of their
numerical importance.
I.will raise a few special points that were deliberately omitted above.

5.1 The reduction of workers' exposure doses:

Very great efforts have been made and are in progress to follow the
recommendations of ICRP. These concern:

- workforce training,
- physical protection of fixed or mobile irradiators,
- water chemistry and the choice of alloys used in circuits.

5.2 Establishing measures to be taken in the case of an accident, both
inside and outside power plants.

5.3 Environmental problems:
The object is to minimize and standarize radioactive {and technical)

waste, and to keep the public informed on routine problems and in-
cidents. On this last point, each country has its customs, and no rules
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can be laid down. Here again, the situation has changed much since TMI.

5.4 Lastly, I would like to mention certain advantages of fast-neutron
plants, which are as yet not very numerous and hardly appear in the
statistics. However, they deserve mention:

- they are easy to operate, both in normal and accident conditions; this
is essentially because the cooling circuits are not pressurized, and
there is therefore no risk of a double-phase (liquid, vapour)
accident system.

- workforce exposure doses are low; collective doses are substantially
reduced.

6. CONCLUSION
General comments:

I would like to draw some essentially qualitative conclusions from power-
plant operation in recent years, and in so doing reply, if possible,
to the questions raised in the introduction.

1. We should note the great efforts made eVerywhebe in nuclear power-—
plant operation. This effort did not begin in 1979, at the time of the
TMI 2 accident, but it has developed a great deal since then. The new
awareness is however not yet general. It has not always filtered down
to the operating teams, or at least not enough. Too often, we have
heard talk of "craftsman" technical habits, which are those of the
conventional p._ants, whereas nuclear operation demands more rigorous
methods and discipline that was not necessary before.

This progress in operation has been accelerated by the collective action
that has been taken to assemble and analyze accident information and to
learn from it; this action is often international, either because the
data banks and analyses are themselves international,.or because publi-
cations and meetings permit very fruitful confrontation of information
and points of view.

2. While these efforts are visible, especially to managements, their
results are not always apparent, especially when the quality criterion
taken is the load factor in the different plants. OSome people may think
that the effectiveness of these efforts is reduced, partially at least,
by the effect of power-plant aging. I do not really think this is so.

I will come back to it in a moment.

I believe above all that when it is necessary to modify components and
techniques or it is desired to change human individual or collective
behaviour, no results are seen immediately.

Some techniques can only really be modified when the time comes to
replace the equipment. Some changes can only be made on new units,
whose design and construction can only be renovated then.
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I would add that while the time required for action can sometimes be a
fatal constraint, it can be useful: some technical modifications, if they
are made too early, can create new defects: this means that numerous
tests, sometimes at full scale, are necessary.

3. Results sometimes appear contradictory. Some load factors may
increase and others diminish.

In the period immediately after TMI, load factors dropped in many
countries, because the safety authorities often demanded inquiries that
required certain reactors to be shut down, or detailed inspections.

To this must be added the appearance of certain faults, some of which
were generic, which should be called complaints of maturity rather than
of old age.

There is nothing to tell us at present whether a given preventive.

measure is or not, taking into account its disadvantages now, a productive
investment for the future. This is the case of numerous tests carried

out either during shutdown or operation. They may prove very beneficial
for the future (knowledge of the equipment, prevention of certain in-
cidents, etc.). But their very number may in itself be a cause of aging!

The progress we may expect from present efforts will probably only
appear some time in the future, and the visible fluctuations in the
apparent quality of power plants are dominated by the technical habits
of each country rather than by the modifications that are taking place.
These technical habits often relate more to construction quality than
to operating quality.

4, On certain points, the results appear to show the influence of

certain precise parameters. I say "appear", as it is extremely difficult
to establish true correlations here, in view of the complexity of the
systems and also the variety of the methods of presentation and analysis
used in the different companies. Present conclusions are very
qualitative.

Among the correlations that seem to me significant I would mention:

4.1 The influence of the fuel-loading method, during operation or not. In
the case of the heavy-water reactors, it seems indeed that charging
during operation gives them an advantage. This is not clear at present
for the graphite-gas reactors, for which other factors apply the other

way around (and in particular the problem of the deterioration of certain
structures, which requires intervention and which could come under what

I call maturity since this problem appears soluble).

4,2 The influence of aging, on the other hand, seems to me to have to be
kept for later, as I have already said.

4.3 The rate of development of the nuclear programmes in each country
plays a role that works a priori in contrary directions. If this

rate is fast, it brings up teething problems each year that are not
always eliminated by repetitive experience, especially when the models
are evolving, sometimes rapidly.
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The rate of construction also affects personnel recruitment and training.
Despite the efforts made everywhere, problems of selection and training
time may arise if emergencies occur. In the light of experience, I

do not however think that this factor is significant at present.

4.4 The advantages and disadvantages of series construction have often
been discussed. Its effect is certainly favourable on safety analyses,
on construction methods and times and consequently on costs, and also

on ease of operation (interchangeability of staff and of some equipment).

Against this it is often opposed that there are risks of generic incidents
and possible difficulties in exploiting experience, when substantial
technical modifications, as is sometimes the case, become necessary
(modification time and costs).

In fact many reactors that are apparently different nevertheless have
generic characters, due to the standardization of components. This
incidentally partly explains the interest of each operator in what the
others are experiencing, and why it is sought to internationalize

some problems.

4.5 The effect of unit ratings is also difficult to interpret. In the

case of PWRs and BWRs, it seems that the crossing of the (incidentally

artificial) frontier of 600 MW has led to reduced reliability. This is
not true of the other types of reactor.

Here again, many factors may apply. For instance:

- sometimes, the still unabsorbed youth effect of a new system (especi-
ally when it has been necessary to renovate conventional components
completely);

- the effect of innovation in itself, which while promising for later
may initially have an unfavourable effect: the changes may not take
account of or aggravate hidden faults.

- the search for the lowest establishment cost, which is sometimes
more conspicuocus when one moves from prototypes to industrial routine.

4.6 One factor that seems to me very important, though it is a priori
scarcely quantifiable, is construction quality, and in particular
quality control and consequently the methods used for it.

Quality in component manufacture, even more than in its assembly, seems
to me. an essential problem; and this quality, together with the methods
used to check it, seems to me to vary considerably from one country to
another, despite appearances. In this field, traditions and "technical
culture" still vary a great deal in the different countries.

4,7 1t is possible that certain methods used to improve quality can have
disadvantages in operation, for example with regard to worker ex-

posure doses. This is for instance the case when certain inspections are
frequently repeated, or when "commandos" with special training (always

the same team) are used in delicate work exposed to radiation. These problems
are being examined by the Nuclear Energy Agency.
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On the subject of doses, with which I shall not deal further, the choice
of basic materials and water chemistry play essential roles., There is
intense international cooperation on this.

5. I have mentioned incidents of varying importance, both concerned
with safety and not.

It is extremely difficult to draw conclusions other than very general
ones from this, while detailed analysis of each incident is of the
closest interest to every operator and should also interest every
manufacturer. On this subject, playback of incidents to manufacturers
and the incorporation of their lessons in new construction are still,
in my opinion, far from satisfactory, and yet they are essential. INPO
is' at present conducting an interesting experiment on this.

Statistics of incidents and their interpretation are still very indi-
vidual in character, despite the growing effort (which looks like suc-—
ceeding) made by the international bodies, IAEA (PRIS system) and NEA
(IRS). The international standards are beginning to be used generally.

I have emphasized the by no means negligible importance of incidents

in the conventional partof power plants (turbine, driers, superheaters,
etc.), and of those concerning basic components like valvegear and
pumps, as well as the capital importance of the numerous incidents that
occur in the cooling circuit, especially the secondary one. Reliability
of the steam generators plays an essential role.

Some repetitive incidents such as emergency shutdowns have an undisputed
influence at present on load factors, and for the future on component
aging.

Human problems, which have received much attention since the TMI acci-
dent, are analyzed in a way that makes international comparison very
difficult.

In particular, some design or manufacture defects, which have numerous
consequences for operation, can be due to human error {(for example in
manufacture, and then in quality control). These consequences may

be difficult to pinpoint, but they deserve mention.

6. To conclude, I would like to mention some problems for the future,
which though well known seem to me particularly important: they also
concern the different types of error and incident I have mentioned.

6.1 Firstly, there is the policy for maintenance and trials during
operation (either at the time of annual outage or when the reactor is
functioning).

The policies adopted by the different companies, either on their own
initiative or prompted by the safety authorities, are without doubt
exceedingly diverse, and I am not sure that analysis of these policies,
the lessons to be drawn from them, and the adaptation of these lessons
to the different national cultures tave been conducted in a sufficiently
systematic manner.
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6.2 A proper balance between human action and automation has not been
attained ~ far from it. It is certain that when they were first intro-
duced, and still now, reactors using ordinary water were often less
automated than some of their predecessors, like the gas reactors.

.Automation is progressing slowly, for example, in the new control rooms,
for diagnosis of incidents. It is desirable that it should be taken
further, especially in the field of testing and of various current
procedures in which the risk of error is not negligible. Big changes
are going on at present in all this.

What is the final conclusion?

The record of nuclear-power-plant operation throughout the world is
clearly very positive. No really serious incident has occurred for
5 years, even though the number of operating hours in plants has
become considerable.

Redundancies and "in-depth defence" systems have shown much progress.

However, all the lessons of TMI have still not become current practice
yet. My impression, and probably that of my listeners, is that we are
in a transition period from three points of view:

- The age of the earliest reactors; the real problems of aging may
appear in the next few years;

— We are resolving the most obvious problems of "maturity";

- We are taking more complete account of the lessons of TMI (and of
other incidents too), and in particular in respect of human factors
and the man-machine balance (automation).

The most important development in recent years is certainly the estab-
lishment of data banks on incidents at national or world level, and the
growing and ever more effective intervention of the big international
bodies, such as IAEA, OECD-NEA and the European Community.

Their joint efforts clearly augur well for the future.
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Figure 4:

Figure 5:
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Regulatory Trends in OECD Member Countries

Presented by W. Dircks (USNRC)
and G. Naschi (ENEA)
on behalf of the OECD-NEA

Committee on the Safety of Nuclear Installations

ABSTRACT

At the beginnings of commercial nuclear power, national approaches to
safety regulation tended to follow the strong U,S. lead. With the subsequent
development and spread of nuclear technology, countries have since established
regulatory practices specific to their own situation and no country now

dominates the development of regulatory positions.

Even so, several recent common developments can be discerned,
including: a natural transition in regulatory effort away from licensing of
new plants to ensuring the safety of operating blants; greater emphasis on
learning from operational experience; moves towards standardising plant
designs and refining general safety criteria; redirection of safety research

and development of new regulatory approaches to the severe accident question
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following the TMI accident; more attention to the human element in plant
safety; use of the knowledge coming from large research programmes to develop
new regulatory requirements; increased application of probabilistic

assessment techniques to a broad range of regulatory problems.

The introduction of probabilistic approaches into safety analyses, and
the program of international information exchange and joint assessment
conducted under CSNI are both contributing to a better understanding of the

common basis of nuclear safety regulation,

The future is likely to see more attention being paid to the problems
associated with plant ageing, and a further convergence of approaches as
safety research advances, operational experience accumulates and assessment

techniques are further refined,

Introduction

1. Commercial nuclear power based on the light water reactor (LWR) was
first developed in the United States. Accordingly, it was natural that for
quite some time the United States had an unmatched influence on the
development of the related regulatory safety philosophy. Other countries
adopting the LWR often tended to follow the U.S. lead, by either modelling
their own regulatory processes directly on the U.S, approach, or by at least

attempting to develop schemes compatible with U,S, regulatory practice.
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However, these early regulatory requirements were developed when reactor
technology was rapidly evolving, and when both reactors and the potential
consequences of accidents in them were relatively small. Furthermore the
first regulations had to be developed on the basis of a limited understanding
of reactor behaviour in abnormal situations. Safety-related technical
information was sparse since safety research was at an embryonic stage and
little operating experience was available. What experience there was related
to the first prototype reactors, and needed to be extrapolated greatly in
order to predict the behaviour of the first generation of commercial plants
which were five to ten times larger. As a result a pragmatic approach had to
be adopted in devising early regulations. The need for caution made it
necessary to incorporate conservative assumptions due to the gaps in
knowledge. (The resulting conservatisms in reactor design were vividly
demonstrated by the T™I accident, where weak points in certain areas were
compensated for by the intentional over-design in others.) The size of
industrial power reactors has since doubled again, and increasing technical
understanding from research and operating experience has led to new and deeper

technical insights into safety questions.

2. In recent years, rising expectations of individuals in industrial
countries have led to continuing demands that large-scale industrial
activities be conducted with no risk to the public. Nuclear power has borne
the brunt of this mood, in large part because of the intangible nature of
radicactivity and because of the military uses by which nuclear fission first
came to public attention. This has contributed to increasing pressure for

more stringent safety requirements, criteria and standards.
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3. Several countries have now developed an independent capability in
nuclear technology. Reactor vendors in different countries have produced
various comercial LWR designs, which have been adopted by many utilities,
Along with this spreading of nuclear technology, recent public debates
subsequent to the publication of the U.S. Reactor Safety Study (WASH-1400) and
the TMI accident have obliged each country to establish national regulations

as a function of their individual situations.

4, All of these developments have combined to produce the current
situation where no country clearly dominates the development of regulatory
positions. When countries need to formulate new safety policies or practices,
they are faced with a multitude of technical arguments and options as well as

differing practices in other countries.

Recent Common Trends in LWR Regulation

Development of Advanced LWR Designs and Refinements in General Safety Criteria

5. Notwithstanding this situation where diverse regulatory approaches
exist, one can identify several recent trends common to most countries. From
the very beginnings of commercial nuclear power, it was clear that the rate
that new capacity came on line would eventually slow down as the industry
matured. In consequence, regulatory authorities would have to shift their
efforts steadily from the task of licensing new plants to ensuring that plants

on-line were operated safely.
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The ™I accident has underlined a need now for greater regulatory surveillance
of operating plants. Ever-increasing efforts are being made to feed lessons
from the rapidly accumulating operating experience back to operational
practice and regulatory activities. In several countries regulatory
authorities supervise a systematic programme of periodic re-evaluations of

plants throughout their operating life,

6. There is also a move towards evolving standardised advanced reactor
designs, which should be both cheaper to build Ahd more straightforward to
regulate. This approach is now being followed up in several countries with
major nuclear programmes, including France (the N4 1400 Mde PWR), the ?édefal
Republic of Germany (the KONVOI scheme), Italy (PUN) and the United étates
(GESSAR 2, CESSAR System 80, RESAR SP/90 designs). Parallel to the;e schemes
are regulatory efforts to refine general safety criteria, taking full
advantage of the lessons learned from operating experiénéé; the insights
gained from safety research and the new analytical tools provided by
probabilistic approaches to safety assessment. The new criteria include, for
instance, revised requirements on the design, materials and inspection of
primary circuit components, pressure vessels and steam generators, which are

all aimed at reducing failure probabilities.

Long Term Regulatory Consequences of the T™MI Accident

7. - During the TMI accident the reactor core experienced transient
conditions much more severe than foreseen in the design basis calculations.

- Bven so there were no demonstrable offsite health consequences. The U,S.
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regulations in force when ™I was licensed were based on defining a "maximum
credible accident' and demonstrating that its consequences could be

contained, Any worse situation that one might conceive was considered to be
so unlikely that it was classed as "incredible'. This in turn meant that
there was no need to take precautions against such events or their
consequences. This whole approach had first been challenged publically by
Reg. Farmer in 1967. Since no technology was free of risk, he pointed out,
the mere fact of using nuclear reactors implied acceptance of some degree of
risk, There was no logical way of differentiating between 'credible' and
"incredible" accidents. The 1975 U,S. Reactor Safety Study took this argument
further and made the first quantitative estimates of the probability and
consequences of the complete spectrum of conceivable LWR accidents. The
lengthy debate following the 1979 TMI accident on whether or not the design
"basis had been passed led to reconsideration of the regulatory philosophy to
adopt regarding "severe" accidents, i.,e. those involving loss of key systems
and eventual damage to the core. Although the TMI accident had the effect of
concentrating the minds of the assessors on this issue, the result was limited
to some changes in emphasis. The consensus now seems to be that resources
should be devoted more to preventing severe accidents than to mitigating their

effects.

8. The accident at T™I also showed that inadequate attention had
previously been given to the role of the human element in avoiding and
countering accidents, It pointed up a need to clarify management
responsibilities, especially in relation to those of regulatory authorities,
for assuring safety during beth routine operation and emergencies, Also

identified was a need to ensure that technical advice was available during an
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emergency, either by upgrading certain shift personnel or by engaging experts
who were not directly involved in operating the plant, Regulatory authorities
in different countries have since reviewed the role of management, the
availability of technical expertise, and emergency planning for reactor
accidents. Concentrated efforts are being made to see that provisions are

improved where necessary.

9. The accident also brought to the fore the question of how reasonable it
was to expect operators to act effectively following a serious perturbation to
reactor operation, considering the stress imposed on them and the often
inadequate and even contradictory information available to them. Many
countries have since devoted substantial work on various aspects of the human
factors question: redesign of control rooms in order to support operators in
responding to an accident, design of emergency procedures in terms of the
plant state to supplement those for. each specific event sequence, provision of
control room simulators for training staff to handle abnormal situations, and
identifying extra equipment and making provision in advance to permit unusual
system configurations that could enable operators to keep control of a

situation involving core degradation.

Introduction of Probabilistic Techniques in Safety Analysis

10, In most technologies, safety requirements have been defined through an
empirical trial-and-error method, often in the wake of accidents which have
resulted in major loss of life, This approach was never considered acceptable

in the nuclear industry. As noted above, extreme prudence in setting the
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first regulations led to substantial conservatisms in early plant designs, in
order to compensate for the limited knowledge of reactor behaviour in unusual
operating conditions. Regulatory organisations have recently devoted great
efforts to develop and evaluate probabilistic methods of analysis suitable for
making safety assessments. These new tools provide an additional means for
assessing the level of safety in various parts of each plant and in the plant
as a whole. It is becoming possible to demonstrate that balanced safety
coverage is being maintained over the entire plant. In consequence, certain
current safety requirements may turn out to be superfluous, while other
measures may warrant reinforcement to remedy weak points. Even with the
uncertainty inherent to global risk assessments, the risk-equalisation
approach can provide useful indications of the safety value of various changes
to reactor design or in its operation, and on how to set priorities on

regulatory issues requiring attention or additional research.

11. The most comprehensive potential regulatory use of probabilistic
methods is in the process of granting construction and operating licenses,
Although the use of PRA is growing, it seems likely for the present that in
most countries such studies will not be a required component of an application
for a plant license. (In some countries a preliminary probabilistic safety
assessment is required at the early design stage.) Some countries have gone
so far as to develop 'safety goals' in terms of accident probability and
consequences. Safety goal efforts can at best serve as sources of guidance to
decision-makers for their evaluation of accidents beyond the design basis and

the relative risk of nuclear and other sources of power.
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12, Following WASH-1400 and TMI there has been a more systematic use of
probabilistic techniques like fault trees and event trees, not only to
evaluate and improve safety levels within a given plant, but also to compare
the levels attained by different plants in the country, and even by plants
abroad. Event tree analyses are making it possible to balance
deterministically-based decisions with probabilistic insights. For instance,
system reliability analyses are now being used to develop optimum programmes

of quality assurance and preventative maintenance schedules.

13, The increasing use of probabilistic techniques is also helping to
improve the common technical basis for regulation among OECD Member
countries. For example, by the very nature of event trees they cannot
incorporate the concept of inviolable barriers (nor of "incredible" sequences
of events). As a result, it is generally agreed that the severe accident
issue will not be resolved without the assistance of probabilistic techniques

of analysis.

Contributions of Safety Research

14, Several large scale muclear safety research programmes were begun in
the 1960's and 1970's, These are now producing the answers to many of the
long-standing technical questions about the safety of modern nuclear plants.
The results of these studies and the introduction of the probabilistic
approach to assessing safety are allowing regulatory authorities.to fix their
policies and requirements on the basis of measured physical phenomena and
best-estimate calculations, rather than conservative bounding arguments., This
kshould contribute towards a refinment of licensing approaches into a coherent

streamlined whole from a series of positions taken on individual issues.
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15. On the severe accident question, for example, as noted above, many
experts agree that emphasis should be placed on prevention rather than
mitigation. Recent research indicates further that radioative releases from
severe accidents may be lower than predicted in the predominantly conservative
assessments used in previous risk studies. Preliminary indications from this
work indicate that this could have a substantial influence on the
understanding of the consequences of severe accidents, hence emergency
planning for them. Some countries are now applying the probabilistic approach
to investigate the value of deliberate controlled venting of the containment
atmosphere in certain accidents, By affecting the timing of the radioactive
release, it is suggested, it should be possible to reduce both its size and
the eventual consequences. However containments differ widely, and their
detailed behaviour plays a key role in an accident sequence. Further work

will be needed before the value of venting can be firmly established.

16. In parallel, following extensive experimental and theoretical studies
there is less concern today that large steam explosions after a core melt
present a realistic threat to containment integrity. A number of countries
are continuing to carry out research into the behaviour of hydrogen generated
from the zircaloy-water reaction, corium reactions and the behaviour of

fission products inside the containment.

Evolution and Influence of CNI Activities

17. The international co-cperation on safety matters organised through the
NEA Committee on the Safety of Nuclear Installations (CSNI) constitutes

another means for limiting the current tendency to regulatory divergence. The
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evolution of CSNI's programme over the years has also reflected the trends in
the preoccupations of national regulatory authorities. When the Committee was
established in the early 1970's, its activities were concentrated on
identifying safety research needed to improve understanding of reactor
behaviour in accident conditions, the performance of safety systems and
interactions between plant systems., CSNI has since been steadily shifting its
efforts towards the comparison and joint assessment of research results and
operating experience, This helps ensure that regulators in all countries have
a common data base, as wide as possible, available to them. This fosters the
development of technically coherent safety requirements in all countries (even
if detailed designs will always vary somewhat for a variety of reasons).
Following are several illustrative examples of recent developments in the CSNI

programme.

18, In order to profit from the lessons of operating experience, all
regulatory authorities have long-running programmes to collect and evaluate
reports of safety-related occurrences. To maximise the benefits from these
national schemes, CSNI established in 1981 an international Incident Reporting
System (IRS) covering all OEM countries with operating power reactors (which
represent about 80% of the world's nuclear capacity). Hundreds of incidents
of particular safety interest have since been circulated through the IRS. As
well as broadening the background information available to safety analysts for
assessing incidents in their own country, the IRS gives regulatory authorities
advance warning of potential safety problems and of the approaches being taken

elsewhere to solve them.



66

19. Because of the strong influence that different countries' policies can
~have on one another, it is increasingly impbrtant for regulatory authorities
to have regular opportunities to exchange views with their counterparts in
other countries on important basic technical issues and regulatory practices.
The CSNI sub-Committee on Licensing has held special meetings in recent years
on several regulatory topics, including the backfitting of safety equipment,
advance planning for nuclear emergencies, and the selection of sites for

nuclear power plants.

20, The emergency planning case illustrates well how different practices
can develop unrecognised. This area was the subject of a topical meeting of
the sub-Committee in June 1981, The fundamental principles underlying
emergency planning were reviewed, as were the practical measures that had been
adopted or proposed in the different countries. Whilst all countries
currently carry out emergency planning around nuclear plants, there were
different views about its relationship with the licensing process.
Considerable differences in actual practices were found, for example, in the
scale and organisation of emergency planning, basic attitudes thereto,
reference levels, the demands of the licensing process, the extent of public
involvement, and so on. While some of these variations arose from countries'
different traditions and administrative structures and were thus to be
expected, others were technical in nature and primarily a result of current

uncertainties in the source term.
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21, In June 1983 the Nuclear Energy Agency convened an informal meeting of
the Heads of the regulatory authorities from those countries having the
broadest experience of industrial nuclear power development. The aim was to
improve, at the highest level, mutual understanding of current trends in
nuclear safety. The Heads of nuclear regulatory authorities acknowledged that
in recent years there had been a growing tendency for OECD regulatory policies
to diverge, and they undertock to work towards greater harmony, primarily
through CSNI. As a practical step, they agreed to consult together in this
framework as new major regulatory positions were being developed so that,
first, some warning of impending changes could be given and, second, other
countries could contribute to the process. These consultations have been
implemented in the form of special meetings, two of which have been held so

far.

22, The first was a special meeting convened early in 1984 to consider the
regulatory basis for actions taken with regard to the problem of pipe cracking
in boiling water reactors. After reviewing countries' experience with this
phenomenon, the meeting went on to examine various techmical aspects of
detection and analysis of crack behaviour and how to mitigate the problem, It
concluded with a general discussion of regulatory positions, The special
meeting reached a number of conclusions: the phenomenon of inter-granular
stress corrosion cracking (IGSCC) was well understood, low carbon material was
preferable where stainless steels were used, and precise sizing of cracks
during in-service inspection was a key safety factor in plants containing
susceptible piping. Indeed the point was made strongly that the main reason

for countries adopting conservative safety wargins with regard to pipe failure
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was lack of confidence in methods of predicting crack growth and in the
precision of ultrasonic sizing methods. The meeting went a long way towards
clarifying the position regarding pipe cracking in BWRs, provided a great deal
of information about what countries were doing and why, and reached consensus
about the merits of the various interim solutions., As a result of the meeting
there will be a fundamental technical compatability between the different

approaches that the various national authorities come to adopt.

23, The second meeting, held in May 1984, took up the question of general
safety criteria for advanced LWR designs. In some countries, most plants are
of unique design, which means that regulatory authorities must review each of
them in detail. The results are both high construction costs and a high level
of regulatory effort required to license them. With the recent development of
probabilistic techniques for safety analysis, a steady stream of results
coming from safety research, and rapidly accumulating operating experience,
Tregulatory bodies are now in a position to devise a new generation of general
safety criteria that are more balanced and internally coherent. Such a
development will contribute to more uniform plant designs, which will cost
less to build and be easier to regulate. Consistent with this idea, the
purpose of this meeting was to promote more coherent regulatory approaches

among Member countries,

24, The meeting first reviewed the current programmes in France, the
Federal Republic of Germany, Italy and the United States to develop
standardised advanced PWR designs, along with related efforts in these and

several other countries to revise existing general safety criteria. Several
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specific issues related to safety criteria were then singled out for further
discussion. For example, it was noted that the United States was the only
country to have formulated quantitative safety goals, and even there, these
were being implemented on a limited trial basis., Most other countries were
waiting for the results of the U,S, trial before proceeding much further in
this area, Discussion of the degree to which operators are allowed to
intervene during emergency situations revealed that the underlying
philosophies in each country were not as dissimilar as the differences in the
formal criteria would imply. Significant differences were found in the
single-failure criteria in use in various countries. It was noted that
whereas a single-failure criteria could be stated in rather general terms, its
application was often quite complex. Even though probabilistic analyses of
the current practices might show that there were no significant differences
between them as regards risk, there was no clear picture of the philosophies
on which the different practices were based. Concerning the question of
anticipated transients without scram (ATWS), the meeting found that many
countries were in the process of formulating or finalising new criteria.
Approaches under consideraticn included efforts to reduce scram frequency and
improve the reliability of existing scram systems, or a requirement for

diverse actuation - or even complete - scram Systems.

25, The meeting was very useful for identifying the fundamental
philosophies of countries on a broad range of current interrelated questions.
Future meetings will delve desper into the reasons underlying the observed
differences in several specific areas, and it will be valuable to take into

account industry views in these discussions.
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Future Outlook

26, The rules and regulations governing nuclear power programmes are
necessarily complex, As illustrated above, the original U.S. lead in LWR
regulation has given way to the current regulatory situation in which each
country conducts largely independent activities reflecting its own particular
situation. The natural tendency for these parallel efforts to diverge is
being limited by the widespread introduction of probabilistic approaches to
safety assessment - a trend given added impetus by WASH-1400 and TMI, and by

the international collaboration organised through CSNI.

27. Nuclear regulation has come a long way from the initial attempts which
had to incorporate substantial conservatisms to compensate for limited basic
technical knowledge of the time. Regulation is becoming more coherent and
balanced as a result of ever-increasing understanding from research and
operating experience and the availability of ‘more powerful assessment tools,
Regulators are using the most modern analytical techniques and research
results available in order to improve understanding of reactor behaviour and
to make safety assessments as efficient and definitive as possible. Along
with the development of standardised advanced LWR designs, work towards the
development of general safety criteria should also encourage further

convergence of different countries' approaches. '
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28. As stated earlier in the paper, there is a clear trend whereby
regulatory authorities are applying the lessons from operating experience to
improve regulatory processes, New questions will certainly arise in
connection with plant ageing, and the regulation will need increased
flexibility in order to devise plant-specific interim remedies to enable
continued operation with adequate safety margins, quite apart from long-term

solutions which may need several years to develop and implement,

29. It should always be kept in mind that by the very nature of the
regulation function, the responsable authorities cannot take the lead in
nuclear power development. Regulatory bodies can only strive to be responsive
to advances (such as standardised plants), novelties (such as controlled
venting), and proposed technological changes (such as improved
instrumentation), It is up to industry to identify ways to improve plants and
to see to it that they are operated in a safe manner. The nuclear industry
must always remember that dedication and will on the part of all involved is

indispensable to keeping nuclear power safe.






73

FUEL BEHAVIOUR UNDER DBA CONDITIONS

(1) D O Pickman
(2) A Fiege

(1) United Kingdom Atomic Energy Authority
Springfields Works, Salwick, Preston, PR4 ORR, UK

(2) Kernforschungszentrum Karlsruhe GmbH,
Postfach 3640, D-7500 Karlsruhe 1, West Germany

ABSTRACT

In a Design Basis Accident the fuel cladding experiences a temperature
transient which is terminated when the core is reflooded by the ECCS., Depending on
the severity of the transient, in terms of the peak temperature attained and the
duration, cladding may be embrittled or may undergo substantial deformation. Both
these processes have potential for affecting subsequent coolability during reflood.
The embrittlement of cladding is caused by oxidation and oxygen pick-up by the
metal, During this oxidation hydrogen is generated and may accumulate in the
pressure vessel or primary containment. This paper reviews the status of fuel
behaviour with particular emphasis on embrittlement and deformation.

INTRODUCTION

To ensure that fuel elements remain intact and retain a coolable geometry
after a Design Basis loss-of-coolant accident (DBA) is an important requirement in
all LWRs and various criteria have been established and specified by licensing
authorities to this end.

CSNI/NEA, through the medium of its Emergency Core Cooling Working Group and
later its Principal Working Group No. 2 (PWG 2), have promoted studies in the
thermal-hydraulic and fuel behaviour areas and reviewed the evidence, concluding
in general terms that the necessary criteria will be met by present designs.

PWG 2 has also sponsored the preparation of a State-of-the-Art Report (SOAR) to be
published shortly. Contributions from all OECD countries have been sought in the
preparation of this SOAR which will be submitted to PWG 2 for approval.

The DBA 1s the worst conceivable LOCA, a guillotine break of a cold leg,
but there are a range of smaller breaks more likely in practice than the DBA.
Depending on the size, the rate of vessel depressurisation may be slow, but the
core will not uncover, even partially, with ECCS in operation. This review does
not deal with the severe consequences that could arise from a LOCA if the ECCS
failed. It is, in the main, specific to PWHs, but much of the data reviewed is
equally applicable to BWRs.

TEMPERATURE TRANSIENTS

The temperature transient experienced by the fuel elements in a DBA is of
crucial importance in determining what, if any, damage will occur. TFor a large
breach of the primary circuit the blowdown time is very short, of the order of
20 s, and the stored heat in the fuel is largely removed during this period. The
temperature then starts to rise because the fission products generate decay heat.
The rate of temperature rise and the peak temperature reached depend on the
magnitude of the decay heat, and the internal and external heat transfer from fuel
to cladding and cladding to the external environment. The external heat transfer
depends on the type of ECCS adopted, cold leg injection or combined hot and cold
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leg. During refill steam is generated by residual heat in the system, but the
temperature will continue to ramp. During reflood, ie once the coolant starts to
cover the core, the heat transfer improves and a mixture of steam and water
droplets arrests and reverses the ramp, ultimately quenching the fuel.

The duration of the period that the cladding spends above about 925K is
critical, because only above this temperature does significant oxidation and
deformation ocurr. A typical time above this temperature is in the range
100-150 s, Because the rate of temperature rise during the ramp and the peak
temperature attained are dependent on the prior rating and burn-up of the fuel,
there are a range of temperature transients for different fuel rods, illustrated
schematically in Fig, 1.

POTENTIAL DAMAGE MECHANISMS

Concern about fuel behaviour in the short-term transients typical of large
break LOCAS is centred on the two phenomena of clad embrittlement and deformation.
A subsidiary concern would arise should the oxidation of the Zircaloy cladding
result in the generation of a large volume of hydrogen.

Embrittlement arises from pick-up of O, in the metal underlying the oxide
layer and a sufficient thickness of unembri%tled material is required to resist
the thermal shock when the cladding is eventually quenched. If a lot of clad
rupture should occur, the resulting geometry may inhibit coolant flow through the
region and cause a hot spot, apart from which a major spill of UO2 would cause
major clean-up problems.

It is well known that Zircaloy can deform to very high strains in the high
a—bhase region (975-1125K) under certain conditions and the concern over clad
deformation is whether such large strains can arise in practice and whether they
will result in such a degree of blockage that cooling during the reflood stage and
subsequently is impaired.

In the remaining parts of this paper the evidence available from many sources
on these phenomena is reviewed and general conclusions are drawn.

OXIDATION
Oxidation Kinetics

The oxidation of the Ziriaéog al%ogs in steam has been very extensively
studied by many investigators™'"’'7’ '™’ These alloys are oxidised by steam over
a wide range of temperature, but the effects on the underlying cladding only
become significant in the DBA context above 1050K.

The rate of reaction is temperature dependent and with unlimited availability
of steam is generally believed to be controlled by the rate of diffusion of oxygen
anions in the anion deficient oxide layer at temperatures above 1200K. Over a
wide tsmperature range Zircaloy oxidation has been shown to obey a parabolic rate
law, w = Kpt, where w is the weight gain, t the time and Xp is the parabolic rate
constant which is dependent on temperature accordipg to an Arrhenius expression.
At temperatures below the o/8 transus some workers™ report a change in oxidation
kinetics to a cubic growth rate, arnd over longer times (up to 25 hours) at
temperatures below 1300K Leistikow found accelerated oxidation with linear
kinetics probably caused by oxide cracking and which may be associated with the
tetragonal to monoclinic phase change in the zirconia.
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Most of the data on Zircaloy oxidation has been obtained in isothermal tests,
but parabolic rate constants derived from transient heating tests performed by
Sagat’ et al at Chalk River are in good agreement with those determined in
isothermal tests.

Effects of Irradiation

Duripg a LOCA y-irradiation will deposit energy in the Zircaloy and steam.
From work on the effects of irradiation on the oxidation of Zr alloys in steam at
lower temperatures no enhancement of oxidation is expected, which is in agreement
with theoretical predictions.

Effect of Specimen Geometry

The initial parabolic oxidation kinetics will change when the oxygen content
of the substrate metal increases, which occurs in practice with thin specimens,
such as fuel cladding, at temperatures above about 1148K where the flux of 02 into
the B-phase is substantial.

Effect of Pre-Oxidation

Fuel cladding rapidly develops an oxide layer in-reactor, which can vary in
thickness from a few microns to 50-100 um depending on the reactor system and the
water _chemistry control. In any subsequent high temperature excursion it has been
shown™ that these pre-formed oxides are generally protective and behave similarly
to oxides formed at higher temperatures, although at temperatures below about
1400K there may be some memory effect while oxygen gradients adjust by diffusion.

Effect of Impurities in Steam

Impurities most likely to be present in steam during the refill and reflood
processes are air and hydrogen, fthe latter from oxidation of the clad by steam.
In pure oxygen or air, Leistikow™ showed that oxidation rates were similar to, bit
slightly higher than, those in steam, the rate in air being the highest.

Cathcartlo and Furutall have studied the effect of H, in steam on oxidation
rate. While small additions had no effect for H./H.O ratios above 0.3 there was a
marked reduction in oxidation rate at 1275K and above, reaching a maximum of a
factor 3 at a volume ratio of 2,

Effects of Deformation and Rupture

During a typical LOCA temperature transient the cladding may be deforming and
may indeed rupture during the time period when most of the oxidation is occurring.
The effects of deformation and rupture are therefore amongst the most important.
Several investigT50{§ have studied oxidation and simultaneous deformation in creep
or tensile tests™ ’ and have observed enhanced oxidation (thickness increase)
with factors varying between 1.2 and 2. The temperature range covered was 975K to
1275K. There is, of course, some enhanced oxidation (weight gain) because of the
creation of new surface, but the increased oxide thickness is a result of
increased access of steam to the underlying metal when cracks form in the oxide.
Regions of increased penetration of g-Zr[0] beneath cracks in the oxide film are
observed. The thinning of the underlying metal, especially close to a rupture,
would ‘also be expected to enhance oxidation because of the earlier saturation of
the g-phase layer. At and close to a rupture the thinning effect of deformation
and the enhanced oxidation rate are compounded by double sided oxidation,
operative from the time of rupture although internal oxidation is more influenced
by steam starvation by H2 generated by the oxidation reaction.
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Stress and Dimensional Change Effects

The molar volume of ZrQ, is appreciably greater than that of Zr (Pilling-
Bedworth ratio about 1.5) ang significant compressive stresses are generated in
the zironia layer which are balanced by tensile stresses in the underlying metal.
The Zircaloy is also subject to dilation as a result of the oxygen in solution,
and at increasing temperature and time the oxidation dilation effect dominates.
The nett result of these stresses generated in the clad and oxide layer is that
tensile strains of the order of 1% are generated within a few hours at
temperatures above 1075K.

Structural Changes

Oxidation at temperatures within the o-phase range, up to 1145K, results in
little structural change in Zircaloy, apart from some grain growth. At
temperatures above the o/f transus the flux of O, from the oxide/metal interface
increases and the increasing 0, content close to the interface results in a layer
of retained g-phase, O, being an a-stabilising element. With increasing
temperature and time tge thickness of this so-called 'retained a-phase' layer
(a—Zr[O]) increases at the expense of the prior B-phase layer. The distinction
between these two regions is very clear on subsequent metallography (Fig. 2).

Internal Oxidation

During a DBA the external pressure on the cladding reduces rapidly to near
atmospheric and the cladding initially expands away from the fuel. There is
therefore no hard contact between U0, and cladding and internal oxidation from
this source during a typical LOCA transient is minimal.

EMBRITTLEMENT

The importance of oxidation during typical LOCA transients is that if the
o/ B transus temperature is exceeded then the inherently brittle phases, zirconia
and o-Zr [0 ] are formed and oxygen diffuses into the underlying g-phase. The
fracture toughness of the B-phase is reduced by O, and the tube may be completely
embrittled unless a sufficient thickness of unembrittled pg-phase remains.

The fragmentation of embrittled cladding could in principle occur over a
range of temperatures below the peak temperature obtained in the LOCA, by seismic
forces, hydraulic forces during refill and reflood, thermal shock during
re-wetting, or mechanical forces associated with fuel handling and transportation.
Most attention has been devoted to fragmentation by thermal shock on re-wett}gg
which takes place at the Leidenfrost point in the temperature range 750-875K™ .
Fragmentation during fuel handling or transportation would occur at ambient
temperature.

As a result of experimental studies of fragmentation behaviour and
correlation with cladding condition, structure and extent of oxidation, various
criteria for avoiding fragmentation have been proposed.

Criteria relatedlgpecifically to fragmentation by thermal shock were adopted
by the US AEC in 197377, and similar criteria have now been adopted by most other
countries involved with LWRs. These criteria are:
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1. The calculated maximum fuel element cladding temperature shall not
exceed 1477K.

2. The calculated total oxidation of the cladding shall nowhere exceed
0.17 times the total cladding thickness before oxidation.

The widely used 17% criteri B was based on quenchin%AexperimentS and has been
reviewed and extended by Parsons and Chung and Kassner™ . The extent of
oxidation in these experiments was expressed as the fractional wall thickness of
Zircaloy which would be converted to stoichiometric zirconia if all the oxygen
taken up were converted to Zr0,. It is therefore a measure of the total Zr
reacted or the total O, uptake without regard to the detailed reactions or oxygen
distribution in the clad wall. This equivalent metal reacted concept, although
not accurately describing the condition of the cladding, was found to correlate
well with survival or failure of the cladding under the thermal shock of
re-~wetting,

Other work has confirmed that the fracture toughness of Zircaloy is not
uniquely dependent on total oxidation, but is particularly influenced by the
profile of diffused O, in the B-phase. The resultant mechanical properties of the
cladding will depend on the details of a particular LOCA transient including
heating and cooling rates as well as time at maximum temperature, in that they
determine the eventual location of the oxide and o-Zr[O] phase boundaries as well
as the amount and distribution of O2 in the B-phase.

The 1477K maximum temperature criteriopn,(the '2200F' limit) was applied on
the basis of work by Hobson and Rittenhouse™ " who found that the growth of the
oxide and a-Zr{0] phases accelerated above this temperature. In relation to
embrittlement of cladding it has little validity as a criterion, but the concept
of a maximum acceptable temperature may be desirable for other reasons such as
compatibility between cladding and structural components.

Relationship between Embrittlement and Distribution of Oxygen

Diffusion calculations based on ideal models were used by Pawel18 to predict
0, concentration ggofiles within the cladding wall and for comparison with the
results Hobson on deformation of ring specimens cut from oxidised tubes.
Sawatzky ~ measured the tensile properties of oxidised Zircaloy 4 as a function of
temperature and oxygen concentration and as a result proposed an alternative
embrittlement criterion, that the O, content should not exceed 0.7 w/o over at
least half the cladding thickness.

Chung and Kassnerl4 carried out a comprehensive study of the fracture
behaviour of Zircaloy which they related to various parameters for expressing the
extent of oxidation. Parameters used were: equivalent cladding reacted (ECK);
fractional saturation of B-phase (FB); fractional thickness of B-phase (F.,); and
thickness of B-phase layer containing less than a specified amount of O YLCa). A
number of these criteria were found to depend on the rate at which cladging was
cooled through the a/B transformation temperature and Chung and Kassner concluded
that the best correlation was with the minimum thickness of B-phase layer
containing less than a specified concentration of 0O (Lcu). The failure map for
this criterion is shown in Fig. 3 and the chosen va%ues were 0.1 mm and 0.9 w/o O2
for fast cooled and 1.0 w/o 0, for slow cooled cladding, ie cladding with a
thickness of prior B-phase containing less than 0.9 w/o 0, of 0.1 mm or more would
not fail by fragmentation. This criterion is obeyed irrespective of wall
thickness, overall oxidation or maximum temperature of oxidation exposure. Thus
in a LOCA, regardless of clad thinning, rupture and internal oxidation, this
criterion is valid, whereas the ECR criterion is very conservative.
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There being little or no accurate data on the magnitude of post-LOCA low
temperafxre clad loadings representing seismic or handling loads, Chang and
Kassner chose a 0.3J impact as a best estimate and performed such tests at 300K.
This led them to propose an embrittlement criterion for such events of a minimum
0.3 mm thickness of g-phase layer with less than 0.7 w/o 02.

Limited data on fragmentation is available from experiments performed in PBF
as part of the IE and PCM sepjes. Failures occurred both on quenching and on
subsequent handling, Haggag reviewed these results and found poor agreement
with the ECR and F criteria for both types of failure, but that the Chung and
Kassner criterion predicted the thermal shock failures. No criterion predicted
the handling failures, but the problem may lie in the difficulty in calculation of
the pg-phase oxygen concentration gradient for a specimen experiencing a
non-isothermal film boiling transient.

CALCULATION OF TRANSIENT OXIDATION, HYDROGEN GENERATION
AND EMBRITTLEMENT

Having established criteria for oxidation and embrittlement of Zircaloy in a
DBA, it is necessary for any postulated transient to be able to calculate whether
these criteria would be breached, or not. Oxidation, and hence equivalent metal
reacted, can be calculated using the isothermal parabolic rate constants by
approximating the transient to a series of small isothermal steps, the sum of the
isothermal oxidations representing the total oxidation in the transient, However,
in order to be able to apply the more complex criteria, depending on the detailed
distribution of 0, in the g-phase, it is necessary to use more scphisticated
techniques and fundamental oxygen transport data.

Calculational techniques such as BILD 5 and COBILD are available for
semi-infinite paﬁaboliczgrowth conditioa and more complex codes such as
SIMTRAN/MULTRAN™ ", ZORO and PRECIP-II which take account of changes in the
parabolic ra¥ss2gue to approach to satur‘atioa6 2yalues of diffusion
coefficients™ '’ and interface solubilities™ '’ have been determined and
published. These codes do not, however, account for certain aspects of complex
transients, for example, the anomalous idation in transients with two
temperature peaks. Suzuki and Kawasaki improved and extended the SIMTRAN ccde
for predicting oxidation in LOCA conditions and the resulting PRECIP-II code
predicts weight gain, oxide and o-Zr[O]phase thickness to within 10% of measured
data from LOCA transients.

It can be concluded that computer codes such as SIMTRAN/MULTRAN and PRECIP-II
are accurate enough for calculation of oxidation under typical LOCA conditions.

Calculation of Hydrogen Gereration

The hydrogen generated from the Zircaloy-steam reaction in a large break LOCA
is the most significant quantity of H, generated during the first few hours after
such an accident, although in the longer term H_ production by radiolysis or other
metal corrosion reactions is likely to dominate, The USNKC have laid down a
maximum hydrogen generation criterion for licensing purposes. This criterion
states that the calculated total amount of H_, generated from the chemical reaction
of the cladding with water or steam shall not exceed 0,01 times the hypothetical
amount that would be generated if all the metal in the cladding cylinders
surrounding the fuel, excluding the cladding surrounding the plenum volume, were
to react.
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The H_, released during oxidation of Zircaloy by steam is directly
proportional to_the O, consumed or Zircaloy reacted. For each kilogram of Zr

reacted 0.491 m3 (STP% hydrogen are produced.

Ocken28 has suggested that internal and external heating of specimens results
in parabolic rate constants with different pre-exponential factors and activation
energies due to the different temperature gradients across the cladding wall, but
the uncertainty in temperature measurement in such work is greater and data from
isothermal tests is generally used to calculate H2 generation.

In conditions of steam limitation (steam—hydrogen mixtures), most likely in
beyond DBA situations, lower oxidation rates have been measured and H, generation
would also be reduced. The rate limiting process is not steam starvation, but
probably a surface reaction limitation.

PLASTIC DEFORMATION OF CLADDING

The driving force for cladding deformation in a LOCA is the internal gas
pressure, pre-pressurisation plus released fission gas, which coupled with the
temperature increase can lead to high strain rates. The creep strength of
Zircaloy falls rapidly with temperature and the ductility is high, particularly in
the high q-phase region even under oxidising conditions. Strains of 100% or more
have been measured, compared with the 30% or so needed to cause neighbouring rods
to interact in a typical PWR assembly. The key questions to be answered are what
magnitude of strains will occur in practice; how much blockage of coolant flow
channels will occur and whether the blocked region will be coolable.

Factors Controlling Deformation and Rupture

The basic factors controlling deformation of Zircaloy cladding are stress,
temperature, time and creep strength, the latter being influenced by material
composition (within specification), grain size, anisotropy and oxidation state.
When the temperature of a stressed tube is uniform, unstable deformation sets in
at a particular axial location at a low strain value and rapidly leads to rupture.
The location of such a rupture will be influenced by local factors such as
variations in material properties or dimensions and the probability of rupture
occurring on a neighbouring rod at the same axial location is small. In a cooled
environment, however, such as one with unidirectional steam flow, once a local
diameter increase occurs its temperature will be reduced and deformation will
proceed towards one end of the original deformed region depending on the direction
of any axial temperature gradient. For example, in upflowing steam, if the decay
heat gradient is flat, deformation will continue in an upwards direction because
of the increasing degree of superheat of the steam. This, in turn, will lead to
larger strains and to 'carrot' shaped overall deformation, as well as to similar
deformation in a similar location on neighbouring rods.

The internal gas pressure can be calculated by one of the well established
steady state fuel performance codes, allowance being made for stored gas
temperature variations in the LOCA. What experimental evidence there is shows
that additional fission product gas release does not occur in a typical LOCA
transient. This evidence is supported by post-irradiation heating data and by
code predictions, which indicate negligible additional fission gas release apart
from the small quantity expected if new cracks form in the UO2
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Despite the high inherent ductility of Zircaloy, local exhaustion of
ductility can occur at low overall strain values if there is a circumferential
temperature variation around the cladding. This is particularly marked because of
the high temperature sensitivity of Zircaloy, and the magnitude of the effect is
illustrated in Fig. 4.

Non-uniformity of either external or internal heat transfer is the most
likely cause of circumferential temperature gradients, but the anisotropic
behaviour of Zircaloy tubing (preponderance of radial or near radial basal poles)
can accentuate temperature gradients once formed., This is because this particular
texture is very resistant to wall thinning and the deformation tends to be
accommodated by an axial flow of material and shortening, causing the tube to bow
away from the hot side and the hot side to remain straight. This strain
anisotropy effect has been directly observed and is at a maximum in the range
1000K to 1050K.

Mechanical interaction will occur if the combined radial strains of
neighbouring rods exceed about 65%. After touching, the radii of curvature of the
arcs of cladding not in contact decrease, so reducing the hoop stresses and
deformation is more likely to continue above and below the contacting region.

Time to rupture generally increases if mechanical interaction occurs.

Fuel cladding under normal service conditions is most commonly in the
cold-worked and stress-relieved condition, the structure consisting of distorted
lenticular grains. This structure, which also contains irradiation induced
defects, recrystallises rapidly above about 975K (ca 10s) and the defects are
annihilated by the advancing boundaries of the recrystallising structure, leading
to the possibility of high circumferential strains in the range 975-1075K. Above
about 1075-1095K the transformation to the g-phase begins. The presence of
g-phase in the a-phase matrix reduces the strength considerably. This, combined
with the temperature dependence of the amount of g-phase present, means that in
this mixed phase region, although ductility remains high, the sensitivity to
circumferential temperature gradients is increased and large strains do not
usually occur,

A large body of experimental data is available on the deformation of
Zircaloy, including materials property tests, tests on simulated fuel rods heated
by various techniques out-of-reactor, single and multi-rod irradiation
experiments. Some of the key results of these experiments and programmes are
summarised in the following sections.

Single Kod In-Keactor Tests

Three series of in-reactor single rod LOCA tests have been reported. KfK29
tested short (50 cm active length) PWR type rods in the FR2 reactor. The
behaviour of irradiated rods (2500-35,000 MWd/tU) was compared with that of
unirradiated rods and rods with electrically heated simulators. Various rod
internal pressures were used. Transients with a peak temperature of about 1200K
and heat-up rates in the range 6-20 K/S resulted in all pressurised rods rupturing
during the heat-up phase. Rods strained circumferentially over their entire
heated lengths, the axial strain profile corresponding to the power profile with
the maximum strain and rupture occurring near the peak power position. Burst
strains of irradiated, unirradiated and electrically heated rods are shown in
Fig. 5. There was no noticeable effect of irradiation damage or fission products
on deformation or rupture, althgugh it is known that such effects could be
expected at lower temperatures™ . A further observation was that fuel fragments
slumped into the ballooned region of the cladding at the time of burst, but that
no additional fragmentation occurred as a result of the LOCA transient.
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A series of tests (LOC) performed in the PBF reactor at INEL31 had 0.91 m
long rods of a 15 x 15 PWR type. Peak temperature and internal pressure were
varied in these tests which included irradiated and unirradiated rods. Nine rods
in this series ballooned and ruptured in the centre third of the fuelled length
over which the power distribution was flat. Maximum clad strain varied from 19%
to 74%, but there was such a big variation in heating rate, 0-100 K/s, and burst
temperature, 1066-1350K, that no clear conclusion on the effect of irradiation
could be established. The data from this test series are included in Fig. 5 and
fit well into the scatter band of other data.

Multi-Rod In-Reactor Tests

Multi-rod tests in-reactor, provided the rods are of an adequate length and
sufficient in number to reveal interaction effects, are the most relevant of all
tests in demonstrating behaviour in a LOCA. Such tests are, however, the most
difficult and expensive to carry out. There are problems in the design of such
tests, bearing in mind that the number of rods is necessarily limited, that they
are closely confined in a reactor loop, and that the loop integrity must be
protected from contact by deforming fuel rods. Correct representation of the
resistance to outwards movement by swelling rods after they start to interact and
of flow by-pass around a swelling region are problems not fully solved in the
experiments that have been performed so far.

Four multi-rod tests have been performed by the US NRC and UKAEA in a test
loop in the NRU reactor at Chalk River., Bundles tested were of full length PWR
fuel rods of a 17 x 17 design. The rods were in fact some 600 mm longer than the
reactor core. A maximum of 12 rods (4 x 4 less corner rods) could be pressurised
and these were surrounded by a row of unpressurised guard rods at standard pitch.
The rods were not pre-irradiated, except they were taken briefly to full power
three times to pre-crack the U0, pellets. The decay heat was simulated by running
the reactor at low power with s%eam cooling and the transient started by shutting
off the steam flow, so that the rods heated up adiabatically at about 8 K/s. The
transients were terminated either by tripping the reactor or by bottom reflooding
with water at a controlled rate. 1In three of the tests, MTl1, 2 and 4, run by US
NRC, the deformation occurred during the ramp, but in the other test, MI3, run by
UKAEA, the major part of the deformation occurred during the flat topped part of
the transient. The deformations produced in these experiments are shown in
Fig. 6., It is evidegg that the deformation in all cases was substantially
co-planar and in MT3 the grids had a significant effect on the axial shape of
the balloons, a consequence of de-superheating of the steam in the steam/water
droplet mixture as it passes through the upstream spacer grid. The swollen
section of the MT3 bundle, with guard rods removed, is shown in Fig. 7.
Post-irradiation examination of rods from the MT series showed that except for the
actual burst positions, or where rods were dented by adjacent bursts, the bulges
remained circular. This indicated that the mechanical restraint from rod to rod
interggtion seen in some tests with a larger number of rods was not present.
Haste has modelled the effect of the presence of more pressurised rods and
concluded that the measured flow blockage in MT3 of 55% would have increased to
70%.

A multi-rod test (215P) was performed by CEA France in the PHEBUS loop on a
5 x b pressurised rod bundle of 17 'x 17 PWR type rods with an 800 mm active
length. Twenty-one of the rods burst within 14 s of one another at the top of the
ramp, about 1110K, just prior to the start of re~flooding. Rods in a central
3 x 2 array, showed typical 'carrot' shaped co-planar deformation with peak clad
strains of 43-53% and strains in excess of 33% over about 80 mm length. Four
external tie rods provided mechanical restraint to two central cross bundle rows
of rods at right angles. This restraint was sufficient to cause mechanical
interaction and the central rod deformed into a shape close to the theoretical
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square. The average flowaﬁestriction in the central 3 x 3 array, including 3 rods
with low strains, was 56% and the greatest individual sub-channel flow reduction
80%.

Out-Heactor Tests

Several important series of out-reactor tests, single and multi-rod, have
been conducted, notably in the FRG, USA, Japan and UK. It is on the basis of data
obtained from these many experiments that the safety of PWR fuel assemblies under
DBA conditions has been established. The role of the in-reactor experiments has
been to demonstrate the validity of the more extensive out-reactor experiments and
to endorse the data base that they represent for validation of the predictive
codes required for licensing calculations.

To review all the out-reactor tests in detail would be a task beyond the
compass of this paper. It is proposed to review firstly the key aspects of some
of the single rod tests, to describe the results obtained in the REBEKA series of
tests conducted as part of the PNS programme by KfK and to comment briefly on
supporting or contradictory findings from the other multi-rod programmes.

Provided comparable and realistic test conditions are adopted, remarkably
similar single rod behaviour has been found in most experiments. To provide the
best simulation the following requirements should be satisfied:

(a) internal heating with pellet/clad gap simulation
(b) simulator length should exceed one inter-grid span
(c) external radiative heat loss should be prevented
(d) coolant flow should be simulated

(e) bending should be restrained

Much of the early reported work was done using direct resistance heating of
the cladding with large radiative heat losses or external radiant heating with
little or no external convective cooling. Early observations of large diametral
strains (up to more than 100%) over long lengths were unrealistic of anything
other than an improbable flow starvation situation. Work with realistic steam
flow, typical of the refill and reflood stages of a DBA, resulted in a swelling of
very different morphology, with the position of maximum swelling displaced in the
direction of steam flow, the length much reduced and with a tendency for the
swollen portion to have a carrot shape. Large swelling strains were found in the
high @, o+8 and B -phase fields, except that in oxidising conditions, such as in
steam, there was a dramatic reduction in ggctility above about 1150K. The very
elongated balloons found in early UK work ~ were a result of largely radiative
cooling, which increased with strain, and the high temperature dependence of
creep. As one axial region strained and cooled, it stabilised and creep started
in neighbouring regions. Under significant convective flows the superheating of
the flowing steam produces a temperature gradient, positive in the downstream
direction, and maximum strains appear close to the downstream end of the heated
length. There is still some thermal stabilisation involved, but in practice
further extension in the downstream direction is inhibited by the end of the
heated length, or, in a long multi-rod bundle by the restraint of the spacer grid
and the de-superheating of steam in the grid region. Since when clad straining
occurs there is simultaneous wall thinning and diameter increase, both leading to
higher local stresses, it follows that to avoid instability the reduction in creep
rate due to the temperature drop must override the increase due to the higher
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stress. At very high ramp rates (> 20 K/s) the thermal stabilisation mechanism
can be overridden and local instability occur. In such cases the balloons are
generally short and not co-planar.

In the REBEKA multi-rod test programme at Karlsruhe36 6 tests have been
conducted, Rl to R4 with 3 x 3 bundles of pressurised rods and an external row of
guard rods at standard pitch, R5 and R6 with with 7 x 7 bundles of pressurised
rods and a restraint shroud half a rod pitch from the centres of the outer rods.
Although most of the tests were designed to investigate the behaviour of fuel in a
PWR (17 x 17 design) with combined upper and lower plenum injection, typical of
KWU designs, one test, R6, represented a cold leg injection only design. The
rods used in the REBEKA tests were all full length having a heated length of
3900 mm and were ramped at 7K/s. The test loop was able to circulate steam from
the top or bottom and reflooding water from the bottom. The axial strain
distributions obtained are shown in Fig, 8., In particular the results of tests RS
and R6 illustrate the big difference between tests simulating the combined
injection and cold leg injection systems. The results of R6 e very similar in
general terms to the results of the MT3 in-reactor experiment and go a long way
towards confirming the view that properly conducted out-reactor experiments are a
valid representation of in-reactor g§haviour. An explanation for the behaviour in
K5 has been given by Erbacher et al™ . At the onset of reflooding, the downflow
of steam has established a temperature gradient in the rods with peak temperature
near the bottom ends. This temperature profile reverses over a time period
following the start of re-flood, but because of various inhomogeneities in the rod
bundle caused by locally different rod power and coolant flow, the individual rods
have different temperature histories and burst at different times. Because of the
time variation of axial temperature profile this leads to different burst
locations.

Tests have been reported by JAERI38 on 7 x 7 bundles of 15 x 15 PWR type.
Many of the tests were performed with a very low steam flow and an unheated
shroud. Rods near the centre deformed more and the presence of unheateggrods,
simulating control rods, did not reduce the strain in neighbouring rods™ . In
later tests the unheated shroud was replaced by a guard ring of heated rods which
resulted in greater and more co-planar deformation. A final test series to
investigate the maximum flow blockage had the shroud reintroduced between the test
bundle and the guard rods. Tests were performed at ramp rates of 1 K/s and 7 K/s
and 4 control rod guide tubes were introduced in some tests. Flow restrictions in
the range 80-90% were produced, with slightly higher values in the slow ramp tests
and a greater azaal extent of the high blockage region in the tests with control
rod guide tubes .

Tests at ORNL on 4 x 4, 6 x 6 and 8 x 8 bundles of 17 x 17 type PWR rods have
been reported. Many of the tests were performed with high ramp rates (28 K/s) and
low downward steam flows. Heated or unheated shrouds were used, the latter at
half a rod pitch from the outer rod surfaces to examine the effect of EfSt array
size on deformation and rod-to-rod interaction. In the 8 x 8 test B.3 all the
rods (except one that failed to retain pressure) burst within a few seconds at
about 1050K. Peak strains varied from 25-75% and interaction resulted in some
deformed rods having a 'square' section. The ORNL conclusion was that flow area
restriction may be underestimated by the use of small unrestrained arrays and that
2 rows of deforming guard rods are necessary to simulate the radial temperature
and mechanical boundary conditions of a large array of rods such as a whole fuel
assembly. It should be noted that this conclusion is based on single phase
coolant tests and that the bundﬁg size effect found in tests with 2-phase cooling
is not so pronounced. Test B.6 , the last of the ORNL series was designed to
fail at 1200K, well into the a + 8 phase region to check whether the smaller
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strains found in single rod tests would also apply in a multi-rod test. The
results confirmed this expectation with burst strains ranging from 22-56% and
maximum blockage over a 4 x 4 region of 46%.

A large programme of single rod testing has been conducted by the UKAEA43
using resistance heating of the cladding under various external heat transfer
conditions. The dramatic effect of oxidation above about 1150K was observed and
in later work the strain-cooling effect leading to axially extended deformation,
under either mainly radiative or convective cooling conditions, was demonstrated,
together with the effect of steam flow in modifying the typical strain morphology.
Some 4 x 4 multi-rod tests have been conducted to examine rod-to-rod interaction
for code development purposes, and a major facility, MERLIN, capable of testing
72 rod bundles, is being mmissioned. Work using irradiated fuel rods heated by
external radiant heating, showed that the deformation was comparable to that
obtained in the unirradiated cladding tests. Behaviour of the fuel pellet stack
was a prime interest in this work. In tests at 975-1075K, deformation was stopped
at about 40% strain; the fuel was fixed by resin in-filling and the spatial
distribution examined by X-radiography, gamma scanning and sectioning. Less than
5% of fuel axial relocation was found in the ballooned regions. )

BLOCKAGE MEASUREMENT

One of the most important outputs from a multi-rod LOCA experiment is an
assessment of the blockage caused within the bundle of rods and its axial
variation. Because in so many experiments the external restraint has not been
correctly represented, rods have pushed apart when interaction started and little
sub-channel blockage has resulted. However, because many investigators have used
a total area method of assessing blockage, the measured blockage may appear to be
much larger than it actually is. Using this method, blockage values in excess of
100% can be calculated, when substantial coolant sub-channels remain. If the
blockage is def?ned in terms of the change in cross-sectional area within the
original coolant channel area, then values in exceéss of 100% are not possible.
This method can be applied by using a transparent mask over sections of the
bundle. There can still be large differences between blockage values derived by
this 'mask' method over a number of rods and maximum sub-~channel blockage. A
mathematical description of sub-channel blockage has been derived for use in the
MABEL code in the UK,

COOLABILITY

The importance of all the work on clad swelling in DBA simulation tests is
to enable an assessment to be made of the effect of local blockages on
coolability. This information does not readily come out of the many multi-rod
experiments that have been conducted, because they are eventually reflooded under
forced cooling conditions without a representative flow by-pass path.

The effect of a blockage on coolability is determined by the extent of local
sub-channel blockage in terms of area reduction, length over which the area
reduction extends and number of neighbouring sub-channels affected. A reduction
in sub-channel area does not necessarily result in reduced cooling, the situation
being influenced by many factors. Firstly, the clad lift-off causes at least a
temporary decoupling from the decay heat source and is accompanied by a drop in
temperature and more rapid rewetting, secondly, up to a certain area reduction the
coolant flow velocity may be accelerated, causing improved cooling and, thirdly,
entrained water droplets may be broken up causing local de-~superheating of the
steam phase. The overall effect is, of course, very much influenced by the
increase in pressure drop in the blocked region and the ready availability of
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alternative flow paths. An interesting feature of some of the REBEKA tests was
the formation of a second rewetting front in the region of a clad rupture which
persisted and advanced until the primary rewetting front caught up.

Numerous experiments have been carried out to measure the effect of blockages
on coolability. The FLECHT series of tests sponsored by Westinghouse, EPRI and
NRC have been criticised on grounds of the unrepresentative simulation of
deformation and because they were performed under forced cooling conditions
without by-pass.

Reflood tests conducted by KfK in the FEBA facility on 5 x 5 arrays, having a
3 x 3 grouping with attached double tapered sleeves (180 mm in total length),
showed that with a 90% blockage there was only a small temperature incre
downstream of the blockage as compared with rods in the unblocked region ~. These
tests were done under forced reflood conditions with by-pass and taken in
conjunction with results from the FLECHT series and the JAERI SLABCORE test
facility on larger arrays are considered to represent a convincing demonstration
of coolability of severely deformed bundles.

Experiments were performed by the UKAEA in the THETIS facilityAG. Arrays of
7 % 7 full length fuel rod simulators had idealised ballooned regions attached as
sleeves to a 4 x 4 group of rods representing a 90% flow blockage over a 200 mm
length. During reflood the rewetting front velocity reduced in the region of the
peak cosine heat flux, but time to rewet in the blocked and unblocked regions was
very similar, except at the highest bundle power (200 KW) when it was late by
about 10 s in the blocked region. The surface heat flux reduced away from the
rewetting front because of steam superheating and spacer grids only reduced the
superheat if they were wet. The blocked region was cooled successfully providing
the reflood rate was not less than 30 mm/s. Cooling was very dependent on water
droplets penetrating the blocked region, which was a function of droplet velocity,
greater some distance ahead of the rewetting front.

It appears from these test results that concern about lack of coolability does not
arise if local blockages do not exceed 90%.

PREDICTIVE COMPUTER CODES

The ability to predict fuel clad deformation in any postulated LOCA is
important in the licensing context. Workers in several countries have developed
codes for this purpose which attempt to predict deformation, its distribution and
termination by rupture, maximum clad temperature and, in some cases, the extent
and effects of interaction between neighbouring rods.

Such codes typically take input information on coolant conditions from a
thermal-hydraulic code and data on fuel condition from a steady state fuel
performance code. A range of sub-codes calculate clad stresses, temperatures and
deformation. The modelling of cladding behaviour requires good creep data,
representative of the cladding used, or to be used. Even within specification
creep properties of Zircaloy can vary quite widely because of small variations in
composition, texture and structure.

The version FRAP—T547 of the well known US code developed at INEL calculates
the transient response of a single fuel rod under a range of accidents including
LOCAs. Fuel temperature, internal gas pressure and deformation are calculated
iteratively using various sub codes, with input data from FRAP-S or FRAPCON and
KELAP., A sub-code FRAIL predicts failure of the cladding and sub-channel
blockage. There is a later version FRAP-T6 which has an improved swelling
sub-code BALON-2 and a better fission gas release model FASTGRASS.
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ThisssYST code has been developed in the FRG, the latest version being
SSYST-3 ~. This code takes input on the fuel state from COMETHE and on
thermalhydraulics from RELAP 4/MOD 6. Sub-modules calculate heat transport, gap
conductance, rod internal pressure, Zircaloy oxidation and clad deformation. The
code has been used to model FR2 and REBEKA experiments and is used to predict core
behaviour in a LOCA, including a probabilistic analysis.

MABEL is an interactive thermalhydraulic-deformation code developed in the
UK ~., The code takes input from one of the fuel performance codes SLEUTH-78,
MINIPAT or HOTROD and from either KELAP 4/MOD 6 or TRAC. Starting from the steady
state MABEL-2 performs a series of transient calculations at variable timesteps,
including sub-channel heat transfer, fuel to clad gap. fuel and cladding
temperatures, fuel rod internal pressure and clad deformation. The code also
calculates clad deformation after interaction with 8 swelling neighbouring rods.

Other available codes include: CUPIDONSO, developedBEy CEA, which uses the
KESTA orSBEMETER fuel performance codes and RELAP; CARATE developed by KWU; and
ACCREL-2"", developed by VTT Finland, which is a fast running modular code
suitable for core-wide fission product release studies.

Validation of LOCA codes is an ongoing process., The clad deformation codes
are generally accurate and well validated, but the problem with the combined codes
is the relative inaccuracy of temperature prediction (up to 150K) which, combined
with the high temperature sensitivity of deformation, leads to inaccurate
predictions for particular cases. The problem basically is that the blowdown,
refill and reflood processes in an intricate mechanical core are very complex. A
further problem is to input the factors which lead to circumferential temperature
gradients in the cladding. Some codes attempt this by introducing an arbitrary
pellet eccentricity distribution factor during the ballooning process.

Recognising that progress in the development of LOCA fuel behaviour codes might be
advanced by such exercises, CSNI has initiated an International Standard Problem,
ISP 14 based on a test performed in REBEKA in 1983,

DISCUSSION AND CONCLUSIONS

The state of knowledge on fuel behaviour in a DBA has advanced enormously in
recent years as a result of the intensive world-wide R&D effort that has been
deployed. Progress has been accelerated by excellent collaboration and free
exchange of information, and by the various specialist meetings on the subject
organised by CSNI, IAEA and other bodies.

Oxidation and Embrittlement

As with other phenomena, the effects of oxidation in leading to embrittlement
are strongly dependent on the duration and peak temperature of a particular
transient, If the upper bound temperature is not above about 1150K and the time
before quench does not exceed about 300 s, then the risk of embrittlement either
on quenching or during subsequent post-quench operations is negligible.

For transients exceeding these limits of temperature and time data is
availab to predict the extent of oxidation, and the criteria of Chung and
Kassner are recommended as appropriate to assess the risk of framentation during
quench or subsequently. Calculation methods to assess the state of cladding in
relation to these criteria are available.

The risk of fragmentation is not one which should be accepted, because the
indeterminate geometry which will result is not amenable to coolability
calculations or experiments.
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Hydrogen Generation

The hydrogen released as Zircaloy is oxidised in steam is directly
proportional to the oxygen consumed by oxidation and oxygen pick-up of the
Zircaloy. The calculation of hydrogen generation can be made using the available
parabolic rates of reaction over the tcmperature range from-975K-1475K, or higher.
It is unlikely that steam starvation will limit oxidation or H2 generation under
DBA conditions.

Clad Deformation

Clad deformation is primarily influenced by stress, temperature and time in a
transient. Because of the influence of oxidation and O, pick-up on creep and
ductility, the most extensive deformation will not occur in the highest
temperature transient experienced by peak rated fuel. Such fuel is likely to
rupture with high, but very local, strain during or soon after the ramp up to peak
temperature, Maximum strains, 'with an axial extension of the strained region of
about 200 mm will occur in fuel cladding which reaches temperatures in the range
975-1125K. The location of peak strain (and rupture) regions on rods is very
dependent on the nature of the ECCS used. For combined injection systems a random
distribution within one spacer grid span can be expected, but in systems with
cold-leg injection only deformation is expected to be substantially co-planar on
all rods and displaced towards the upper end of the critical spacer grid span.
Some more limited deformation can be expected in a neighbouring inter grid span.

The maximum clad swelling that will occur on rods whose cladding reaches the
high g-phase temperature range is expected to be about 80%. The resultant degree
of coolant flow blockage, assuming swelling of several rows of neighbouring rods
to beyond the 30% strain required to interact, and assuming a distribution of
strains below the peak value, is about 70%. However, since much of the data was
determined on limited size bundles of unirradiated rods, out-reactor, it is
probably safer to conclude that the maximum flow blockage in a local area of some
tens of rods could reach 80%.

The available experimental data on coolability gives no reason to believe
that such an area, with an 80% flow blockage, should not be coolable both in the
short and long term. Test results on 90% flow blockages, in which there was very
little effect on coolability, represent a sufficient margin to give confidence in
the 80% case.

The development of computer modelling codes to predict oxidation and hydrogen
generation is well advanced, provided parabolic kinetics obtain, and codes for the
prediction of clad deformation are satisfactory, but temperature uncertainties
arising from the thermal-hydraulic codes restrict the accuracy of prediction for
particular experiments. The representation of factors causing circumferential
temperature gradients, and so limited deformation, has not been satisfactorily
solved in any of these codes and seems likely to be based on arbitrary assumptions
for some time to come.

If there is any area in which more data would be welcome, it is ‘to confirm
understanding on larger bundles and pre-irradiated fuel, since both factors appear
to promote somewhat larger strains, but some of the large bundle factors have
already been taken into account in arriving at a best estimate flow blockage of
70%, so it would appear very safe to assume a worst case of 80% for coolability
assessment purposes.
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Fig. 1 'Typical fuel clad temperature angssystem pressure transients
following a cold leg break LOCA.'

Fig. 2 'Zircaloy-2 oxidised in steam at 1675K for 200 s'.

Fig. 3 'Thermal shocklgailure map for Zircaloy-4 cladding. Cooling
rate 100 K/s.'

Fig, 4 'Dependence of burst strain of Zircaloy-4 cladding on azimuthal
temperature variation from REBEKA tests'.
45
Fig., 5 'Burst strain of Zircaloy cladding as a function of temperature.'
Fig. 6 'Axial distribution of clad strain in cladding of rods from NRU
MT3 test!'. '

Fig. 7 'Clad deformation of pressurised rods from NRU MT3 test'.

Fig. 8 'Influence o§6flow direction on axial distribution of clad
ballooning.'
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REVIEW OF RECENT SOURCE TERM INVESTIGATIONS

Presented by William R. Stratton#®

2 Acoma Lane, Los Alamos, N.M. 87544, U.S.A.

*This review is based largely on the study recently completed by
the American Nuclear Society's Special Committee on Source Terms.
Committee members are: M. Christian Devillers,; France; M. Sergio
Finzi, GEC (alternates, M. William Vinck, M. Anesto Della Loggia,
M, Brian Tolley); Dr.. Mario Fontana, U,S.A.; Mr, Michael Hayns,
United Kingdom; Dr. Hans H. Hennies, F.R.G. (alternate, Mr. Peter
Hoseman); Dr, Herbert J. C. Kouts, U.S.A.; Mr. Saul Levine, U.S.A.;
Dr. A, P. Malinauskas, U.S.A.; Mr. James F. Mallay, U.S.A,; Mr.
Andrew Millunzi, U.S.A.; Mr. Masao Nozawa, Japan (alternate, Dr.
Rychei Kiyose); Dr. Walter Pasedag, U.S.A.; Mr, A, Schuerenkaemper,
JRC-Euratom; Dr. Robert L. Seale, U.,S.A. (Vice Chairman); Dr.
William R. Stratton, U,S,A. (Chairman); Dr. Richard C. Vogel,
U.S.A.; Mr. Edward A, Warman, U.S.A. Individuals who contributed
significantly to the report are: Mr. Andrew Pressesky, U.S.A.; Dr.
Walton Rodger, U.S.A.; Dr., Thomas Kress, U.S.A.; Dr. Robert Burns,
U.S.A.

ABSTRACT

The state of knowledge relative to the evaluation of source terms
subsequent to a severe reactor accident is examined. The following
matters are assessed: the methods and assumptions used.to describe
fission product behavior and retention associated with various
phenomena, response of plant systems and structures, and a summary
of source term results obtained by various investigators. These
are compared to results quoted in WASH~-1400,

INTRODUCTION

The source term means that amount and type of radioactive materials
which would be available for escape to the enviromment from a reactor which
has undergone a severe accident. This is an accident in which fuel is damaged
by overheating to the point of allowing substantial escape of fission products
to the contaimment from the fuel and the containment may not have functioned
adequately to prevent the escape of significant amounts of radioactivity to
the environment.

Source terms have been recognized from the early days of nuclear energy
development as the important factor of risk. Because the technology for
making accurate and valid estimates of the source term was not available at
that time, the conservative, non-mechanistic assumption was made that
essentially all of the fission products could be released from a severely
damaged reactor. This conservative assumption was later slightly modified
and dncorporated into regulations which are still in force at this time.
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This early assumption and the subsequent regulations focussed on radio-
iodine as the principal substance of concern. This was because of its
relative abundance, its high biological activity (iodine is known to concen-
trate in the thyroid), and its assumed elemental gaseous form, which provided
ready transportability.

During the Three Mile Island accident in 1979, a surprisingly small
amount of iodine escaped to the enviromment, contrary to expectations based
on regulatory prescriptions. It was then theorized that the iodine, escaping
from the fuel into a chemically reducing atmosphere (due to the presence of
water and hydrogen) became an iodide, was readily dissolved in the water,
and so became unavailable for escape. Thus, chemistry, which previously had
been largely neglected, was seen to play an important role in severe accidents.
Other aspects of severe accident considerations were identified at that time.
As a result, large programs to investigate source terms, with the objective
of providing a more realistic and accurate estimate, were undertaken by
government agencies and industry, both in the U.S. and abroad.

The principal focus of this work was the analysis of severe accident
sequences chosen because they represented the upper range of consequences
and/or exemplified phenomena believed to be important in understanding the
chemical and physical processes that determine fission product behavior in
severe accldents. This work is an extension of the methodology brought to
a considerable stage of maturity by WASH-1400 (The Reactor Safety Study, 1975),
an earlier effort to quantify the risk from nuclear energy.

The American Nuclear Society chartered the Special Committee on Source
Terms to examine the state of knowledge relative to the source term, and the
methods and assumptions used to describe fission product behavior and
retention associated with various phenomena, plant systems, and structures
in a severe reactor accident. The Committee was also to provide a summary
of source term results obtained by various investigators, and to compare these
data to those presented in WASH-1400.

The Committee recognized that both probability and consequences are
intrinsic elements of risk; however, the Committee's charge included only
an examination of consequences as predicted by analyses, and these only up
to the point of potential escape of radioactivity to the environment. The
probability of occurrence was examined in a general way to show that severe
accidents are predicted to be exceedingly rare.

CONSIDERATION OF SEVERE ACCIDENT SEQUENCES

The accidents upon which analysts are focussing their attention comprise
four families of sequences, namely: the large and small break loss of
coolant accidents, the transient initiated accident, and the containment
bypass sequence.

The details of the scenario that a specific accident sequence follows
depends on the assumptions made about the operations of engineered safety
features (ESFs). If a fraction of the capacity of ESFs is assumed to function,
the sequence may be terminated or its consequences greatdy ameliorated. Also,
later phases of a given sequence depend strongly on what is postulated to
happen in earlier phases. For example, if only a fraction of the fuel degrades
sufficiently to form a debris bed at the bottom of the reactor pressure vessel,
reactor vessel penetration and, subsequently, core-concrete reaction would
not be expected to occur. Reactor design also strongly influences accident
progression.
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A large number of -scenarios have been derived from the four families
of sequences listed above and examined by the numerous investigators in this
field. The ones previously believed to have high potential consequences
have been studied in sufficient detail to make source term estimates. Because
of the large number of sequences that have been so examined, and since no
additional sequences have been revealed which ,could lead to high consequences,
the Committee is persuaded that the analytical field as represented by the
four families of sequences is, for all practical purposes, complete.

Some sequences are predicted to be very protracted in time, so that
important additional considerations may include, for instance, restoration
of interrupted electrical power or operator action to place a disabled ESF
back into operation. Such sequences may be terminated or greatly ameliorated
by these events and actions. Operator actions generally are not taken into
account in the analyses.

Significant advances in technology that have taken place since the comple-
tion of the Reactor Safety Study (WASH-1400) include: serious consideration
of the chemistry of fission products; careful treatment of aerosols, evaluation
of containment integrity; elimination of concerns related to steam explosions
and short term overpressures as modes of containment failure; more realistic
approaches to fuel degradation in severe accidents; and the recognition that
base mat penetration by hot core debris is a much slower process than pre-
viously postulated and results in very little, if any, escape of radioactivity
to the environment.

IMPORTANT RADIONUCLIDES

Typically, a large number of fission product species exist in the fuel
in a nuclear reactor.  Radionuclides escaping into the enviromment in the
unlikely event of a severe reactor accident vary in their importance as to
potential consequences. The factors determining the importance of a radio-
nuclide in this regard are: 1) its total inventory in the reactor; 2) its
physical and chemical properties which determine its behavior in the plant
and the environment; and 3) its biological characteristics. Some of these
factors are inherent, and others depend on features of the accident and plant
design; thusg, the importance of a radionuclide depends to a significant extent
on specific aspects of the hypothetical accident sequence being considered.

Radioiodine has long been and still is considered to be a very important
radionuclide. However, it is clear that its treatment has been significantly
over-conservative, and even historically incorrect. Other important radio-
nuclides include cesium, tellurium, and, of much lesser importance, some of
the alkaline earths and noble metals. Like iodine, the importance of cesium
also has been previously overstated.

The noble gases, though very volatile, are chemically inert, and thus
have a low importance in severe accidents.
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CHEMICAL AND PHYSICAL PROCESSES AND THEIR APPLICATION TO THE SOURCE TERM

A number of fundamental chemical and physical processes are importantly
involved in severe accident sequences. These phenomena control the escape
of fission products from overheated fuel, and the transport and behavior of
fission products in the reactor coolant system (RCS), containment, and con-
tiguous structures. The chemical environment and applicableiaerosol processes
play an important role. The natural processes and their application to
accident sequences, and the operation of engineered safety features and
contaimment systems in the amelioration of the source term are summarized
below.

Chemical Forms and Interactions

The fission products that are released from severely damaged fuel are
subsequently transported through the RCS either in elemental form or as a
corresponding oxide. The important exceptions, however, are the halogens
(I, Br), the alkali metals (Cs, Rb), the chalcogens (Te, Se), and the
alkaline earths (Sr, Ba).

Because cesium is present in ten-fold excess over iodine, and water is
available, the predominant form of fission product cesium in the RCS will
be cesium hydroxide. In contrast, the predominant form of fission product
iodine will be cesium iodide, because of the reducing environment. Cesium
hydroxide can react with metal oxide surfaces or with boron control rod or
reactor shim materials, and this may result indirectly in the decomposition
of CsI and the formation of other iodide compounds. However, the dominant
processes will be the dissolution of these highly soluble chemical forms in
any water that is present, and their proclivity for the formation of aerosols.

Tellurium, which is an iodine precursor in the decay scheme, will behave
differently from cesium during the course of an accident; this could result
in the formation of small amounts of radiocactive iodine in regions devoid
of cesium. This addition to the source term is not expected to be significant.

A hydrogen burn or radiation effects may increase the production of
volatile organic iodides in the containment building, but the concentrations
that might be produced are expected to be small.

Aerosols

In a severe accident, energy from the decay of fission products, from
the exothermic reaction of overheated fuel cladding with steam, and, in some
accidents, from continued fission can cause the fuel and core material to
heat up and result in the vaporization of the more volatile fission products,
components of control rods, and structural material. These vapors can nucleate
to form aerosols or can condense on cooler RCS surfaces or on other aerosol
particles present. An analysis of the physical and chemical processes which
can occur is necessary to determine the amount of these materials escaping
to containment or contiguous buildings.

The transport and deposition of fission products and aerosols within
the RCS is a transient convection problem of a multicomponent, multiphase
mixture with simultaneous heat and mass transfer, chemical reactions, and
aerosol kinetics. The flows may be laminar or turbulent, and conditions are
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typically dominated by natural convection during much of the time in many
of the accident sequences. A number of transport phenomena are modeled in
the analyses to represent these processes. Some very similar considerations
are required in the containment; however, transport mechanisms for fission
product vapors do not appear to be important there because of the lower
temperatures. There are a number of computer codes available for treating
most of these phenomena. Presently, only Trap-Melt, Retain, and RAFT are
formulated for direct application to the RCS.

Escape of Materials from a Degraded Core

The escape of fission products and other materials from the reactor core
in which the fuel has undergone substantial degradation in an accident occurs
during fuel overheating, fragmentation, liquefaction, debris bed formation,
and from core debris-concrete reaction, Chemical forms of materials escaping
from a degraded core can be predicted from thermodynamic calculations.

A number of models havebeen developed to predict the escape of fission
products from fuel during heat-up. However, since a large fraction of the
volatile fission products is expected to escape before fuel degradation, the
choice of models for these species is not very important. Also, comparative
calculations using the different models provide escape rates that are substan-
tially similar.

Non~fission product material escapes from the core during heat-up in
far larger quantities than fission products. These releases are important
because the resultant aerosols strongly influence the transport and attenuation
of air-borne fission products in the reactor coolant system and in the containment.

If the hot core debris causes penetration of the reactor vessel and comes
into contact with the base-mat, the concrete could be eroded by the debris,
possibly resulting in the generation of combustible gases (H, and CO) and
substantial quantities of aerosols. These aerosols would be"made up mostly
of non-radioactive material, but would be expected to carry some quantities
of fission products. It is postulated that the escape would be caused
principally by sparging of the gases created during concrete erosion.

Models for predicting escape of fission products during this phase of
an accident have been formulated recently. These models are far more mechanistic
than the model used in WASH-1400, which was based on simple volatility calecula~
tions.

Recent code developments (such as the code, MELPROG) indicate that limits
can be placed on the extent of severe core damage and the amount of fuel
reaching contaimment in a severe accident. Former assessments had been little
better than conservative postulates.

Reactor Coolant System and Containment Transport and Retention Characteristics

Fission product retention in the RCS was not taken into account in WASH-
1400 because of uncertainties in the technology and the need for conservative
evaluation, Current analyses, however, indicate that a significant fraction
of the vaporized fission products would be retained in the reactor vessel
upper internals and, in some accident sequences, in other parts of the RCS.
Revaporization of the deposited materials could occur due to continued decay
heating, with fission product compounds moving to a cooler surface.
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Materials not retained in the RCS leak to containment or other structures
as aerosols borne with the escaping mixture of hydrogen and steam. There,
the aerosols undergo physical attenuation processes, principally agglomeration
and settling. Current capability to model such processes in contaimment is
substantially improved over WASH-1400.

Additional aerosols containing fission products could be generated if
the accident proceeds to the reactor vessel penetration stage., This would
result from such mechanisms as forcible ejection of degraded core material
from a pressurized reactor vessel, energetic interaction of hot core debris
with a water pool below the vessel, or from degradation of the concrete bhase
mat by hot core debris.

Containment protection engineered safety features could reduce the airborne
concentration in a matter of minutes, while natural aerosol processes would
achieve similar reduction in a matter of hours. Therefore, release of radio-
nuclides to the enviromment in significant quantities would occur only if
breaching of the containment is postulated to occur in the first several hours
following the onset of severe fuel damage.

Containment

Containment is a key factor in determining if a severe accident results
in a significant source term., If containment is not breached, the leakage
of radioactivity would be inconsequential. If containment breaching is delayed
for more than a few hours subsequent to core degradation, there would be a
very large reduction in the source term due to the performance of containment
engineered safety features and the effects of natural aerosol depletion processes.

Containments are required by regulation to be able to accommodate design
basis accident pressure and temperature conditions. Higher challenges can
be imposed by severe accidents. These could include steam explosions, steam
pressure pulses, hydrogen burns, and long term over-pressure conditions caused
by steam production by decay heat or the buildup of non-condensible gases
such as hydrogen or carbon dioxide.

Because the methodology is extremely complex, conservative simplified
analytical methods generally are used to assess the capability of containments
to meet these challenges. The loadings represented above are slow from a
mechanical response aspect; thus, static analysis usually suffices for determining
expected containment response,

As noted previously, steam production by decay heat is an important loading
mechanism. Containment integrity is protected by engineered safety features
such as containment sprays or atmosphere coolers. These systems are designed
to extract the heat load; therefore, it is necessary to postulate their failure
to pose a significant long term pressure challenge to containment. Passive
heat transfer through the walls is insufficient to prevent long term pressure
buildup by decay heat effects.

Excessively high temperatures, combined with elevated pressure, can cause
breaching to develop in containment seals and penetrations. These are thought
to be likely sources of contaimment openings in severe accidents. Another
possible source is a procedural failure to close valves or other openings
which penetrate containment.
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An important consideration is that containments generally are partially
or entirely surrounded by auxiliary structures, such as the service building
or turbine hall in the case of PWRs, or the reactor building for BWRs. Leakage
occurring from containment breaching is likely to be into such structures,
with thelr large volumes and surface areas providing opportunities for additional
natural depletion processes to reduce significantly any leakage to the
environment.

The Committee concluded that contaimment breaching by a missile generated
by a steam explosion within the reactor vessel, breaching by hydrogen deflagra-
tion, or breaching directly by a pressure pulse from a steam explosion are
not credible events. The Committee observed that margins against overpressure
breaching were in the range of factors of two to four, because of conservatisms
in design methods and the use of materials in construction with better properties
than the design values. Also, the Committee observed that breaching is most
likely to occur as the opening of small pressure sensitive leakage paths which
would also serve to mitigate the rise of internal pressure.

COMPUTER PROGRAMS FOR ACCIDENT ANALYSIS

A vardiety of computer programs (codes) have been developed to predict
radionuclide release, tramnsport, and attenuation in the analysis of severe
reactor accidents. The codes are arranged in suites, with each element in
the suite addressing some part of the sequence. Output from one code often
serves as input for the code covering the succeeding part of the sequence.

The codes are based on established physical and chemical laws and principles,
and the computations are performed on computers. Approximations and limitations
on applicability are used to simplify the codes so that computations are not
excessively time-consuming., Experiments are used to provide information of
use to the developer, and to check how well a given code or group of codes
represent reality.

Standardized problems can be calculated to compare the performances of
codes which purportedly are used to predict the same part of a sequence.
Limited experience with standardized problems for some computer codes and
pre-prediction of experiments appear to indicate that there is a basis for
substantial confidence in severe accident analyses performed by knowledgeable
analysts using current computer codes.

PARAMETRIC STUDY OF FISSION PRODUCT RETENTION

A parametric study of fission product retention in PWR contaimment struc-
tures and contiguous structures due to physical retention processes was
conducted on the Committee's behalf. No active engineered safety features
(e.g., containment sprays) were assumed to function; thus, only naturally
occurring retention processes were considered in the study.

The study represents a careful appraisal of a number of parameters which
affect fission product retention in PWRs which had been neglected or over-
simplified in some analyses. Due to the paucity of data and the state of
technology at the time of the Reactor Safety Study (WASH-1400), most of the
parameters addressed in the present study were not included at that time.
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The study includes analyses of releases of fission products with a postu-
lated pre-existing breach of the containment, and early (i.e., during the
first several hours) and late ( 24 hrs.) breaches of the contaimment. The
results indicate that fission product releases for postulated early breaches
of containment are comparable to those for pre-existing openings., However,
without a pre-existing opening, containment breach is not expected to occur
for days, if at all, The releases associated with late containment openings
are observed to be small in comparison with those for pre-existing openings.
Thus, the study is focussed on the potential releases associated with pre-
existing openings.

Inclusion of these effects results in a large overall reduction in releases
of fission products to the environment when the effects are considered together,
although the reduction from any single effect is not very large when considered
alone.

In another phase of the study, it is shown that releases in the containment
bypass accident (V sequence) could be small, This is because the postulated
break in the low pressure emergency core cooling system piping would be sub-
merged in water draining from the refueling water storage tank, based on a
review of the Surry plant design. The V sequence is very plant specific,
justifying additional review of the generic applicability of this finding
to other plants.,

The results of this study of fission product retention in containment
and structures outside containment can be combined with the results of studies
of retention in the core and RCS performed by other investigators. When the
reductions reported in the study are combined appropriately with the reductions
from studdes of retention in the RCS, such as those reported in the recent
NRC sponsored work at Battella Columbus Laboratories (BMI-2104), very low
predicted releases result, More recently, detailed studies of aerosol retention
in structures exterior to contaimment have been completed by the IDCOR program
investigators.

COMPARISON OF RESULTS

The results of a large number of computations of course terms for the
four families of sequences previously listed have been tabulated and compared,
to draw inferences from the data to the extent possible, recognizing the
difficulties in the face of variations in assumptions and modeling between
investigators., Tables I-VI are included here, with results arranged in accordance
with the type of reactor, investigator, accident sequence, and the timing
of containment opening. More detailed tables will be included in the report
of the Special Committee. Data include that for. the corresponding WASH-1400
release category.
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TABLE I
PRE~-EXISTING OPENING
COMPARISON WITH WASH-1400 CATEGORY PWR-2

Plant and Area of Calculations Fraction of Core Inventory
Accident Pre-existing Done by Released to Enviromment
Sequence ' Opening m2) I Cs Te
PWR-2 — WASH-1400 7.0E-01% 5,0E-01 3.0E-01
Surry—AJ#S 3.3E-02 © BMI 8.7E-02 8.5E-02 7.0E-02,
Surry-ABs(2) 3.3E-02 BMT 5.0E-02  4.9E-02 4.7E-02
Surry-AB@(P) 3, 3E-02 SWEC 4,7E~02  4.6E~02 3.2E-02
Surry-Aps(b) 9.38-03 SWEC 1.2E-02  1,2E-02 8.9E-03
France-900M-AR&(c)  5,0E-03 CEA 5.2B-02  5.2E~02 —
FRG-1300Mw-FK~2 7.1E-02 KfK 6.4E-03 6.,9E-03 ~--
Surry-TMLBA(b) 9. 3E-02 SWEC 1.58-02  1.3E-02 6.4E-02
Surry-TMLBAE (D) 9.3E-03 SWEC 2,1E-03  2.1E-03 2.3E-02
France~900; w—TML%ﬁ 5.0E-03 CEA 1,7E-02 1,5E-02 --
Zion-TMLB 5.,1E-02 IDCOR 1.0E-02 1.0E-02 3.0E-04
Sequoyah S,HFp 5.1E-02 IDCOR 2.0E-02 2.0E-02 4,6E-03
Surry-V 1.9E-02 BMI 4.1E-01 4.,0E-01 1,2E-01
Surry-V 1. 9E-02 SWEC 1.0E~-02 1.0E-02 6.5E-03
Zion-v 9.3E-03 IDCOR 8.0E-05 8.0E-05 8.0E-05
Sequoyah-V 9.3E-03 IDCOR 1.0E-04 1.0E-04 1,0E-04

*7,0E~0L read as 7.0 x 1071

(a) Repeat of lst reported calculation with four node model of containment. -
(b) Retention in RCS taken from BMI-2104 Volume V. .

(¢) Retention in RCS taken from BMI-2104 Volume I, Retention outside containment

neglected.
TABLE II
EARLY CONTAINMENT BREACH
COMPARISON WITH WASH-1400 CATEGORY PWR-2
Plant and Containment Calculation Fraction of Core Inventory
Accident Breach Done by Released to Environment
Sequence Area(m2) Time(hr) I Cs Te
PWR-2 — 2.5  WASH-1400  7.0E-01 5.0E-01 3.0E-01
Surry-AB- ¥ 6.58-01 4.5 BMI 5.7E-02 5.9E-02 1.4E-01
Surry-AB-§(a) 9.3E-02 0.5 SWEC 8.4E-02  8.4E-02 5.3E-02
Surry-AB-§(a) 9.3E-03 0.5 SWEC 1.6E-02 1,6E-02 1,6E-02
Surry-AB-§ (2) 9, 3E-02 3.0  SWEC 8.4E-03  8.4E~03 1,1E-02
Surry-TMLB- § 6.58-01 2.5  BMI 4,4E-02  4.3E-02 1,1E-01
Surry-TMLB-$(2) . 9,3E-02 3.0 SWEC 1.58-02 1.3E-02 6.4E-02
Surry-TMLB- £ M 12,0 BMI 2.6E-03  3.0E-04 7.9E-02
Sequoyah-TMLB 6.58-01 2.5 EMI 1.7E-02  2.3E-02 1.4E-02
Sequoyah—-TMLB 6.58-01 9.0 BMI 3.9E-02  4.5B-04 2.3E-03

(a) RCS retention based on BMI-2104 Volume V.
(b) Based on base mat penetration neglecting retention in earth, ete., outside
containment, essentially a puff release.
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TABLE III
LATE CONTALNMENT BREACH
COMPARISON WITH WASH-1400 CATEGORY PWR-2

Plant and Containment Calculation Fraction of Core Inventory
Accident Breach Done by Released to Environment

Sequence Area(m2) Time (hr) I Cs Te

PWR-2 — 25 WASH-1400 7.0E-01 5,0E-01 3,0E-01
Surry-ABg(a) - 24 BMI 4.8E-05  4,7E-05 4.0E-05
Surry-AB§(b) 9.3E-02 24 SWEC 4.0E-04  4.0E-04 1.9E-03
Surry-AB §(b) 9,3E-03 24 SWEC 3.0E-04  3.0E-04 1,4E-03
Surry-TMLB §(b) 9, 3E-02 27 SWEC 3.6E-05 3,5E-05 1.8E-03
Surry-TMLB§(b) 9,3E-03 27 SWEC 2.8E-05 7.7E-05 1,4E-03
Zion-TMLB £ 4, 6E-02 32 IDCOR 2.0E-03  2.0E-03 2.0E-05
Zion-TMLB§(d) 4, 6E-02 32 IDCOR 2.0E-03 2.0E-03 2.0E-05
Sequoyah~TMLB §  9.3E-03 28 IDCOR 2.0E~04  2,0E-04 2.0E-04
Indian Pt.AB(S) — 24 NYPA 3.0E-06  8.6E-06 1.3E-06
Indian Pt.TMLB(C) —- 24 NYPA 1.98-05 1,7E-05 1.9E-05.
Indian Pt.TMLB(c,d) - 24 NYPA 4.2E-06  2,2E~06 3.3E-09
FRG-1300Mw-FK-6  3.0E-02 120 KfK 1.0E-04 1,0E-06 -

FRG-1300Mw-FK-6 () 3, 0E-02 120 KfK 4.7E-07  5.6E-09 --

Sequoyah-8,HF 9.3E-03 24 IDCOR 6.0E-04  6.0E-04 2.0E-04

(a) Based on base mat melt-through, neglecting retention in earth, etec, outside
containment, essentially a puff release

(b) RCS retention taken from BMI~2104 Volume V

(c) Puff release at 24 hrs.

(d) Pump Seal LOCA

(e) Filtered

TABLE IV
CONTAINMENT BREACH PRIOR TO CORE DEGRADATION
COMPARISON WITH WASH-1400 CATEGORY BWR-2

Plant and Contaimment Calculation Fraction of Core Inventory
Accident Opening Done by Released to Environment
Sequence Area(m?) Time (hr) I Cs Te
BWR-2 30 WASH-1400 9.0E~01  5.0E-01 3.0E-01
Peach Bottom-TGY 6.5E-01 0.97 BMI 3.4E-01 2,9E-01 3.2E-01
Peach Bottom-TC¥ 6.5E-0L 0.97  BMI 2.0E-01 1,6E-01 2,1E-01
Peach Bottom-TC  1,9E-02 13.0 IDCOR 3.0E-02 3.0E-02" 7.0E-02
BWR-3000-TC 5,0E-01 - ELSAM 7.0E-03 2,.0E~04 2.0E-04
Shoreham-TC - 0.5 SAIL 7.3E-02  2,5E-02 ¢ 5.0E-04
Grand Gulf-TC 9.3E-02 1.33 BMI 1.0E-01 3.5E-02 1.3E-01
Grand Gulf-TC 1,4E-01 1.0 IDCOR 8.0E-04  8.0E-04 8.0E-04
Peach Bottom-IW  6.5E-01 29.2 BMI 2.8E-01 2,7E-01 1.8E-01
Peach Bottom-TW(a)9,3E-03 34 IDCOR 1.3E-01 1.3E-01 1,3E-0L
Shoreham-TW -— 24 SAL 2.0E-04  2.5E-02 { 3.0E-03
BWR-3000 5.0E-01 33.6 ELSAM 7.0E-03 2.0E-04 2.0E-04
Browns Ferry-TW -—- - ORNL 2,0E-03 5.8E-05 -~

Grand Gulf-TQW 9.3E-03 40 IDCOR 3.0E-04 3.0E-04 2.0E-04
Grand Gulf-TPI - ‘ 22.2  BMI 5.1E-02  3.4E-02 3.2E-02

(a) If CRD flow or drywell sprays are reestablished after vessel failure or
before hour 65, the releases for this sequence are reduced to 3.0E-02.
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TABLE V
CONTAINMENT BREACH DURING CORE DEGRADATION
COMPARISON WITH WASH-1400 CATEGORY BWR-2

Plant and Containment Calculation Fraction of Core Inventory
Accident Breach Done by Released to Enviromment
Sequence Area(m2) Time (hr) 1 Cs Te
BWR-2 - 30 WASH-1400 9.0E-01 5.0E-01 3.0E-01
Peach Bottom~AE 6.5E-01 0.56  BMI 2.1E-01 2,1E-01 6.7E-01
Shoreham-AV - 1.5 SAI 1.6E-01  2.8E-02 42.5E-02
BWR-3000-AW - - ELSAM 1.1E-01 1.0E-01 1.0E-01
TABLE VI

CONTAINMENT BREACH SUBSTANTIALLY AFTER CORE DEGRADATION
COMPARISON WITH WASH-1400 CATEGORY BWR-3

Plant and Cont ainment Calculation Fraction of Core Inventory
Accident Breach Done by Released to Environment
Sequence Area(m?) Time (hr) I Cs Te
BWR-3 —-— 30 WASH-1400 1.0E-01 1.0E-01 3.0E-~01
Peach Bottom-TQUV 9.3E~03 18 IDCOR 5.0E-02 5.0E~02 4.0E-02
Shoreham-TQUV - - SAT 2,0E-04 9.0E-05 <4.0E-05
Browns Ferry-TQUV -- 4 ORNL 7.1E-03 —- -

Grand Gulf-TQUV  -- 13,9 BMI 1.2E-03 7.1E-04 4.5E-03
Grand Gulf-TQUV  9.3E-03 47 IDCOR 7.0E-05 7.0E-05 3.0E-05
Grand Gulf-AE 9.3E-02 58 IDCOR <1.0E-05 1.0E-05 1.0E-05

Peach Bottom-SiE 9.3E~03 23 IDCOR 1.0E-02 1.0E-02 1.0E-02
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PWR Observations

a) Late containment breach results show very low releases to the environ-
ment and good agreement among investigators.

b) Early containment breach results are somewhat higher than for late
breaching and have a wider spread.

¢) Pre~existing opening results show close agreement for similar cases
and have releases in the mid-range.

d) The data indicate that lower releases are obtained when a more detailed
(4-node) representation of containment is used rather than the usual single
node representation., The importance of incorporating details of contaimment
and auxiliary structures in an analysis is thus emphasized.

BWR Observations

For early containment breach, and for breach occurring during core
degradation, the results are from one to two orders of magnitude higher than
the late opening case; however, the results in a given investigator's work
are fairly self-consistent, and all cases (with one exception) are substantially
lower than calculated in WASH-1400.

The higher results and the data spread are attributed to: (a) Differences
in assumptions, e.g., containment opening size. (b) Whether aerosol attenuation
in the reactor building was taken into account. (c) Assumption of excessive
suppression pool bypass for large containment opening cases., (d) An error
in one of the scrubbing models used for suppression pools. (e) Use of
inappropriate thermal-hydraulic modeling.

The Committee is persuaded that, if these differences are properly accounted
for, the BWR releases in general would not be greatly different from the PWR
releases.

FINDINGS, OBSERVATIONS, AND RECOMMENDATIONS OF THE COMMITTEE
Major Finding

The Committee has concluded that the state of knowledge and the analytical
methods and assumptions on which current calculations of the source term are
based have progressed far beyond those on which WASH-1400 (The Reactor Safety
Study,1975) was based. In general, an ample foundation has been provided to
warrant reductions of the source term estimates in WASH-1400 by more than an
order of magnitude to as much as several orders of magnitude. This major conclu-
sion is based on reviews of chemical and physical processes relevant to severe
accident analysis; severe accident sequences which bound risk from nuclear
power plants and represent the ranges of phenomena involved; the status of
severe accident modeling and calculational codes; containment capability; and
the results of a number of source term studies performed both here and abroad.
In addition, the Committee has considered studies performed on its behalf of
a number of important parameters and phenomena which had not previously been
given adequate emphasis. The noble gases are exceptions because of their
chemically inert character, and because they do not undergo the wide range
of chemical and physical interactions which are the fundamental cause of the
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reduced release of most fission products; however, the very fact that they
are inert also leads to low radiological consequences.

Findings Supporting or Qualifying the Major Finding

a) Todine will be released and transported predominantly as cesium iodide
and cesium as cesium hydroxide. These species will form aerosols and be subject
to aerosol depletion processes, are highly soluble in water, which will be
present, and can be irreversibly adsorbed onto metal surfaces, resulting in
greatly reduced releases compared to WASH-1400., This finding holds for all
light water reactors and all accident sequences.

b) The more severe accident sequences developed in WASH-1400 and more
recent Probabilistic Risk Assessment studies provide a suffiently complete
basis for in-depth analyses of source terms. These sequences cover the high
end of the release spectrum and involve the phenomena and processes that are
considered to affect the escape and transport of fission products.

¢) Sequences and plant details are important in estimating plant-specific
source terms.

d) If there is no breach of containment, there is essentially no release
of fission products; if containment breach is delayed more than a few hours
after core degradation, the source term is greatly reduced, independent of
the final size of containment breach. Containment is less susceptible to early
breaching than previously believed.

e) A substantial basis exists for knowledgeable analysts to calculate
IWR source terms with a high degree of confidence in the results.

Specific Findings Relative to Containment

a) Three of the four causes of early containment breach are no longer
considered credible. These are: steam explosion within the reactor vessel;
hydrogen deflagration; and steam explosions in contaimment. The fourth potential
cause of early containment breach, a pre-existing opening in containment, is
important in severe accidents,

b) Because of previously underestimated contaimment strengths, times
to contaimment breach have been unrealistically short. Longer times to breach
allow a greater degree of aerosol depletion.

¢) The development of distributed containment breaching (cracking) serves
to limit pressure rise and is likely to prevent gross containment breaching,
while allowing only small quantities of radioactivity to leak out.

d) The penetration of the base mat by hot core debris has a much lower
potential than estimated in WASH-1400, and would lead to minor releases only
if it were to occur. Therefore, this mechanism for fission product escape
is unimportant.

e) Pressure suppression pools in BWRs are very effective in removing
fission products, as shown experimentally.

f) The effectiveness of ice-condensers in removing fission products is
predicted to be high, but has not been shown experimentally.
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g) In some plants, contaimment bypass accidents will release fission

products under water in flooded compartments; in these cases, the release will

be very small. In other plants, the release will take place inside containment,
as a containment protected small breach accident; in these plants, the release
also will be low. 1In yet other plants, the release will take place in a large
auxiliary building; in these cases, it will be necessary to consider the aerosol
depletion and other processes, which can be quite effective. These considerations
point up the importance of plant design differences in calculating source terms.

Thermal Hydraulics

The technology is sufficiently advanced and tested against experiments
for accident analysis purposes.

Fission Product Transport and Deposition

a) The follow factors, which have significant release attenuating effects,
have been inadequately treated or omitted in many analyses: size of containment
opening; timing of containment opening; diffusiophoresis; suspended liquid
water in containment; compartments within contaimment; and adjacent buildings
and structures surrounding containment.

b) Revaporization of deposited fission products in the RCS can occur,
but is not yet well characterized. However, conservative formulatjons generally
are used, and some retention in the RCS will be long term and will result in
decreases in the source term.

Escape of Material from a Degraded Core

Differences in several available models in predictions of the escape of
fission products from overheated fuel are not significant.

Computer Programs for Accident Analysis

Substantial development of computer programs has taken place since the
publication of WASH-1400, including some useful diverse development, which
provides a certain degree of testing. In addition, the data base supporting
the computer programs is substantially larger and more complete than that which
existed a decade ago. Finally, in the Committee's view, many of the difficulties
attributed to computer programs are more closely related to differing assumptions
and boundary conditions than to the algorithms used. Also, the Committee con-
cludes that the existing codes are generally conservative representations of
the processes involved in severe accidents.

Matters Where Additional Investigation Appears Warranted

These areas of additional investigation are suggested to confirm existing
source term calculations and to assure that no important phenomenon has been
neglected. They should be evaluated in-depth to ascertain whether further,
and how much, work is necessary. The Committee believes that these will not
cause a major impact on its assessment.
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Surface/fission product chemistry.

Tellurium behavior.

Role of boron in fission product chemistry.

Rate and mode of core damage progression.

Role of control rod material.

Role of contiguous buildings and containment compartments.
Effect of suspended water and diffusiophoresis.
Revaporization of deposited fission products.

The development of a de minimum criterion.

Uncertainty estimates,
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ABSTRACT

This paper provides a summary of the designs and capabilities of
principal containment systems associated with BWR, PWR and PHWR
reactors in operation and under construction in the United
States, Canada, West Germany and Sweden.

The many conceptual differences in design and modes of operation
following accidents are briefly described, with commentary on
their evolution and alternatives considered. Specific examples
for each reactor system in operation in the four countries are
detailed {1,2,3,4]). The containment design differences and
requirements are mainly attributable to the fundamental
arrangements of the reactor and secondary side systems, and their
demonstrated behaviour during normal operation and following
accident conditions., However, two other important considerations
which strongly influence design are national regulatory
requirements [5,6,7,8] and the number of generating units in a
station. These broad issues, together with site conditions and
proximity to population, dominate containment performance
requirements for economic generation of electricity and public
safety.

Emphasis is focused on the capability of the various systems to
meet design basis accidents., However, the TMI-2 incident has
caused plant owners and regulators to examine the ultimate
capability of containments, far beyond maximum credible accident
bases. Postulated severe degraded core accidents, with a
predicted frequency several orders of magnitude lower than other
recognized world-wide hazards for which protection is provided,
are currently under intense scrutiny [9,10,11]. This paper
describes the status of some of these .studies.

CONTAINMENT FUNCTIONAL AND DESIGN REQUIREMENTS

The universally accepted philosophy for providing assurance of nuclear
safety in accidents is the adoption of the principle of "defense in depth”,
which prevents or limits the release of radioactive material for a wide
range of circumstances. "Defense in depth" embodies a multiplicity of
physical and chemical actions attributable to station process systems, but
specifically includes three, often duplicated and diverse, safety systems
to effect prompt reactor shut-down, ensure continuing and controlled heat
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removal and automatically minimize/prevent radioactive release to the
environment.

Containment systems are the ultimate line of defense and safety barrier
for preventing the escape of radionuclides to the environment. The
functional requirements of containment do not differ in principle for BWR,
PWR and PHWR systems, but design requirements are significantly different.
The design requirements are not only set by the overall arrangement of the
primary reactor and secondary systems, but also (importantly) by national
code and regulatory differences., A major additional influence which
determines containment system designs is the extent, rate and duration of
accident pressure and temperature transients.

During normal operation the function of all containments is to minimize
the release of gaseous, liquid, and solid radioactive materials produced
during electricity production and which are not retained in process
systems., The objective is to ensure that emissions are as low as
reasonably achievable; economic and social factors taken into account.
Following an accident, the objectives are to retain radioactive materials
released as a result of process equipment failure,

Thus, containment system designs have evolved from the basis that they
should provide radiation shielding and retain all of the steam and water
discharged following an internal reactor system piping failure. The
primary element of containment systems is a practical engineered and
economic "leak-tight"™ building which covers and encloses the reactor
systems. Piping or ventilation systems which might convey radiocactive
material outside the containment boundary are isolated immediately after an
abnormal condition is detected. Sub-systems to reduce pressure in the
building also feature in the designs. In some designs these systems
include venting to "gravel" beds or the atmosphere in a controlled manner
to ensure safe regulatory releases are met.

In addition to the provision for internal containment loads, protection
of containment and hence reactor systems against external loads (i.e.,
earthquakes, hurricanes, tornadoes, explosions, aircraft impacts and plant
induced missiles), are also major design requirements.

PRESSURIZED HEAVY WATER REACTOR DESIGN REQUIREMENTS

In Canada, PHWR containment designs must adhere to the CSA N290.3
standard which differs only in detail from similar ASME codes. The CANDU
containment design requirements are uniquely influenced by the adoption of
multi-unit stations (eight units in the case of Pickering NGS, four units
per station in other plants) and on-power refuelling, where a single
integrated containment system employing negative pressures, dousing water
pressure suppression and a vacuum building is deployed. Elsewhere in
Canada and overseas, AECL designed 600 MWe single CANDU units include
similar dousing water pressure suppression systems and filtered air
discharge.

The fundamental difference in design of PHWR's and LWR's, namely the
physical separation of the primary coolant and moderator systems within the
PHW reactors, reduces the probability of core melt in postulated severe
accidents by orders of magnitude. In essence, the large heat sink provided



by the moderator system gives high assurance of fuel channel integrity, and
prevents gross fuel melting to the extent that meltdown sequences are not
generally considered credible [12],

The design of CANDU containment features are influenced by the
structure of the Canadian Atomic Energy Control Board (AECB) regulatory
requirements. To provide understanding of this influence, the AECB Siting
Guide [6] is briefly described., The logic of this Guide is based on a
two-tier radiation dose limit applied separately to the most exposed
individual and to the population. Process failures are judged against a
"single failure" dose limit (e.g. 3 rem to the thyroid of the most exposed
individual). In common with LWR systems, these single failures range up to
a guillotine break of the largest-diameter heat transport system piping.
The limiting frequency of serious process failures (those requiring
intervention by a safety system in order to prevent fuel failures) is one
per three years. It must be emphasized that "single failure" in this
context is a different concept than that used in LWR licensing logic. In
this case it means total failure of a system with no mitigating action by
other process systems; only the safety systems can be credited.

The second part of the AECB Guide requires the analysis of "dual
failures", involving serious process failures with simultaneous failure of
one of the safety systems (either the emergency coolant systems, or a major
containment subsystem) to perform its function. This particular
requirement is unique, but not necessarily more demanding than those of
other national regulatory jurisdictions. The thyroid dose limit to the
most exposed individual from these "dual failures" is 250 rem. Containment
design is strongly influenced by the requirement to meet this dose limit.

LIGHT WATER REACTOR DESIGN REQUIREMENTS

The majority of nuclear power reactors in operation and under
construction in the world today are either Pressurized Water Reactors (PWR)
or Boiling Water Reactors (BWR).

The design requirements of PWR and BWR Containment Systems must adhere
to the national codes and regulatory licensing requirements in the country
of plant siting. 1In the United States principles have been developed for
steel and concrete structures by the American Society for Mechanical
Engineers (ASME) and American Concrete Institute (ACI). These code
requirements for containments and their subcomponents, have historically
developed over the last thirty years culminating in an ASME and a joint
ACI-ASME Code, which caters to the many different combinations of steel and
concrete structures which constitute the containment of operating reactors
and those under construction. The ACI-ASME code combines a factored load
approach with allowable stress criteria for all internal and external load
conseguences.

The various national codes, in addition to consideration of the ASME
(steel) and ACI-ASME (concrete) codes for containment design, performance
and serviceability, reflect geographical, social, political and regulatory
requirements in their own environment. Thus the "Kerntechnischer
Ausschup", Swedish and Canadian codes reflect differences from those in the
United States, as well as alternative requirements for external loads such
as historical seismicity, siting conditions, and threats of local explosion
and aircraft crashes,
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The accident internal service load is historically associated with any
single component failure in the generating plant having a frequency typically
greater than 107/ events/yr which causes a maximum energy, pressure,
temperature, and radioactive release. In this regard, the design basis
accident for which most containment systems are conservatively designed is the
largest double-ended primary pipe rupture, {predicted frequency of 10'4/yr),
recognizing that while continued operation of the core cooling system is
likely, its full credit cannot be assured in all accident conditions.

Certain combinations of extreme internal/external loads are also
typically used in design of containments. Perhaps the most famous one is the
combination of LOCA with some level of earthquake. In this issue, there is no
general agreement worldwide. In the United States, for example, the largest
postulated LOCA has been combined with the largest Safe Shutdown Earthquake
(SSE). In other countries, while the combination is considered, it is not
necessarily assumed that the largest LOCA and the largest earthquake are
coincident, The reasoning for this position is that the reactor coolant
system is specifically designed to resist earthquakes, therefore earthquakes
do not cause LOCA's, but such an independent event cannot be discounted
immediately following. The impact of military aircraft, blast waves and a
turbine wheel rupture impact are also considered in many designs.

The following categqories of loads are not normally considered in the
design process but have received increasing attention in determining
containment performance capability.

The first category includes those loads with a negligible frequency
(< 10~7 per yr). Such loads would typically include meteorites, large
commercial aircraft impact, and volcanic eruption.

The second category involves extreme internal accidents. Most countries
typically do not combine LOCA with a secondary system failure as a design
basis, although analysis of this combination is often undertaken. Rotating
equipment and pipe suppbrt failure within containment are also not typically
considered., Also major component rupture, such as vessel, pump, steam
generator and pressurizer are not typically a design basis.

The third category involves the question of the degraded core, the
so-called "Class 9" accident, There are three particular types of containment
loads that might be associated with such a situation., These loads include
degraded cores possibly leading to some melting of containment, steam
explosion, and hydrogen generation if it results in deflagration. As a
result, containment overpressurization at elevated temperatures due to
postulated failure of mitigation systems is under study.

CHANGING EMPHASIS ON PERFORMANCE REQUIREMENTS

Table I [10] summarizes the evolution of containment performance
criteria. The order listed, relates to the growing emphasis that each have
received over the last forty years, culminating with containment capability
for degraded core accidents.,



TABLE I: EVOLUTION OF PERFORMANCE CRITERIA

1. Criteria for radiological releases
2, Criteria for direct radiation doses
3. Protection against external missiles

4, Consideration of degraded cores

The criteria for radiological releases were the first to be developed.
For all but extremely remote sites, this led to the use of containment systems
with acceptable leakage related to site specific characteristics, Most often
these pressure retention containments were freestanding steel or steel-lined
concrete structures which, for LWR designs, could be demonstrated to leak
considerably less than 1 percent of the containment volume per day during
accident conditions. For multi-unit CANDU systems, where accident source
terms and energy release into contaiunment are lower, and filtered venting to
control long term releases is deployed, leakage rates of less than 1 percent
per hour have been adopted.

These criteria provided protection against leakage but not from direct
radiation due to radioactive material within the containment after accidents.
It was initially assumed that people near the site could be evacuated to
minimize their exposure from material inside containment if an accident
occurred.

The next criterion added was the requirement of shielding from direct
radiation at all but the most remote sites., This led to the widespread use of
steel~lined, reinforced or prestressed concrete structures for containment
which combined low leakage capability with shielding from possible radiation.

The next important criteria to be added were for protection against
external phenomena, such as missiles resulting from tornadoes, Similar
criteria were developed relating to aircraft crashes at sites depending on the
frequency of air traffic. These additional criteria made the use of
reinforced or prestressed concrete containments or the addition of a special
concrete missile shield essential,

The fourth set of criteria associated with degraded cores, or more
precisely the need for them, have been under intense scrutiny and debate since
the Three Mile Island Unit 2 accident on March 28, 1979. There are two major
investigations addressing these issues in the United States. One is a series
of programs funded by the NRC on containment integrity. In these programs the
behaviour of isolation features, structural capacity of containment, leakage
characteristics of mechanical and electrical penetrations and behaviour of the
base mat when subjected to a core melt are being investigated {13,14,15,16].
The other major investigation is the extensive U,S. IDCOR Program (9], which
is currently under discussion with the USNRC, Also, intensive studies [2],
concentrating on the sequences of core meltdowns and the accompanying accident
consequences, have been conducted in the Federal Republic of Germany during



the past ten years to ascertain the ultimate capability of containment systems
for their operating LWR's., 1In Canada, important fission product distribution
studies concentrating on "Lessons learnt from Three Mile Island" have resulted
in containment design modifications. Also, heavy emphasis on dual failure
accidents (e.g.: a large LOCA resulting in stagnation cooling conditions plus
assumed coincidental containment impairment) continues in that country.

CONTAINMENT SYSTEMS AND COMPONENT FUNCTION

The specific details of existing containment systems depend on the
project commitment dates, but their generic nature are a function of reactor
type, site location, utility preference, economic considerations, number of
units per station and national regulatory influence. Thus, there is
considerable design diversity in existing structures, although basic concepts
have not radically changed in more than twenty years.

In the 1940's, the control of public exposure following a design basis
accident was provided by the use of large exclusion areas, rather than a
containment structure. For example, the Clinton pile at Oak Ridge was
associated with a 60,000 acre site, the Hanford production reactors with a
larger area and the U.,S., National Reactor Testing Station was located in the
Idaho desert. The need to locate nuclear power plants nearer the consumer
resulted in containment systems, Early containments were static pressure
envelopes with few penetrations. These were not practical for commercial
electrical generating stations, Subsequently, active containment structures,
with a multiplicity of penetrations designed to close on accident signals to
form a leak-tight barrier, evolved. Later, systems were introduced to
suppress pressure and temperature within containment following accidents, and
also mitigate fission product transport to the environment either by chemical
means, controlled filtered venting or returning leakage to containment by the
addition of an outer barrier and pumping circuits.

Tables II and III, respectively, list the principal containment systems
which are in general use, and those which have seen less use or just studied.

Figure 1 illustrates the many variations of PWR containments in operation
or committed by 1972, worldwide. The variations on the three basic systems,
(i.e.: the dry pressure retention containment, the ice condenser pressure
suppression and subatmospheric pressure suppression) include single versus
multiple barrier, the geometry of the steel or concrete structures and the
nature of allowable structural stress. The dominant system is the medium
pressure, dry containment with a single pre-stressed concrete cylinder. The
majority of these containments are in the United States.,

Today, the tendency for PWR containments is towards two dry barriers to
fission product release, with provision to filter and vent the annular
separation space.

All modern BWR containments are of the pressure suppression type (wet
well and dry well) in order to reduce containment volume. This is because, in
a design basis accident, BWR's would blow down by far the largest volume of
high energy fluids of all water reactor systems. There are three variants
(General Electric Company, Mark I, II and III) of this basic system, with



TABLE II:

PRINCIPAL CONTAINMENT SYSTEMS

Confinement:

Low Pressure:

Medium Pressure:

High Pressure:

Pressure Suppression:

Ice Condenser:

CANDU Pressure Suppression:

CANDU Shared Containment:

Reactor systems enclosed in a low leakage
building, filtered discharge and negative
pressure.

Large diameter hemispherical dome, 35 kPa.

Low leakage PWR steel or steel lined concrete
structure (0.2 to 0.5 MPa), Variants in France
and U.S.

Low leakage, PWR for pressures 0,5 MPa, steel
vessel (FRG, U.S. and France).

BWR system within compact low leakage steel or
steel lined concrete structure, water and drywell
energy suppression,

A PWR energy suppression system

Reactor and primary systems within steel lined
prestressed concrete containment at negative
pressure, Pressure suppression by dousing.

Large prestressed concrete containment at
negative pressure surrounding multi-units
connected to vacuum building. Pressure control
via dousing and filtered venting.

TABLE III:

OTHER SYSTEMS IN USE OR STUDIED

Multiple Containment: Two pressure retaining low leakage barriers

Pressure Release: Controlled filtered venting and scrubbing
Stronger Containment: Increased wall thickness for 0.85 MPa

Shallow Underground: Standard containment with 10 m overburden

Deep Underground: Containment 30 m underground, turbine at grade
Increased Volume: Double normal volume, 0,42 MPa pressure
Compartment Venting: Vented to high pressure structure with douse
Thinned Base Mat: Permit Core melt to inert gravel bed.

Evacuated Containment: Operates at 35 kPa or less.
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specific differences adopted in West Germany and Sweden, The Canadian PHWR
System requires the lowest demand for design basis accident energy containment
due to the physical separation of primary, secondary and moderator systems,

In more recent times there has been a trend towards standardization for
PWR, BWR and PHWR containments with differences in detail only dependent on
the country of siting. Selected designs for the United States, West Germany,
Sweden and Canada follow.

PRESSURIZED WATER REACTOR CONTAINMENTS

Figure 2 shows a low leakage, pressure retention design, consisting of a
prestressed concrete cylinder with a steel liner., A vertical buttress system,
together with a horizontal ring at the spring line, is used to anchor
prestressing tendons. The dome and cylinder are separately prestressed. This
design is widely used in the United States. More recent modifications to the
design eliminates the dome ring, introduces partial buttresses in a
hemispherical dome and anchors the wall and some dome tendons at the base
mat. As noted in Figure 1, this type of single barrier containment is the
most widely used in PWR stations operating today. Another version of this
type of containment is the deformed bar-reinforced concrete cylinder and dome.

Steel containments, either cylindrical or spherical, are widely used in
U.S., West Germany and Japan. In these double barrier designs a concrete
biological shield, which also serves to protect against external loads,
surrounds the steel containment. The cylindrical design shown schematically
in Figure 3 has wide application in the United States and Japan.
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A common form of double barrier containment in the future is expected
to be the steel sphere surrounded by a concrete shield building, as
developed in West Germany, and also applied to some plants designed in the
U.,S, Figure 4 shows a sectional view of the German, 1300 MWe Biblis B
plant (2}, The inner detached steel shell of the containment (wall
thickness 29 mm) constitutes a passive pressure tight barrier. The
containment sphere has a free volume of 70,000 m3. The concrete
structures within the steel containment (about 15,000 n3) also reduce
longterm pressurization by their heat storage capacity, and physically
separate safety systems and the irradiated fuel storage pool.

The annulus between the steel containment and the outer concrete
shielding (1.8 m thick}, which is exhausted through a qualified filter
system and stack, provides for additional deposition of radiocactive
products in the event of containment impairment. A subatmospheric pressure
system is designed to direct flows from compartments having lower activity
to those with higher activity following any accident.

Another double barrier annulus concept developed in France, includes a
cylindrical concrete containment lined with steel and an outer concrete
shield. Recently, France has developed a design for 1300 MWe plants which
does not require the steel liner,

Two types of pressure control containments have been developed for
PWR's, the subatmosphere containment (- 5.0 psig operating pressure), and
the ice condenser.

A typical ice condenser containment is shown in Figure 5. Steam and
air resulting from an accident is forced by the pressure from the lower
compartment through the ice beds where the steam is condensed. The design
pressure for this containment is one bar whereas a PWR dry containment for
the same rating would range from three to five bar, However, current
economic considerations have limited this design to 1000 MWe units and
larger.

BOILING WATER REACTOR CONTAINMENTS

All modern BWR containments are of the pressure suppression type,
incorporating drywells and wetwells as pressure suppression chambers,
Following a LOCA, the steam/water flow causes a rapid increase of pressure
and temperature in the drywell., The pressure difference between the dry
and wet wells forces the contained water out of the blowdown pipes and high
pressure steam then flows to the wetwell pool. Steam condensation occurs
and non-condensible gases collect in the wetwell airspace or compression
chamber., Given the relatively small containment volume of BWR's compared
with other reactor systems, this condensation process is the key element in
limiting maximum pressures to 3 bar or less,

During the last thirty years there have been progressive changes to
the shape, geometry, size and location of the various suppression chambers
relative to the reactor core within containment. The latest Mark III
General Electric design is shown in Figure 6. The quenching pool has been
moved to the side whereas in the previous Mark II design it was underneath
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the reactor vessel. This made it possible to reduce the elevation of the
reactor vessel, and created the best compromise with regard to the height
of the vessel, its accessibility and construction of containment., The
design shown in Figure 6 uses a steel containment within a concrete

shield, However, because of localized dynamic loading from the wetwell
during LOCA and Safety Relief Valve discharge, the steel containment was
replaced by a hybrid shell in later designs. This hybrid employs a
concrete base mat, a concrete shell in the pool region with a steel
containment shell above the pool, 1In future applications of U.S. built
BWR's, it is anticipated that a full height reinforced concrete shell would
be the preferred arrangement, which is also the practice in other countries.

Modern large BWR's typified by the U.S. General Electric Mark III
design, the Gundremmingen KRB-2 1300 MWe units in West Germany and the
Swedish BWR-75 1000 MWe units, have steel liners and cylindrical
pre-stressed concrete containment structures. The German and Swedish
designs, however, have retained features of the Mark II concept where the
drywell is both under and over the reactor vessel, The overall objective
of these systems is to maintain low design pressure with relatively small
containment volumes, and to provide for an emergency condenser during plant
transients and accidents.

In West Germany, earlier BWR containments were a spherical steel
shell., The current KRB-2 design is changed as shown in Figure 7. It
consists of a cylindrical prestressed concrete structure with an embedded
steel liner which is protected by additional concrete. The drywell space
surrounds the reactor vessel and heat transport piping extending to the
second isolation valve. Many large diameter vent pipes from the drywell
extending into the pool provide the path to condense LOCA induced
steam/water mixtures, A separate pressure relief system provides for
coolant pressure control. The containment is protected from large wetwell
overpressures relative to that in the drywell during LOCA, by vacuum
breaker swing check valves which allow pressure egualization in the two
chambers. The suppression system design pressure is typically 4 bar
compared with maximum expected LOCA pressures of less than 3 bar. The wall
of the reactor building serves as a secondary containment and the annular
space between it and containment is subatmospheric to prevent leakage to
the environment. German regulatory authorities require the reactor
building walls to withstand an external blast wave of 0.45 bar, a site
dependent earthquake and the crash impact of military aircraft. To provide
further assurance of containment integrity from external events the reactor
buildings are not rigidly joined, apart from the common foundation.

Figure 8 shows a sectional view of the Swedish BWR 75 containment [4]
which is a reinforced, partly prestressed concrete cylinder provided with
an embedded liner of carbon steel., The drywell, wetwell and blowdown pipes
are similarly arranged to the German KRB design, and the entire containment
is totally steel lined. A different labyrinth arrangement exists between
the upper drywell and wetwell than in the West German design. The
containment and reactor building basement structure is different, but each
design has no structural tie (other than expansion joints) between
containment and adjacent buildings. The steel liner embedment of between
20 to 30 cms within the concrete is deeper than the KRB containment. The
upper drywell contains primary and secondary reactor process systems,
including main steam, feed water and containment cooling systems. The
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lower drywell contains systems such as the control rod drives and
recirculation pump motors. The wetwell is an annular enclosure, Blow-out
panels in the lower part of the reactor concrete shield provide a path to
the lower drywell in the event of a LOCA within the reactor compartment.

PRESSURIZED HEAVY WATER REACTOR CONTAINMENTS

This section concentrates on the CANDU containment system associated
with the multi-unit stations in Canada [3]. The single 600 MWe units
designed by AECL, use similar negative pressure containment (NPC) systems
with the omission of a vacuum building.

The NPC1l design concept, {where reactor units are isolated from one
another), is used in the eight-unit Pickering NGS station, which came into
service in the period 1971-1985. The second major type (NPC2), was used in
the four-unit Bruce NGS A station, which came into service in 1977-1979,
and in all subsequent four unit stations.

The prime difference between the NPCl and NPC2 concepts is that the
latter locates most of the supporting process equipment outside the primary
containment envelope, although it follows that some equipment must be in
secondary confinement areas. Another feature of NPC2 is that the four
reactor vaults are interconnected during normal operation due to the choice
of common on-power fuelling systems for all units.
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The main reason for adoption of the NPC containment concept was
increased effectiveness required to satisfy concerns for relative close
population siting which existed at the time of the Pickering NGS A project
commitment., The NPC2 design was developed primarily to improve maintenance
access to process equipment during operation,

The basic operating principle of negative pressure containment is to
maintain a negative pressure such that air leakage through the structure is
inward. Any discharge required to maintain this negative pressure
differential is along defined pathways which can be filtered, treated and
monitored to control releases to the environment,

Figure 9 shows the NPC2 containment envelope which is normally at
sub-atmospheric pressure. In the event of a LOCA, various systems act to
provide for short and long term pressure and effluent control. The short
term period extends from the LOCA, when very fast pressure transients are
experienced with possible "puff" releases of radioactivity, to the
re-establishment of sub-atmospheric pressure within containment, The long
term period is associated with the initial activation of the Emergency
Filtered Air Discharge System (EFADS) until cleanup operations are
complete. EFADS is manually activated when containment pressure approaches
atmospheric several days after the event. Figure 10 lists the systems
which collectively perform the containment function in the two time frames.

The principles of pressure control used in the CANDU NPC2 containment
in the short term are "pressure relief" followed by "steam suppression" as
depicted in Figure 11, Following LOCA the reactor vaults and fuelling duct
connecting the multi-unit station are pressurized by the resulting high
enthalpy fluid flashing to steam. The extent of pressure rise is limited
by the very large volume of the containment envelope. The increase in
pressure, acting across the Pressure Relief Valve {PRV) pistons,
automatically opens the valves and releases the air-steam mixture into the
vacuum building (VB).

The steam suppression function is carried out by a dousing system
located in the vacuum building. When the PRV's open and VB pressure rises,
water is forced over a weir structure and into spray headers located under
the dousing tank. The spray water falls through the steam-air mixture,
reduces pressure, and provides for soluble fission product retention,

The principle of effluent control used in the short term is isolation
by physical barriers., Containment operates at 98 kPa (-.5 psig) and the
vacuum building at 7 kPa (~13.7 psig). Typical design pressures for
containment are 170-200 kPa (10-14 psig) and 50 kPa (-7 psig) for the V.B.

CONTAINMENT CAPABILITY STUDIES

Over many years, there have been numerous containment
studies [2,3,11,13) performed with the aim of establishing design
parameters, proving that regulatory limits for design basis events are met
and identifying ultimate capability to withstand severe postulated
accidents. Given, that current research to provide "best estimate" source
terms and fission product transport, is also important to demonstrating
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containment capability, there is no doubt that high emphasis of nuclear

reactor safety R&D today, is on containment systems.

This section summarizes this containment R&D, and provides a few
examples of the many studies performed in West Germany, Sweden, USA and
Canada to demonstrate containment capability for LWR and PHWR nuclear

stations.

Present studies are largely associated with very low frequency

(4 1077 events per year), high consequence events, since it is generally
recognized that all containment systems are adequately designed for likely
accidents. )

Containment Research

Tables IV and V provide a synopsis of typical integral containment
tests for PWR's and BWR's to verify containment analysis codes, and assure

adequate designs.

Many experiments have been performed elsewhere, notably

in Japan.
TABLE IV: INTEGRALVPWR CONTAINMENT EXPERIMENTS
Year Facility Measurement Purpose Specific Information
1965 CSE, USA Vessel blowdown Fission product
transport and removal,
1970 CVTR, INEL, USA Peak pressure and Axial wall

1975

1981

1982

1983-6

Battelle, Frankfurt

Lucas Heights

HDR, Karlstein

Sandia Nat.
Labs., N.M.

temperature effects

Pressure and
temperature
measurements
during blowdown

Pressure/temperature
response, small
steel containment

Blowdown for
different break
sizes/locations

Failure conditions/
modes beyond DBA

temperature
distribution, heat
transfer coefficients.

Pressure waves,

wall temperatures,

H/T coefficients, jet
impingement and
hydrogen distribution,

Compartment pressure/
temperature
and heat transfer.

Wall temperatures,
steam-air
concentrations, jet
impingement, strains,
accelerations.

Structural failure
mode, leakage paths,
penetrations
behaviour, base mat
melt, bypass, margins,




In addition to these integral tests, there have also been numerous
separate effects tests performed in all countries (often involving
international collaboration eg: Marviken) to understand jet impingement
loads, vent flows and condensation heat transfer., Experiments [17,18] to
determine the effects of external missiles, (including large steel piping
and segments of a turbine rotor), impacting on containment have been
performed in the U.S. and elsewhere,

In Canada, as elsewhere, there have been a number of on-site
containment tests during the period 1970-1983 conducted by AECL and Ontario
Hydro to determine leakage rates and the thermal utilization of dousing
flow in the Vacuum Buildings, and/or containment, In addition separate
effects tests of all containments have been performed over the period 1960
to 1984 to understand transient compressible flow in interconnected
volumes, jet loading, tee-junction losses, vessel-pipe fluid mixing and
liquid-steam phase separation at tee junctions.

TABLE V: BWR CONTAINMENT EXPERIMENTS

Year Facility . Measurement, Purpose
1960's Humboldt Bay Drywell, Wetwell Pressure transients
Bodega Bay
1972/73 Marviken, Sweden Full scale containment tests
1972,75 GKM 1, KKB Vent Pipe Loads, Full scale
1975, 717 Karlstein Large Tank Multivent pipe tests

and concrete cells

1976/717 GKM 28 Vent pipe and pool wall loads,
condensation, transient and
static tests

1978/80 Studsvik, Sweden Pool swell in different geometries

1984 GKSS Vent clearing, pool swell and fall
back.

1983/86 sandia Nat. Labs,, N,M. Large scale, Mk I, II, III

overpressure tests, failure mode/
timing, and design margins,

The majority of current containment research is centred on the
ultimate capability of LWR systems when subjected to severe accidents in
the Class 9 category as typified by the IDCOR program. The Industry
Degraded Core Rulemaking (IDCOR) Program in the U,S. is supported by
sixty-two nuclear utilities, architect-engineers, LWR vendors in the United
states, and by Japan and Sweden., The IDCOR mission was to develop a
comprehensive, technically sound position on the issues related to
potential severe accidents in light water power reactors.
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IDCOR resulted from the USNRC's evaluation of the TMI-2 degraded core
condition which was more severe than that previously assumed in a design
basis accident. In October 1980, the NRC initiated a "long-term rulemaking
to consider to what extent, if any, nuclear power plants should be designed
to deal effectively with degraded core and core melt accidents"., The NRC's
rulemaking proposed to address the objectives and content of a degraded
core-related regulation, the related design and operational improvements
under consideration, their effects on other safety considerations, and the
costs and benefits of design and operational improvements.

Subsequently, the NRC issued a proposed Commission Policy
Statement {19], to implement the October 2, 1980, "Advance Notice of
Rulemaking®, and identify the severe accident decision process on specific
standard plant designs and on other classes of existing plants which may or
may not include rulemaking.

IDCOR identified key issues and phenomena; developed apalytical
methods; analyzed the severe accident behaviour of four representative
plants; and extended the results as generically as possible, The methods
used in the study were "best-estimate®, rather than conservative
engineering approaches in technical analysis, usually characteristic of
licensing submissions. Existing methods and experimental data were
thoroughly reviewed and new programs were undertaken where confident
support of prior positions was uncertain. In general, IDCOR has
demonstrated that consequences of dominant severe accident sequences are
significantly less than previously anticipated. Most accident sequences
require long times to progress, allowing time to achieve safe stable states,

Table VI lists the reactor safety phenomena considered in reaching
these conclusions,

TABLE VI SEVERE ACCIDENT PHENOMENA ADDRESSED
BY IDCOR TO ESTABLISH ULTIMATE
CONTAINMENT CAPABILITY

1. Steam explosions causing pressure pulses, liquid slugs or missiles
2, Overpressure due to rapid steam generation

3. Overpressure due to hydrogen generation combustion

4, Containment by-pass via interface systems to environment

5, Overpressure due to noncondensable gases

6, Melt through of containment base mat

7. Overpressure due to loss of containment heat removal

8, Containment failure modes

9. Radionuclide release and transport
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While studies continue, the most important results to date, are:
containment overpressure capability is several times the pressure
associated with the design basis accident; limited impairments of the
containment envelope would likely occur on failure, thus stabilizing or
gradually reducing pressures which would limit the rate of radioactive
release; hydrogen related concerns can be mitigated or do not exist; and
early failures of containment due to all causes are most unlikely, thus
permitting sufficient time for interdictory actions.

Corium and Fissium experiments [20,21) are also on-going in the U,S.,
West Germany and Sweden., Concrete-~Corium interaction tests to determine
the extent of base-mat erosion are continuing in West Germany and U.S.A.
Current experiments at Sandia National Laboratories [13,14,15,16] sponsored
by USNRC, are addressing the issue of "when, where and how" will various
steel and concrete containments fail and the resultant extent of
radioactive release. Large scale models have or are being constructed to
identify containment safety margins, and the integrity of containment pipe
and electrical penetration assemblies when subject to overpressure loads.
This large program is scheduled for completion by the end of 1986. 1In
West Germany [2], studies suggest that the weak point of their PWR
containment is associated with the sealing box which is part of the main
airlock, in the event of overpressure accompanying a Class 9 accident. It
is considered that the failure mode will be "leak instead of break”, which
will either result in a maximum stabilized containment pressure below
ultimate capability, or reducing pressure., In other words, containment
pressure relief will occur rather than gross containment failure.
Experiments to prove this engineering assessment are now being planned [2].

Another area of research of importance to all nuclear power systems,
and prompted by TMI-2, is that of ensuring control of hydrogen generation
in severe accidents. This subject is the focus of attention of a current
IAEA working group who are reviewing the issues identified in Table VII,
using information from the major investigations already carried out by
EPRI, Sandia Labs and WNRE.

TABLE VII: IAEA REVIEW OF HYDROGEN STUDIES

1. Hydrogen distribution in containment

2. Lower flammability limits

3. Combustion limits of Hjy-air~-steam-COj; mixtures
4. Available hydrogen and oxygen detectors

5. Pre-inerting as a mitigation scheme

6. Effectiveness of various ignition sources

7. Controlled burning and extinguishing systems
8. Fog/spray suppression

9. Minimum equipment to survive degraded-core accident,
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These studies are confirming that hydrogen re-combiners or igniters
for controlled burning, will prevent large containment overpressures, In
many containments, the predicted volumetric concentration of hydrogen is
far too low for combustion to occur.

Containment Response Analyses

The objectives of containment analysis are to establish design
parameters and to verify that regulatory dose limits are not exceeded
following any process system failure which leads to a release of
radioactive material within the containment envelope. Design and
regulatory processes require that containment response be analysed for a
large number and variety of postulated system pipe failures ranging from a
small leak up to a guillotine failure of the largest piping in the heat
transport system.

A. PHWR Analyses

For CANDU reactors, accidents are characterized according to the
postulated LOCA break discharge rate, since this parameter has the dominant
effect on subsequent containment response., A coolant channel end-fitting
failure is used to bound the radiological consequences of small breaks in
the heat transport system piping. The accident sequence postulated is an
instantaneous maximum opening break, with the resultant ejection of all 13
fuel bundles from the -channel. Severance of an end fitting results in an
initial coolant discharge rate up to 200 kg/s. The ejected fuel bundles
will likely be damaged on impact with the reactor vault, and will release
fission products into containment at a rate dependent on the extent of fuel
cooling,

The containment pressure due to small breaks is strongly affected by
containment heat sinks and, in particular, by the number of vault air
cooling units assumed operational at the time of the break. Figure 12
shows containment pressure transients for various initial break discharge
rates, For small breaks above 80 kg/s, the duration of the overpressure
period is determined by the time for the pressure relief manifold to
pressurize to the setpoint of the pressure relief valves (PRV's), Below
this discharge rate, energy removal due to air coolers and condensation on
cold surfaces is sufficient to offset the energy addition from the break,
with the result that the containment pressure can remain slightly above
atmospheric without initiating PRV opening. The containment overpressure
period will then last until either the break energy discharge rate
decreases sufficiently that the heat sinks are able to reduce the pressure
to subatmospheric by steam condensation, or the operator manually
intervenes by switching the PRV's to control mode.

In spite of the potentially extended containment overpressure period
for certain small breaks, releases into the environment are very small
since fuel damage is limited to a fraction of the core inventory.

Certain large breaks in the heat transport system, which could result
in coolant stagnation within fuel channels, are capable of producing
extensive fuel failures throughout the core., In addition, the initial
pressure excursion presents a challenge to containment integrity.

Figure 13 shows the estimated pressure transients in the accident vault and
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vacuum building following a postulated guillotine break in a pump suction
line,

In this event, a peak pressure of 150 kPa occurs in the accident vault
at less than 3 seconds. This is substantially below the containment design
pressure, One minute after the break, the accident reactor vault becomes
subatmospheric. From this time onward, the heat removal rate exceeds the
steaming rate at the break., The containment atmosphere continues to cool
down and depressurize, until in the long term it becomes repressurized by
air in-leakage, instrument air, and any gas evolution within the
containment envelope.

Even with the fuel cladding damaged, the fission product release from
the fuel is initially limited to a gradual escape of the "free" inventory
of volatiles., Only when the fuel heats up to high temperatures (well in
excess of 1000°C) can a significant amount of volatiles start escaping from
the "bound" inventory. Thus, the concentration of activity in containment
takes some time to build up to appreciable levels, With the effective
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pressure suppression provided by the NPC system, the amount of activity
escaping to the environment by pressure-driven leakage is correspondingly
small.

The bulk of activity enters the containment during the subatmospheric
holdup period. These fission products then experience decay and undergo
numerous interactions before a small portion is gradually released by
(EFAD) filtered venting. With the exception of noble gases, the fission
products become trapped in water within containment either by dissolution
in liquid droplets or by becoming nucleation centers for liquid aerosols.
Eventually, the airborne activity consists of only the noble gases and a
small amount of volatile chemical compounds (e.g. organic iodides) in
equilibrium with the solution on the floor.

Figure 14 illustrates the mitigating processes of CANDU containment
systems in terms of 1131 attenuation resulting from the largest LOCA.
Assuming the most adverse weather conditions, the "effective release" is an
equivalent amount of 1131 that an individual could receive if present at
the exclusion boundary for several months. The total attenuation for this
severe accident is at least ten orders of magnitude, and the resultant
dose, if individuals remained indefinitely at the site boundary, is within
regulatory requirements.

In Canada, the current emphasis is on studies to delay or reduce the
extent of containment venting even though regulatory limits are met.
Regulatory requirements demand that dual failure dose limits not be
exceeded for LOCA's coincident with various containment impairments
including failure of isolation dampers, simultaneous deflation of four
airlock seals on a double door system, failure of pressure relief valves
and loss of reactor vault air cooling units.

B. PWR Analyses

As an example, the containment response analysis performed in
West Germany [2] to establish DBA parameters, and capability in severely
degraded core accidents for the standard 1300 MWe PWR is next described.
While assumptions required by the German Advisory Committee on Reactor
safequards (RSK) are not the same as those in the United States, the
analysis results are generally typical of most PWR's. Also, while the
extent and timing of BWR severe accidents is different from PWR's, the
questions on ultimate containment capability are not dissimilar. The
German containment design basis accident (DBA) is a double ended break in a
main coolant pipe. For containment design purposes, RSK also requires a
number of conservative assumptions which include:

(a) Decay heat according to ANS Standard plus 20 percent.

(b) Maximum LOCA pressure assuming a 2 percent decrease in containment
volume, and a 2 percent increase in primary and secondary circuit
volumes {blowdown mass and energy include one secondary steam
generator content).

(c) A 15 percent safety margin applied to calculated maximum LOCA
pressure, and



(d) The steel containment shell to be designed for maximum containment
atmospheric temperature (145°C), rather than its expected
temperature (60°C),

Figure 15 shows that the "best estimate” of the maximum LOCA pressure
will be 4.2 bar. Also shown, are the design calculation results assuming
(a) (b) and (d) above, for the pressure transients when the additional
energy from the assumed secondary break is either excluded or included.
The containment design pressure of 6.3 bar includes the additional
assumption (c¢). The containment test pressure of 7.74 bar, prior to
reactor criticality, is set by the difference in yield at the testing and
LOCA temperatures, Thus, there is a substantial margin (up to 84 percent)
between the expected LOCA pressure and the demonstrated test capability.

In the event of a core melt-down, there would be a substantial release
of fission products and steam/water to containment., The extent of release
to the environment is highly dependent on the containment isolation time,
the extent and nature of any containment leakage, and the transport and
driving force paths from the annular space between containment and the
reactor building. A very important mitigating process in this regard, is
the finding [22] that all radioactive substances, with the exception of the
noble gases and airborne gaseous iodine, are bound to aerosol particles and
subject to highly effective removal mechanisms. These removal mechanisms,
involving plate-out and absorption on containment structures, reduce
aerosol mass concentrations by five to six orders of magnitude within five
days. Containment overpressure failure at the weakest point is not
expected during this period.

Figure 16 shows the predicted pressure variation in containment for a
core melt-down sequence. The maximum transient pressure during blowdown of
5.3 bar is reached at 17 seconds after LOCA, The transient LOCA pressure
which is relieved by the containment volume and condensation reduces to
2,5 bar during the next 10” s, The core melt-down process due to the
onset of evaporation of the moderator water and assumed complete absence of
emergency forced cooling, commences at about 20 minutes.

Core degradation then proceeds accompanied by hydrogen production due
to steam/zirconium reactions. Shortly after one hour, the core structure
is predicted to fail allowing significant amounts of core material to drop
into the water contained in the lower plenum of the reactor vessel, with
the resultant violent evolution of steam.

subsequently, at about 1.9 h after blowdown, reactor vessel failure is
predicted to occur and core melt interaction with the concrete basemat
begins. Given that 80 tonnes of metallic melt and 130 tonnes of oxide melt
at a temperature of 2400°C are assumed available, it is predicted that the
concrete shielding surrounding the reactor vessel will be eroded within 7 h
causing the containment sump water to contact the melt. Violent
evaporation of the sump water in the isolated containment, subsequently
results in its pressurization to design pressure after three days and to
9 bar after five days, as shown in Figure 16, This sequence of events
raises the question of ultimate containment overpressure capability, the
mode and extent of containment failure, and subsequent extent of
radioactive release from the annulus between containment and the reactor
building, via filtration to the environment. These questions also
highlight the "defense in depth" provided in LWR stations for public
protection, and the extended time available for any necessary emergency
evacuation.
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Recent studies in West Germany [2] and those of IDCOR (9] in the
United States are showing that containment overpressure capability before
failure is up to 2-3 times design pressure for the undisturbed steel
shell. As an example, West German experts predict overpressure failure of
the 1300 MWe standard PWR containment to be above 14 bar in this case, and
that the mode of failure will be "leak .instead of break".

It is considered that containment overpressure will result in a leak
at weak points, such as in main airlock components or at electrical/pipe
penetrations, and will either permit a stabilization or reduction of
containment pressures. The net result is the maintenance of major
containment integrity, and only gradual activity release (likely after
filtration), to the environment. Also, recent West German studies and
those in the United States have demonstrated that previously assessed
source terms are too high by several orders of magnitude.

SUMMARY

This paper has discussed the functional requirements, the evolution of
designs and the influence of national regulatory requirements on
containments for PWR, BWR and PHWR reactors. Particular containment
designs are not only a function of national siting requirements in the
United States, West Germany, Sweden and Canada, but also relate to specific
reactor system performance in perceived accident conditions, and the number
of reactors constituting the generating station., In all cases, it is
evident that the various containment systems easily meet their design basis
accidents., Since the TMI-2 accident all jurisdictions have examined the
need for design changes to meet post-accident scenarios,

In Canada, increasing attention has been placed on large stagnation
LOCA's with assumed coincidental containment impairments. In this regard,
methods to delay or reduce the extent of atmospheric venting of containment
to relieve pressure are undeir active study, even though regulatory limits

are met.
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In West Germany, the United States and Sweden, emphasis is on the
ultimate capability of PWR and BWR containments to withstand overpressures
and evaluate environmental releases for class 9 core melt accidents, which
are beyond or bordering on the range of credible frequency. Current
information from the U.S. based IDCOR study and the independent West German
and Swedish research work, indicate that LWR containment designs are
capable of withstanding overpressures up to three and possibly four times
their design pressure. In the event of containment failure, it is
predicted that radicactive release will likely result from gradual leakage
from weak points (rather than a gross containment break) to the reactor
building, resulting in a slow and delayed discharge to the environment.
Experiments and scaled tests of containments have been performed or are
currently underway in many countries to determine ultimate containment
ability and failure modes. These tests, together with allied fission
product source term and transport tests, and comprehensive experiments on
hydrogen generation and mitigation, are an important area of reactor safety
research today.

In addition, research in the U.S. is directed at decoupling LOCA plus
SSE as a design basis, and reducing postulated high energy system pipe
breaks and loading phenomena.

If containment failure were to occur, in either the CANDU, PWR or BWR
reactor systems, it is predicted to do so many days following the most
severe postulated accident, permitting adequate time for assurance of
public safety.
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ABSTRACT

The merits and limitations of probabilistic risk as-—
sessment are discussed, with a special effort to
distinguish between thaose limitations which are in-—
trinsic to the method as practiced and those which
are not. Emphasis is on the limitations, even though
probabilistic risk assessment is the most rational
and effective way to study the safety of reactors.

INTRODUCTION

" Frobabilistic risk assessment (PRA) is regarded with suspicion in
some guarters, both for reasons which will emerge in the discus-—
sion of its limitations, and for less defensible reasons. There
is & great deal of resistance to the use of probability, espe-
cially in the face of the great uncertainties that are inevitable
accompaniments of current assessments. Licensing decisions, in
particular, must be unequivocal, and there are great problems in
laying & probabilistic base for binary decision—-making. The
uncertainties are of course also present in any other form of
analysis —- they are not invented by PRA —— but there is no way
to conceal them in a properly performed PRA, as there is in a
deterministic process. Though much of what follows will focus on
limitations, FRA (not necessarily as currently practiced) is the
rational way to make safety assessments.

It is necessary to make one disclaimer. Though I have had, and

now have, connections with the regulatory agencies in my country,
nothing that follows reflects anything but my own personal views,
as will be guite clear from the context. I wish it were not so.

FROEBABILITY

The concept of probability requires a few words, particularly
when one is dealing with extremely low probabilities of rare
events ~— aoften events that have never occurred, and may never
occur.  Such a probability can not be defined as the limit of a
frequency, but is instead a measuwre of the odds of a fair bet on
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whether or not the event will occur. These odds are inevitably
derived from a combination of expert opinion and of operating
experience, and are bound to change as our experience and our
wisdom increase. They are also themselves uncertain, and it is
perfectly reasonable to speak of a probability of a probability,
as a measure of the uncertainty in estimating the odds of a fair
bet. Rookmakers have this problem in everyday life, and seem not
to be bothered by it as much as nuclear engineers. S8Such proba-
bilities and probability distributions must be kept current, and
must be responsive to the accumulation of operating experience.
On the other hand, it is important to resist the temptation to
averstate the predictive power of operating experience —— the
fact that something has happened after 184 hows of operation
does not mean that it will happen every hundred houws. The fact
that something that was estimated as having a very low probabil-
ity actually happened does not necessarily mean that the original
probability was wrong. A disciplined approach to the estimation
of probability, and to the uncertainty in the estimated probabil-
ity is essential to the proper use of FRA. In particular, it is
wrong to describe the probability of (say) a core melt by a
single number, without any reference to the uncertainty in that
number. Indeed, it is not helpful to describe the uncertainty by
a single number, though that is almost universal practice. The
point of this section is that the concept of probability should
be treated with respect.

MERITS

The merits of PRA are so clear that they hardly need mentioning.
In the first place, performance of a FRA on a plant requires at
the beginning that the structuwre of the plant be fully under-—
stood, along with the interactions, both intentional and inadver—
tent, among its constituent parts. The various possible accident
sequences must be written down explicitly and understood, and
finally reasonable probabilities of failuwre must be assigned to
the elements of each accident chain. All of this requires such
depth of analysis that it is almast inevitable that a greater
understanding of the vulnerabilities of the plant is obtained in
a disciplined and rational way. More often than not, the process
itself leads to changes in design or procedures whose effect is
to reduce the probabilities of the dominant accident sequences.
Finally, FRA provides a correct procedure for the integration of
operational data and expert opinion, which is essential for the
analysis of the low probability events in which we are interested.

LIMITATIONS — INTRINSIC

The line between intrinsic and practical limitations is indis-
tinct, but there are some limitations that are easier to fix than
others. NMearly all of the limitations we will list in this
section could be dealt with in a better world, but it seems to be
extremely difficult at present. In the next section we will deal
with the limitations which are simply matters of practice, and
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which are bound to improve as understanding of the techniques
becomes more widespread. Nonetheless, in my personal view, the
limitations in the second group are far more damaging to the
utility of PRA at the present time.

a) Completeness — It is a truism that not all possible accident
sequences are contained in a PRA, and that will always be true.
It ie true at two levels. In the first place, it is ohvious
that, being mortal, we have not thought of everything, and it is
always possible that one of the accident sequences we have not
thought of is of transcendent importance. As time goes by
without the revelation of important new sequences, this becomes
less likely, but it is never out of the question. At a second
level, no accident sequence in a PRA is intended to be unigue ——
there are far too many uniqgue sequences, differing in only minor
details. Each is meant as a surrogate for a class of related
sequences, and the probability for the sequence is meant as an
aggregate of all these probabilities. (This is particularly
important to remember when people look back at something that has
occuwrred, like Three Mile Island, and ask whether it was pre-—
dicted by a PRA.) There is no cwe for incompleteness, but
concern about it is bound to decrease with time and with the
accumulation of wisdom and experience.

b} Inadequate Data Base — The data base will always be inade-
guate, again at several levels. For items that fail frequently,
like valves, information about the mean rate of failure may
accumulate, but guestions about the failure distribution are
bdund to remain. The population is not homogeneous, the failure
rates are sensitive to maintenance practice, etc., and it is out
of the question that the technology will stagnate to the point at
which one will have a complete failwe rate distribution for such
items. It would be an indictment of the industry if it were to
happen. For items that have never failed, like reactor pressure
vessels, failure rate estimates will have to come from informed
estimates of the effectiveness of inspections at both the manu-
facturing and maintenace levels, along with improving under-
standing of fracture mechanics and of radiation effects. These
items are unlikely to close in the foreseeable future. There are
intermediate cases between these two extremes, but it is clear
that the data base will always be inadequate for those who would
like a clean empirical approach to risk assessment. For mortals,
this requires that PRAs be done with a judicious mixture of
expertise, data, and judgment.

c) Fault Tree/Event Tree Analysis — There are some structural
imperfections in the conventional format for a PRA, that can not
be removed without fundamental change. Recall that these anal-
yses are usually structured from the and- and or— gates borrowed
from Boolean symbolic logic (and now familiar because of digital
electronics), and that many relationships can not be expressed in
these termg&. For example, such logic symbols are used to de-
scribe whether or not a component fails, but provide no means of
describing the gradual degradation of a component. S8Such logic is
intrinsically sequential, and cannot easily describe unstable
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loops or such things. Nor does it have provision for the mea-
surement of time, except in terms of temporal priority, so that a
component failure that takes place over six days is indistin-
guishable from one that takes siy microseconds. That is not a
description of the real world. Of course, one can make ad hoc
procedures to deal with some of these extreme cases, but the
basic limitation is intrinsic to the structure.

d) Human Ferformance — It need hardly be said that it is diffi-
cult to predict human performance, yet nearly all events in
reactors so far have involved human intervention of some sort.

In a PRA, human error is accounted for in some averaged way
(though there is no way to predict the depths of human ingenuity
in making mistakes), but there is little or no accounting for
human positive input. Yet humans are capable of constructive
input in accident situations, and it is surely biased to consider
only the negative aspects. (This has implications also for the
difficult question of the right degree of automation, on which
whole nations disagree.) It would be very useful for someone to
make a random search of events initiated by mechanical failure,
just to find out how often innovative behavior by the operators,
beyond their standard procedures, helped to control the incident.
A higher level of automation will make it easier to do PRAs, by
eliminating this human unpredictability, but may make reactors
less safe.

e) Common Cause Failures — A common cause failure compromises the
effectiveness of a fault tree/event tree analysis by producing
concurrent failures in supposedly independent systems. The stan-
dard examples are external events —— earthguakes, tornadoes,
floods, sabotage, etc. -- but manufactuwring errors and mainten-—
ance ervors are other examples. (In the U.8. an aircraft had
failures in all three supposedly independent engines on one
flight, because the same maintenance crew had made the same
mistake on all three engines one night.) It is possible to
protect against known causes of such failure, but it is difficult
to incorporate them into a PRA. It is in fact done, but it is
not done well.

LIMITATIONS — PRACTICAL

The limitations that follow are my personal list of things that
we don’t seem to be doing as well as we might —— others could
well have a different list, or even differ about items in this
one. One should rejoice at the fact that there are things to be
improved, and that in fact most of them can be improved. There
is no special order to this list, though some items are clearly
more important than others.

a) Consistency — By now there have been dozens of PRAs performed,
and it is impressive that, though they contain great uncertain-
ties, the results for the final probability of core melt are not
widely divergent. It is well to bear in mind that some of this
consistency is illusory, since there is considerable communica-
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tion within the community of purveyors of PRAs. We will discuss
the meaning of uncertainty next.

b) Uncertainty — The large uncertainties in the final results of
FRAs are well-known, and it is worth discussing what is meant by
such large uncertainties. When we state that the computed esti-
mate of (say) a core-melt probability is uncertain by a factor of
plus or minus ten, that is an almost meaningless statement, just
as it is almost meaningless to state the original probability
without some description of the uncertainty. One is, in both
cases, trying to describe an unknown distribution, the probabil-
ity distribution for the probability of core melt, by one or two
parameters, and that can simply not be done. Nor, on the other
hand, is there ever enough information available to properly
describe the entire distribution. This can lead one into consid-
erable confusion about just what is meant by the numbers quoted
as the end results of a PRA.

It is very popular, for lack of better information, to assume
that all distributions involved in PRAs are lognormal, and there
ig indeed in the central limit theorem some basis for this ap-
prodimation in some cases. Just as an example, suppose the
probability distribution for the probability of core melt in a
particular reactor is in fact described by a lognormal distribu-
tion, and suppose that the standard deviation is a factor of ten. -
In that hypothetical but not atypical case, the mean probability
will be a factor of fouwrteen larger than the median, and it is
clearly important to know just which one interests us most. One
hears people speaking of the "best estimate" without clarifying
what is meant. If indeed it is the median that is meant, then it
ig not at all clear which is most important to the protection of
society, though it is more likely the mean than the median. This
is not meant to argue for one or the other, but only to say that
guoted probabilities without this much specificity have little
meaning.

These comments are even more relevant to statements about the
uncertainties in the estimates of probability, which are usually
stated as plus or minus a factor of %, without any clarity in
what is meant. Is it a standard deviation in a conjectured
lognormal curve? Is it an absolute set of bounds? Is it a rough
estimate (whatever that means) of the psychological indecision of
the purveyor of the PRA? What is it? These may seem like aca-
demic questions, but they must be answered if the final result of
the PRA is to be of use to society. There are large factors
contained in the alternate definitions of these terms, and to
handle them loosely is simply not responsible. It is, however,
cCommon .

As & final comment on uncertainty (though there is far more to be
said), there is a natural human tendency to believe that the
right answer is in the middle of the "uncertainty band". (Usual -
ly, with these broad distributions, people mean the logarithmic
uncertainty band.) If this were so, of course, there wouldn®t be
as much uncertainty. It is important to keep emphasizing that a
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genuine uncertainty in probability means that the "true" proba-
bility may very well be displaced from the center in either
direction, by an amount comparable to the uncertainty. Uncer-
tainties are real. In a PRA there is an opportunity to deal with
them carefully, but they are equally present in a deterministic
assessment, though well concealed.

c) Categorization — As mentioned earlier, each accident seqguence
in a PRA must really be regarded as a surrogate for a class or
category of sequences of the same general type, and its probabil-
ity as the sum of all the probabilities of its class members. It
ig therefaore incorrect to observe a sequence in practice, and to
then ask in retrospect whether it was contained in a particular
PRA. (Of course, if pothing like it has been considered, that is
another matter.) In particular, it is incorrect to infer that
the probability of a sequence is high, just because it has been
observed, and to then mistrust a PRA because it seems not to have
given a high probability for that particular sequence. Remember
all the sequences in the PRA that haven’'t yet been seen. This is
a common misunderstanding of the meaning of probability among
people unfamiliar with the concept, and we all have to deal with
it in speaking to non—professional groups and individuals.

d) Human Positive Input - We have already said that analysts
normally treat humans as just another component of the system,
which either works normally or malfunctions. In fact, of course,
though & valve or relay may not be able to rise above the occa-
sion and perform innovatively, a human can. There are many
casegs, of which the first Browns Ferry fire is a good example.
There a control rod drive pump was used innovatively to cool the
core, though it would have been impossible to make allowance for
such action in a PRA. My personal view is that such & human
resowce is an important defense, and its omission from PRAs is a
major defect. This is a self-nourishing defect, in that failure
to recognize the value of positive human intervention (as we dao,
for example, in aviation) lowers ouw sights in terms of the
gquality required of reactor operators. I do not like to fly with
pilots whose upper bound of performance is the instruction book.
It is, however, extremely difficult to see how to incorporate
such & factor into a PRA.

e) BRottom-Lining - During the course of the performance of a PRA
many intermediate results are obtained about the expected behav-
ior and reliability of systems and subsystems, about failure
modes and sequence morphologies and probabilities, etc. These
results vary in reliability for many reasons, among them those
mentioned above and below, and the insight they provide varies
accordingly. When they are all combined to provide a "bottom
lipe" estimate of the probability of damage to life and property,
this is inevitably the weakest and least reliable result of the
FRA. Nonetheless, social and regulatory pressures combine to
provide emphasis on this small fraction of the PRA output, im-—
pairing the credibility of the entire process. One cannot deny
that there is a great societal hunger for the bottom line, but it
ir the weakest use of PRA and emphasis on it detracts from the



145

many other bhenefits of the analysis. One should resist one-digit
statements about safety.

) Consequences — The previous statements are particularly
relevant when one carries the result of the calculation to an
estimate of the probability of a certain number of latent cancers
in the population, because this calculation combines all previous
uncertainties with the genuine uncertainty about the effects of
edtremely low levels of radiation on large numbers of people.
These effects will never be understood empirically, because they
are so small that there is no possibility, even if there were a
large accident with radiation release, of an epidemiological
determination of the level of damage. There is, after all, a
fifteen percent probability that we each die of cancer anyway,
and one man—rem contributes less than one thousandth of this. It
may, S0 far as we know, contribute nothing. As the sowce term
research comes to its conclusion, the number of predicted acute
fatalities will probably also be greatly reduced. SBhort of a
monumental breakthrough in our understanding of the mechanism of
radiation—-induced cancer, there will always be great uncertainty
in these predictions.

g) Conservatism — Unfortunately, FRAs are done in a regulataory
environment, which does not reward realistic estimates. In an
ideal world, one would make an estimate of the safety of a reac-
tor as realistically as possible, and then, and only then, apply
a sufficient safety factor to satisfy the conservative needs of
society. It is a sad fact that people who make FRAs always deal
with uncertainty by erring in the conservative direction, thereby
giving the entire enterprise an unknown, but substantial, bias.
Even though an error in either direction is an error, one learns
quickly that an error in the non-conservative direction produces
a flood of abuse, while a conservative error produces hardly a
murmur. One can cite many examples. This has three important
conseguences.

First, the magnitude of the error is normally unknown, since it
is pervasive and unquantified, perhaps, in many cases, unguanti-
fiable. This makes the meaning of the bottom—line estimates of
risk even murkier than before, with the consequent disservice to
all who look at them, for whatever purpose. To the extent that
the numbers are taken seriously, they then deceive the regulators
and mislead the public. That is bad.

Second, the excuse is often given that a calculation done conser-—
vatively at every point in doubt, must, in the end, lead to =a
conservative result. That statement is false. (It also confuses
the duty of the practitioner of FRA, which is to honestly analvze
the plant, with that of the regulator, which is to assure that
degree of safety required by the public.) A conservatism is a
misstatement, however honorably motivated, and there is a theorem
in logic to the effect that if a collection of postulates has one
which is false, it is then possible to prove any theorem. This
theorem is not obvious, but it is true. There is no reason to
have confidence that a calculation done conservatively at each
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decision point will lead to a conservative result. It is easy to
think of counterexamples.

Third, conservatisms can lead to gross distortions of priorities.
Consider two accident sequences, A and B, of which A has the
lower median (or mean) probability, but much greater uncertainty.
Conservative estimates of each will have a larger effect on A,
and may very well invert their order. One will then find oneself
giving greater regulatory and research attention to the sequence
of lesser importance. {(An example will be cited below.) This
problem is so widespread in the regulatory apparatus, at least in
my country, that it would not be unfair to say that ow regula-
tory effort is directed mostly against uncertainty, rather than
against risk.

Firabably the single greatest defect in the use of PRA is the
-failure to understand and account for uncertainty.

h) External Events — External events can lead to common cause
failures, and the difficulty in accounting for them in the con-—
tent of a PRA leads to the assignment of particularly great
uncertainty to the estimates. In the U.5.A. accidents induced by
earthguakes are a good example. Because there are such great
uncertainties, the difficulties mentioned at the end of the last
section are present in force, with the conseqguence (in my view)
that we greatly overestimate the seismic threat. This distortion
of priorities leads to misplaced regulatory and research effort,
with a consequent reduction in the level of safety. (Who can
forget how the overemphasis on large LOCA, in the years before
Three Mile Island, led to neglect of the problems associated with
transients and small LOCA, and therefore directly to the acci-
dent?) We may yet learn, at Diablo Canyon (near my home), that
the years of fighting about the overstated seismic threat have
diverted us from any real problems afflicting the plant.

i) Bafety Goals - No one knows "how safe is safe enough', so it
is natural that regulatory agencies should grasp at any straw in
seeking reasonable standards for a proper standard of regulation.
Whether in the form of de minimis levels of exposure or in the
farm of guantitative criteria for licensing, these always depend
uwpon some guantitative measure of the safety of a reactor, and
that can only be given by a realistic FRA. But there are prob-
lems.

In the first place, PRAs will, for the foreseeable future, have
built—in uncertainties of factors of ten or more, and there is no
reasonable way to set standards which are so unclear. Even so,
this is often done, and the USNRC has promulgated proposed
guantitative safety goals which are precisely stated, even in the
face of these great uncertainties, and in which it is not even
clear whether it is the median or mean or something else that is
meant. These exactly stated goals produce a false illusion of
precision, and I have heard esperts say that the calculated
probability of core melt is .@@@1S, and that it needs to be
reduced to below .@#@#1. That is simply wrong! It is easy to
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lose track of the meaning of probability in the face of great
uncertainty, as mentioned earlier, and, in particular, to ascribe
greater accuracy to the calculations than is justified.

The second problem is to find some reasonable souwrce for the goal
as stated. In a rational worid, the level of societal risk we
are willing to accept from a technology bears some relation to
the benefits we perceive from it, or at least to the drawbacks of
the alternatives. For most (if not all) technologies these
balancing estimates are made informally, through the normal
process of social intercourse. In particular, they involve more
than risk. We accept aviation —— most of us flew to Karlsruhe ——
despite the known risk, because it is a relatively fast and
comfortable form of transportation. We drive cars for the same
reason. We eat strange foods at distant castles. We stand

in front of strange audiences delivering speeches. In each of
these cases we could reduce the risk, but there is more to life’s
judgments than the reduction of risk. On the other hand, there
are some risks we don’t take, and in each case there is some
tacit balance struck which involves many considerations of risk
and benefit. The point is that the evaluation of benefits is
even more difficult than the evaluation of riskh —— it is not just
financial henefit that is involved —— and is the responsibility
of the entire society, not just the regulatory apparatus. How
does one match the impact of coal-burning on the German forests
against reactor risk. What about the coal miners?

The USNRC has promulgated a set of guantitative safety goals, for
evaluation, test, and comment, which ignores these considera-—
tions, and which is, in my personal view, wholly irvrational. The
criteria are based on bottom—-line estimates of the effects of
reactor accidents on human health (see above), are precisely
stated without any mention of the uncertainty problems (see
above), and are derived entirely from risk considerations (see
above). Specitically, they seek to make the risk of reactor-
induced cancer to the nearby population less than @81 of the
risk of cancer from other causes, and less than @@l of that due
to other alternative means of generating electricity. It is easy
to see the fundamental flaw in such criteria. For the first,
notice only that a substantial fraction of cancer in the U.5. is
wnambigupusly due to cigarette smoking —— does this mean that a
reduction in cigarette smoking requires an improvement in the
safety of nuclear power plants? What is the connection? For the
second, suppose I invent a hypthetical means of generating
electricity which is absolutely safe, but which produces enough
foul-smelling waste to cover the entire country to a depth of one
meter. Must reactors be absolutely safe to compete? These are
efforts by an agency which is responsible only for risk to find
some risk-based goals, and such an effort is doomed to failure.

This is not to say that there is no merit in gquantitative safety
goals —— gquite the contrary. It is extremely important to find a
way aout of the open-ended regulatory dilemma in which we find
ouwrselves. @uantitative geoals which are stated as ill-defined
objectives for the reqgulatory agencies, provided as guidance for
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the necessarily deterministic regulatory process, and which are
derived from an arbitrary estimate of the level of safety desired
by the public in view of the public benefits, would be very
helpful. It is amusing that, in the U.5., the corresponding
regulatory agency for aviation, the Federal Aviation Administra-—
tion, has no defined guantitative goals, yet regulates an accept-
ed technology. (This was not always so, and there are still many
people afraid of flying.) When asked, officials of the FAA will
normally say that they do everything in their power to continue
to make flying safer, yet that is not true. There is room in the
rational management of a society for social contracts which are
nat drawn up precisely by lawyers.

In addition, PRA-derived goals for the safety and reliability of
subsystems can be very helpful in determining design tradeoffs,
as long as they are not somehow translated into acceptance crite-—
ria by the regulatory agencies. One cannot help but sympathize
with regulators who are required to decide how safe is safe
enough in the evervyday course of events, without much help.

i) The Use of PRA — Despite all that has been said above, the
limitations on the performance of a PRA are small compared to the
problems involved in integrating PRAs into the regulatory
environment. Regulatory decisions are often made whimsically,
and FRA provides a mechanism for assessing the impact of such
decisions on the safety of nuclear power, even in the face of the
praoblems listed above. Its use should be widespread and
enthusiastic, rather than limited and grudging. Ferhaps that
will change, in time.

CONCLUSIONS

There is little to add here. Frobabilistic Risk Assessment is a
known (perhaps the only currently known) methodology for the
quantitative assessment of reactor risk, and thereby the best
known way to provide a rational base for reactor regulation. It
also serves as a systematic means for the quantification of the
performance of a plant under upset conditions, and thereby a
means for the identification of weak points in design or opera-
tion. It is not used as effectively as it can be, nor have the
regulatory agencies yet effectively integrated PRA, with its
inevitable uncertainties, into their operations. There is more
room for progress in that area than there is in the improved
performance of PRAs. In that arena, the major need among those
mentioned above is a systematic pwging of the conservative
influence on the conduct of a PRA, so that the results (including
the uncertainties) are given generally understood meaning.
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INTRODUCTION

Absolute safety and zero risk are unattainable in any of man's endeavours.
Any human activity has an element of risk attached to it, even the activity of
physical inactivity, so prelavant in developed societies amongst the population
of desk-bound office workers, has associated medical risks.

In the field of nuclear power, there is a well developed technology for
identifying and quantifying the risks associated with the operation of power

plant. Indeed, nuclear power safety assessment may be said to be at the
forefront in this area, and techniques developed in the nuclear field are now
being applied elsewhere. Given this capacity to quantify risks, even down to

extremely low levels of probability for the case of very unlikely accidents
with the potential for significant consequences, it is natural to look for
corresponding statements on acceptable levels for such risks. An initial
attempt to produce an acceptance criterion quantified in terms of frequency
events was made by Farmer. This initial Crlte{éfn was stated in terms of the
frequencies of various levels of release of I Subsequently many other
proposals have been put forward suggesting acceptable frequencies for various
events whose consequences were expressed in a 'variety of ways. A milestone was
reached in 1982 when the USNRC published their proposed safety goals which
incorporated an element of probabilistic assessment. Proposals such as that by
AECB (Canada) make the distinction between a rigid acceptance criterion, which
must be met, and a target or safety goal which should be aimed at.

The development of such approaches forms the subject of what follows.

OBJECTIVES OF SAFETY GOALS AND CRITERIA

Safety goals and acceptance criteria may be proposed with a variety of
objectives in view, The scope and detail of the criteria proposed will vary
depending upon which objectives are addressed. Also, the objectives may have a
bearing on the underlying philosophy and so on the approach adopted.

a. Public Demonstration of Safety Adequacy

Goals and Criteria aimed at this objective seek %o draw comparisons
between risks in the field under discussion and those elsewhere. As a result,
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they are often fairly broadly drawn rather than relying on detailed
plant-specific requirements. They will tend to lean towards comparison with
other risks, either technological risks assumed to be already accepted by
society, or natural hazards of recognised rarity such as lightning strikes,
meteorites, etec.

b. Regulatory and Licensing Decisions

Where safety goals and criteria form part of the regulatory and licensing
decision-making process, they need to be clear and unambiguous. Consequently,
a considerable amount of detail may be necessary in order to specify the
requirements with sufficient precision. The inclusion of this detail is
necessary if the criteria are to be useful in a regulatory context; however it
can result in requirements which are specific to a certain design of plant.

c. Aiding Siting Decisions

Criteria aimed at aiding siting decisions need to address the plant in the
context of the proposed site and so must link the characteristics of the plant
to the impact on the area surrounding the site. The plant characteristics
might, for example, be expressed in terms of assessed frequencies of releases
of various categories of activity, and the surroundings of the site in terms of
the population distribution, meteorology, topography, and geology. Depending
on the approach adopted, either the plant characteristics or the site
surroundings might be assumed to be 'typical' or 'standardised' data.

d. Aiding Design Development

In order to aid design development, safety goals and criteria expressed in
terms of targets for the plant characteristics are the most useful. In this
way development of the design can be decoupled from site-specific aspects.
However, such criteria must retain some link to the surroundings of the site
either directly or by means of consequence analysis at a later stage. The use
of quantified acceptability criteria in design development can have great
benefits in producing a balanced or optimised design and also in efficiently
allocating the resources used to produce such a design.

e. Aiding Research Priority Decisions

In addition to aiding design development, safety goals may be aimed at
aiding research priority decisions. In this case it is particularly useful if
the safety goal or criterion addresses the problem of uncertainties in the
results of quantified safety assessments, since the areas which contribute to
gsignificant uncertainty in the risk estimates are those of relevance in
prioritising research work.

f. Rationalisation of Resource Allocation

Safety goals and criteria may be set with the objective of rationalisation
of resource allocation. Optimisation of a design or a research programme are
examples of this which have been mentioned above. Other examples include
optimisation of safeguards, or of maintenance and inspection periods.

As will be seen from the above, the objectives for setting safety goals
and safety criteria cover a wide span and in some cases the different
objectives result in very different requirements which seem sometimes to be
mutually exclusive. To date, most safety goals and criteria have addressed
primarily (a), (b) and (d) above. The proposals which have been made include a
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wide variety of different approaches. These differences can be described in
terms of the differing forms in which the goals or criteria are stated and in
terms of the differing underlying philosophies.

FORMS OF SAFETY GOALS

Safety goals and safety criteria are usually formulated in terms of a
constraint on some aspect of an activity. The form of the constraint depends
to a certain extent on the objective or objectives being addressed. Safety
goals and criteria already published have included constraints on the
following:—

a. Plant Damage (Fig 1)

The constraint may be expressed in terms of frequency limits on specified
states of the plant, for example the US ACRS criteria (1) include acceptable
limits and targets for specific core damage states, such as core melt, as do
the USNRC Safety Goals. (2) The constraint may be expressed in terms of more
severe but less specific plant states, such as those of the UK CEGB Design
Safety Guidelines (3) which require the sum of the frequencies of all sequences
leading to large uncontrolled releases of activity to be less than 10 per
year, or of the ACRS criteria which havq_g constraint on the frequency of cogg
melt with significant release (of 5 x 10 per year as an upper limit and 10
per year as a goal). Such constraints are clearly not site specific.

b, Radioactivity Releases (Fig 2)

As an alternative to constraints on plant state frequencies, constraints
may be quoted in terms of the frequencies of releases of activity. The
earliest numerical safety criterion of all, proposed by Farmer, (4) was of this
form. However, subsequent proposals have not taken this form.

c. Radiation Dose (Fig 3)

Several criteria are based on or include constraints on radiation dose to
members of the public. In the UK both the NII safety assessment principles (5)
and the CEGB Design Safety Guidelines (3) constrain the acceptable frequencies
of releases of activity leading to various doses to members of the public.
These doses are expressed in terms of the Emergency Reference Level of 10 rem,
a dose specified by the UK Medical Research Council as being a level of dose at
which countermeasures should be considered. (Recently the UK NRPB have made
more detailed recommendations on this topic (6)). It is important to note that
the CEGB DSG is for all accidents in each consequence decade whilst the NII
assessment level is for discrete sequences. The Canadian AECB criteria
proposals (1) are expressed in terms of reference values for the sum of the
frequencies of all accidents leading to specified dose levels covering the
range from routine releases up to severe accidents.

d. Individual Risk (Fig 4)

Criteria expressed in terms of radiation dose may clearly be related to
individual risk values. In addition, several published criteria or safety
goals include constraints on individual risk. The US ACRS gives limits on the
risk to the most highly exposed individuals. The Kinchin criterion (7) proposes



152

acceptable values for individual risk. The USNRC Safety Goals include limits
for individual risk specified as a percentage (0.1%) of the 'background' risk.
All these specify different values for the case of early death and delayed
death, with some weighting factor between these.

e. Societal Risk (Fig 5)

In addition to constraints on individual risk, some criteria contain
statements on societal risk, either as a single figure (for example the
expected number of deaths per year of reactor operation) or more commonly in
graphical form. In some cases (eg the Kinchin criterion) the constraint is an
iso-risk line, that is, one where the frequency decreases in inverse proportion
to the increasing severity of consequences, but in some cases an element of
risk aversion is incorporated so that frequencies are constrained to fall more
rapidly than this. The US ACRS proposals include a weighting in the formula
for evaluating the number of 'equivalent early deaths' for this purpose. The
USNRC Safety Goal relates acceptable risk to a proportion (0.1%) of the
background risk. Such criteria are of interest in comparing risks in different
fields such as other technologies or natural or background risks.

f., Cost-benefit Aspects (Table 1)

The ICRP in recommending that radiation exposure should be 'as low as
reasonably achievable' allow for an optimisation in radiological protection by
balancing benefits against costs. This concept is also incorporated into some
published safety criteria, for example the USNRC safety goals give a figure in
dollars per man-rem for the assessment of an incremental reduction of societal
risks below the numerical guidelines, and the ACRS give figures for assessment
of the cost-effectiveness of measures to reduce both early and delayed deaths.

PHILOSOPHICAL BASIS - Table 2

The philosophical basis underlying published safety criteria or safety
goals may vary, indeed in some cases it may not be stated at all. Various
reference points may be identified with which to compare the risk levels
derived.

a. Comparison with Prevailing Risk Levels in Society

Several criteria and safety goals are based on comparing the risk level
which they represent with that current in society. In the case of USNRC safety
goals, the risk level is expressed as a percentage (0.1%) of that resulting
from all causes. In other cases the link is less direct but for example both
Farmer and Kinchin derived their criteria in the context of prevailing risks in
society.

In a document recently submitted to the Public Inquiry into the building
of the Sizewell 'B' PWR (8), Locke (a consultant to the UK Health and Safety
Executive) considers the risks posed by a nuclear plant just meeting the NII
Safety Assessment Principles. In relation to natural hazards he considers land

contamination and large scale evacuation and re-location. The frequency of
such an event in the borderline nuclear case considered is 1 in 300,000 per
year, This is contrasted with the frequency of 1 in 1,000 per year which is

the estimated frequency of a North Sea tide overtopping the newly-~installed
Thames Barrage and flooding London.,

b. -Comparison with other Technological Risgks
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Many criteria and goals are based on comparison with other, apparently
acceptable, technological risks. The USNRC's safety goals require that the
risk from nuclear power plant accidents should be comparable to or less than
the risks from generating electricity by viable competing technologies.
Others, for example, the Farmer criterion and the US ACRS, are also based on
inter-comparison with other technological risks.

In the document by Locke (8), the risks from a nuclear plant just meeting
the NII Safety Assessment Principles are compared also with risks from other
industrial plant. He finds the risk of small scale accidents, such as might
require local temporary evacuation, arising from the borderline nuclear plant
to compare favourably with risks of similar events, for example, LPG storage or

a chemical factory. More severe accidents, with lower frequencies, are
compared with similar consequence accidents involving railway trains or
aircraft, or large chemical complexes. Again the result is that the risk

implied by the NII safety assessment principles is lower than those from
‘conventional' sources.

C. Consideration of Low Probability Natural Hazards

Some criteria, for example those proposed by Farmer and Kinchin, refer to
the risks posed by low probability events such as lightning strike and
meteorites.

d. Consideration of Accepted Voluntary Risk Levels

The Kinchin criterion is derived in relation to accepted voluntary risks
in society as a whole. Comparison is also made with other risks such as risks
from illness and disease which are not accepted by society and which as a
result are the subject of research programmes. From these, an indication of
the boundary between acceptable and non-acceptable risk levels is inferred.

COMPARISON OF EXISTING SAFETY CRITERIA AND SAFETY GOALS

Published proposals for risk acceptability criteria and safety goals
differ widely in their approach and structure, in their philosophical basis and
the form of constraint adopted. In the preceding discussion, examples have
been given of some of these., It is tempting to compare the relative stringency
of the various criteria available. This is possible in some cases where
equivalent figures are given, but in most cases the differences between the
form of constraint do not permit direct comparison. Even when apparently
equivalent figures are given, care must be exercised. For example the CEGB and
NII lines in Fig 3 appear %to be comparable but in fact are significantly
different, +the CEGB one is for all sequences whereas the NII one is for a
single discrete sequence. However, where comparisons can be made then it is
useful to do this, and an extensive comparison has been prepared in the Federal
Republic of Germany. Amongst international organisations the NEA has provided
the forum for useful discussions in this field through its Committee for the
Safety of Nuclear Installations, whose Principal Working Group 5 covers Risk
Assessment, and also through its Licensing Group. The CEC is also active in
this area: it has a permanent working party on Safety Goals and Objectives
whose recent report reviews the position in CEC member countries.

In practice, any criterion or safety goal must be assessed in a specific
context of typical data on population, meteorology, atmospheric dispersion and
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health physics, as well (possibly) as plant-specific data. As an example of
what is involved, the NII have recently carried out an exercise relating their
Safety Assessment Principles to levels of risk to the public (9). In order

to do this, they have had to make assumptions on the spectrum of accident
sequences for the plant concerned, the population distribution around the site
and the meteorological data for the site, as well as detailed assumptions
regarding the type of release. The result of this is that the Safety
Assessment Principles are tentatively estimated to be equivalent in risk term
to an upper limit for individual risk of death from cancer of the order of 10~
per year for an individual at the site boundary. This is shown on Figure 4 as
'NII Inferred'. This value corresponds to accidental releases and a figure of
similar magnitude is obtained for routine releases.

With regard to societal risk, the results are even more dependent upon the
assumptions made and the NII have calculated a band of possible risks which
reflect this difficulty. The results of the NII calculations are shown
superimposed on Figure 5 where the band of possible risks for each of the two
assumptions for the spectrum of plant risks (A and B) is shown. The wide range
of results is obvious from this, The risk of 10 fatalities, for example,
varies over 2} decades, depending upon the assumptions made. Since the various
published criteria and goals have evolved in different parts of the world,
where population distributions and meteorology in particular may be very
different, the choice of 'appropriate' or 'typical' data for such a comparison
becomes very difficult. Therefore it is no simple matter to take a comparison
of different criteria and goals beyond that presented already. The prevailing
impression emerging from that comparison is the very wide span of approaches
encompassed by these criteria.

THE PRACTICAL APPLICATIONS OF SAFETY CRITERIA AND SAFETY GOALS

The practical application of safety criteria and safety goals throws up
many difficulties. Some of these may be peculiar to a particular way in which
the constraints are framed, or to a particular design-specific aspect. However
othérs are indicative of more fundamental problems underlying the application
of many formulations. These can be seen as falling into two categories - those
relating to information requirements for the application of a criterion, and
those relating to choice of various options or alternatives in carrying out the
assessment.

1. Information Requirements

Some safety criteria or safety goals apply to the plant itself, in

isolation from siting considerations. Examples of this are those criteria
applying to plant damage states (ACRS, NRC, CEGB). A plant design can be
assessed against these, to a greater or lesser extent, without the need to
consider site-specific data such as population, meteorology etc. Other

criteria or goals, however, relating to societal risk, for example, can only be
considered in relation either to a specific site or to some 'typical' location.
These are therefore more difficult to use at the stage of design development,
since the site may not be specified at this stage. Criteria and goals relating
to individual risk fall in between these two extremes. These may, for example,
be applied at the site boundary, which is a less site-specific constraint than
one 'which requires consideration of the distribution of the surrounding
population.
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2. Alternative Methods of Assessment

In many areas, the numerical result of a quantitative safety assessment
can depend strongly upon the choices made during the assessment. These may be
summarised in the following possible approacﬁes which could be adopted in
various areas:

a. Degree of Pessimism

In many areas it 1s possible to <choose either to carry out a

'conservative' or ‘'bounding' calculation, or to carry out a 'best estimate!
calculation. It is wusual in certain cases to choose a conservative
calculation: this is wusually the case for example in licensing areas
particularly where design basis accidents are being considered. In other areas
it is more usual to consider best estimate calculations, an example being in
severe accidents beyond the design basis for which there may not be clearly
defined conservative assumptions which can be made. The convention as to what

assumptions and methods are ‘usual' in particular cases may vary from country
to country, from group to group, and also may change with time. It is clearly
essential that calculations should involve the same degree of pessimism as that
which those proposing the criteria or goals assumed would be used; it is
clearly not sensible to compare 'conservative' calculations with criteria or
goals intended for 'best estimate' calculations, or vice versa. Therefore it
is necessary for those proposing criteria to indicate what degree of pessimism
they intend should be employed.

b. Population to be Considered

As a particular example of the need to specify the degree of pessimism, is
the need to specify whether ‘'populations' and 'individuals' referred to in
safety criteria or safety goals should be average in some sense, or those most
highly exposed, or (hypothetical) persons located at the most exposed location
accessible to the public. It is possible to frame constraints in terms of any
of these alternatives, with valid reasons for the choice, but unless the choice
is clearly specified wide disparities can seem to exist between different
formulations because of this.

c. Interpretation of Analysis Results including Areas of Uncertainty

In carrying out a complete safety analysis there are various areas which
currently present technical problems in that the analysis methods or the data
base or both are not sufficiently developed for quantification to the same
degree of certainty as the rest of the analysis. Such areas are the subject of
current research and of much debate: they include, for example, human factors,
common cause effects, certain external events, etc. Inclusion of such aspects,
and the method by which they are included, could have a marked effect on the

results of the analysis. Further, these are areas where there is prospect of
considerable evolution in techniques in the future, and so the effects on the
analysis could well change with time. Therefore it is important that, where

such changes might affect the interpretation of a safety criterion or goal,
some guidance should be given as +to how they should be interpreted for this

purpose.

d. Risk Cutoff

It is the nature of the risk from radicactive discharges that, as the
material moves further from the point of discharge, although it becomes diluted
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and dispersed, the number of people who might be exposed increases rapidly
although the risk to +the individual in the distant population may be
infinitesimal. Because of this effect, which can cause unnecessary emphasis to
be placed on those most distant and therefore least at risk, it is sometimes
the case that societal risk criteria imply some cutoff point at which the
infinitesimal risks to distant individuals cease to be added into the total.
However, because the effects of this on the totals which result from the
mathematical analysis can be significant, it is essential that in any criterion
or goal which is intended for use with such a cutoff, this is made clear so
that compatible calculations can be carried out.

e. Treatment of Multi-plant Sites

Many nuclear sites contain more than one reactor installation. Therefore
it is essential in defining a safety goal or safety criterion to make clear’
whether the constraints in terms of frequencies etc apply to an individual
reactor, to a particular installation, to the site as a whole, or even (in some
cases) to a national programme involving several sites.

f. Treatment of Mitigation and Emergency Response

In many postulated accident scenarios it is possible to mitigate or even’

remove the consequences by some emergency response, either by the site
personnel or by public authorities, at the time of the accident. In a
realistic analysis, this would be taken into account, but in many safety

criteria consideration of such actions is explicitly or implicitly excluded.
It is obviously essential that the proposers of a criterion should state what
their intentions are on this aspect.

KEY QUESTIONS

From the review of the various approaches to safety goals and safety
criteria, several key problems emerge which any new or revised proposals should
seek to address. These fall into the following three broad areas:

1, Problems in Defining Acceptability

Various problems remain in the area of definition of acceptable risks.
These include:

a. The concept of risk aversion - should it be incorporated into safety goals
and if so, how?

b. The weighting between early and late effects is seen by several bodies as
a meaningful and useful approach but weighting factors have been proposed which
cover a wide range.

c. Optimisation between risks from routine operation and risks from
accidents.
2. Specific Problems in Assessment Methods, Techniques and Data Bases

In many areas, items can be identified on which there is as yet no clear
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consensus and which may require interpretation when applying safety goals or
safety criteria to a particular plant. Where this is the case, the safety
goals or criteria should include some guidance on the interpretation to be
adopted, Some of these are mentioned below:

a. The treatment of uncertainties.

b. The treatment of mitigation and emergency response.

C. The effect of in-service modifications.

d. The ‘effects of human factors and human reliability.

e. The effects of common-cause failures.

f. The application of a risk cutoff when calculating societal risk.
g The consideration of time-dependent populations.

3. General Problems Related to Application

Some general areas can be identified, as opposed to the fairly specific
technical problems mentioned above, which relate to the applications of safety
goals or safety criteria to an actual plant. These may be grouped as follows:

a. Should the criteria or goals be specified in great detail to give clear
but possibly very rigid design specific requirements, or should a broader 'in
principle’ approach be adopted with amplification where necessary by associated
guidance notes?

b. Should criteria or safety goals be intended as a rigid boundary to be
adhered to, as a target to be aimed at, or should they include both an upper
rigid limit and a lower target?

c. Should safety criteria or safety goals be specified in terms of
‘conservative' or ‘'best estimate' analyses? Is it possible to define a
reasonable but clearly conservative route for calculating the outcome of severe
(beyond design basis) accidents?

d. What range of applicability should be aimed for? Should criteria or goals
be plant-specific or applicable to a range of plant types or indeed to a
variety of installations?

e. Should safety goals or criteria be framed in relation to a specified or
implied 'typical' site or population distribution, or should they always relate
to actual populations?

f. How should uncertainties or errors be addressed? Should the criteria or

goals be essentially single-valued or should they specify the confidence
associated with a constraint in some way?

CONCLUSIONS -~ WHAT SHOULD WE BE AIMING FOR?

The overall aims and objectives for setting safety goals and safety

criteria may vary, so also may the philosophical basis, As a result the
formats adopted for safety pgoals and criteria cover a wide range, making
inter-comparison difficult. This difficulty is compounded in many cases

because the underlying assumptions are in many cases not fully specified - a
fact which also makes application of particular goals or criteria to specific
plant difficult in some cases. Key questions relating to the formulation of
safety goals have been set out which seek to shed light on the way forward.
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But the question remains, what should we be aiming for? In assessing the
acceptability of a safety case three tests can be proposed:

The first is that of consistency. Qur experience is often obtained from
events in poorly characterised situations such as incidents or accidents. We
cannot make predictions on this basis alone. Predictions are made based on
data from well-characterised experiments and using an analytical capability.
However these predictions must be consistent with our experience if they are to
form a firm foundation for predicting the safety of nuclear plant.

The second test is the test of completeness. This is linked to the first,
for without experience we do not have a sound basis on which to make a test of
completeness. Therefore in some areas it may be necéssary to 'generate' such
experience by integral testing programmes in order to satisfy the test of
completeness.,

The third test is the test of importance. The greatest attention should be
paid to the most important topics. To be able to address the question of
importance, we must be able to satisfy the tests of consistency and
completeness, at least to some extent. Having done this, even roughly, the
test of importance may tell us that our present knowledge is adequate to decide
on the importance or unimportance of a topic. The need for further work in
this topic will thus be determined by this test.

In formulating safety goals and safety criteria, our aim is to set down the
rules to be used in this last and vital test of importance; however we must not
forget that this test rests wupon the +two other tests of consistency and
completeness.
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TABLE 1
Cost—-Benefit Aspects

ACRS (1) $1m per delayed cancer death averted.
$5m per early equivalent (weighted) death
averted.
USNRC(2) $1,000 per man-rem averted.
UK Annual dose 5 x 10—5 Sv £2000/man Sv
NRPB (10) (5 x 10 ~ rem) (£20/man rem)
Annual_gose between
5 x 10 and 5 x 10 Sv £10,000/man Sv
(5 x 10" and 5 x 10"~ rem) (£100/man rem)
Annual_gose be:tween_3
5 x 10 _ and 5 x 10 _ Sv £50,000/man Sv
(5 x 10 ©“ and 5 x 10 ~ rem) (£500/man rem)
TABLE 2
Philosophical Bases:
Farmer Kinchin USNRC ACRS
Prevailing
risk levels I I D
Technological
risks I D I
Natural
hazards T D I
Voluntary
risks I

D Direct comparison
I Indirect comparison
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ADVANCES AND TRENDS IN REACTOR SAFETY RESEARCH AND
TECHNOLOGY

Prof. Dr. A. Birkhofer

Gesellschaft fiir Reaktorsicherheit (GRS) mbH
Forschungsgeldnde, 8046 Garching, FRG

"Safety has been an important consideration from the very beginning of
the development of nuclear reactors'. This is the opening sentence of the
famous book on "The Technology of Nuclear Reactor Safety", published in 1964
by T.J. Thompson and J.G. Beckerly.

A number of fundamentals did remain unchanged over four decades of
reactor development. So, reactor safety is still based to a high degree on
the theoretical analysis of postulated accidents, in order to anticipate and
thus to avoid bad experiences.

Also, like in the early years, safety of nuclear power plants in all
countries is supervised by governmental agencies and is seen to a high
degree as a public affair.

One consequence has been, that complex technical matters had to be
explained and discussed in front of non-technical decision-making bodies and
of a broader public. On this field nuclear energy played a pioneering role
also for other technologies.

In spite of these and other conformities, a lot has changed from the
safety design of early small scale reactors until that of modern commercial
nuclear power plants.

For a number of years the problem of power excursions played a
predominant role in accident analysis. Severe excursions in research
reactors like SPERT and SL-1 gave an additional rise to analyse very
carefully the dynamic behavior of reactor cores and to develop effective
protection systems.

Due to the small size of the nuclear reactor plants safety of the
public could be achieved either by geographic isolation or by containments,
which like an 'umbrella" protected the environment in any case.

The Ergen-Report in 1966 made clear that it is not sufficient to limit
the radioactive releases after a Loss-of-coolant accident (LOCA) by means of
a containment. It had been recognized that the integrity of containments
could be jeopardized by a core melt down. Therefore, something had to be
done to maintain core cooling in case of an accident.

In the following years concentrated attention has been given to all aspects
of emergency core cooling.

A specific experiment in the first "SEMISCALE"-test facility and a
growing tendency to lower core damage in case of a complete failure of a
main coolant pipe (MCA - maximum credible accident) resulted, in 1971, in
the publication of the "Interim Acceptance Criteria for Emergency Core
Cooling Systems" of the USNRC followed by extensive hearings and a large
research program.

In the seventies research about the effectiveness of ECCS concentrated
on large break LOCA's, because such breaks would produce the highest loads
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on the reactor system. Some small break analysis had been done at that time
and more significant research was planned after the major questions related
to large break LOCA had been answered. However, the event of TMI-2 and
results from risk studies changed the priorities. More emphasis has been put
on operational transients and small break LOCA's.

Although some research to study core melt phenomena started at the end
of the sixties and beginning of the seventies the major increase in funding
and efforts was pushed by the TMI-2 accident.

In addition to thermohydraulic research, material issues have been
considered and addressed. Material research started with the study of
neutron irradiation, while other material behavior has been considered to be
known. However, during manufacturing of big pressure vessels, underclad
cracking and reheat cracking were found. At the beginning of the seventies
an extensive (and expensive) research program on material issues was
initiated. In addition, limitation of radiation dose to the reactor pressure
vessel was required by new guidelines.

It has to be realized that reactor safety research requires time,
funding and expertise. The time span between the realization of a '"problem"
and its solution can be more than 20 years as in the case of large break
LOCA research. For severe accident research this period could be reduced to
about 8-10 years. This acceleration is due to effective project management,
trained experts and experienced laboratories.

By analysing the steps and progress in LOCA research it can be seen
that this research was organized such that new projects were based on former
results. This procedure was acceptable from a plant safety point of view
because the design of ECCS was based on conservative assumptions.

In fig. 1 time-history of the budget for reactor safety research of two
selected organizations is shown in relative units. Despite the fact that in-
flation has not been taken into account a major increase in the budgets
between 1970 and 1980, the additional push by the TMI-2 accident and the
decrease after the year 1982 can be recognized.

The question is, whether it is advisable to further decrease the
budgets.

An advisory board to DOE has assessed the annual expenditures for LWR
safety R+D within the free world to be about 800 million US$. This number
includes efforts by governmental agencies as well as industry. It can be
compared with a produced electrical power of about 800-1000 TWh in 1983 with
the expected increase as shown in fig. 2.

Currently, industry and governmental agencies together are spending only a
few percent of a sum, matching the costs of the produced electrical power,
for nuclear safety research. This is about equal to the relative funding for
safety research within the automobile industry.

Considering the great importance, reactor safety is given by the public
for good reasons, we may ask ourselves whether is justified to continue the
present trend of decreasing nuclear safety research expenditures.

Let me return to the technical questions. Many safety problems in
nuclear engineering are not very different from those in nonnuclear fields.
However, they are complex for a variety of reasons:
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- In nonnuclear industries components can often be tested in advance or
during operation. In nuclear technology, the component and system
behavior cannot in all cases be directly studied and experimentally
verified, especially for low probability events.

- For design or operational purposes component and system behavior has to
be simulated by means of computer codes. Most problems are
mathematically very complex and sometimes highly nonlinear.

- Due to the harsh environment - including radiation - material and
design requirements are specific.

- Stringent licensing requirements lead to conservative assumptions
resulting in complex designs.

The area of reactor safety research and technology is wide spread.
Dr. Stratton has covered the present status on source term research and
Mr. Gauvenet evaluated existing operating experience. To avoid duplication,
I will not assess both topics in detail. My comments will concentrate on the
following topics:

- Thermohydraulics and fuel behavior research for transients including
loss-of-coolant-accidents

- Physical phenomena and system behavior during severe accidents

- Material issues of the pressure boundary and secondary circuit

- Probabilistic methods in reactor safety

- Optimization of instrumentation and control, including man-machine
interaction

- Interaction between licensing and research.

THERMOHYDRAULICS AND FUEL BEHAVIOR RESEARCH FOR TRANSIENTS
INCLUDING LOSS-OF-COLLANT ACCIDENTS

The objectives in thermohydraulics and fuel behavior research are to
prove the effectiveness of reactor control and ECC-systems, during an
accident. These objectives require a detailed description and simulation of
physical phenomena and system behavior and, in addition, allow the assess-
ment of safety margins remaining if design limits should be exceeded.

The physical phenomena during operational transients, small and large
break LOCA's have been studied and simulated mostly with appropriate com-
puter codes.

Three-dimensional effects need further study in certain areas, like
large break LOCA, the mixing behavior related to the
pressurized-thermal-shock (PTS) problem or stratification during small break
LOCA.

System behavior in case of operational transients and small break
LOCA's for large reactors has successfully been simulated in research
facilities in spite of scaling problems. Most of the older test facilities,
like LOFT and LOBI, have been designed primarily for large break LOCA
research and were later modified to address small break LOCA and operational
transients.

The ROSA-IV and BETHSY facilities now under construction or in the
planning phase have been designed to study small break and transient system
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behavior. Realising the capabilities of these facilities, between 150 and
200 experiments will be available at the end of this decade in addition to
about 400 integral experiments which are available now.

Construction and operation of thermohydraulic test facilities is
expensive. It should be envisaged that a group of interested countries could
operate an existing facility to continue research and, especially, keep a
group of experts trained. This would allow fast reactions to unforeseen
events.

The OECD LOFT Project is an example of successful implementation of
this concept. In fig. 3 the time schedule for existing or planned integral
test facilities is shown.

Fuel behavior research has recently been assessed by a Principal
Working Group of CSNI. It stated that the relevant research work has been
done and an appropriate computer simulation has been achieved.

There are, however, some areas in which more or better data or codes
are desirable, e. g. blockages in large rod bundles and high burn-up fuel,
modelling of co-planarity and maximum swelling strain, high temperature
oxidation, modelling of PCI in the presence of aggressive fission products
and fission product release during transients. A status report is under
preparation.

In summary, this area is well covered and international cooperation has
been very successful.

Computer codes in thermohydraulics are a major factor in reactor safety
assessment. Codes for detailed assessments, e.g. for design purposes or pre-
diction of complex accident conditions, are needed in addition to fast
running codes for parametric studies and for use in simulators or plant
analysers.

To decrease the verification effort the same code should be used for
both purposes with - perhaps - coarse nodalisation and large time steps for
faster running applications.

To avoid misleading results codes should - as far as
possible - calculate best-estimate behavior. Conservative assumptions - if
any - should be included in the initial conditions (e.g. power level),
boundary conditions (e.g. availability of systems) or design limits.
Best~estimate assumptions are first of all necessary for codes to be used in
simulators or plant analysers.

Past experience with experiments and calculations has shown that
complex codes are not necessary in all cases and simpler codes are
sufficient in many cases. A typical case is the simulation of
fluid/structure interactions.

Major codes simulating system behavior like TRAC, RELAP, DRUFAN,
CATHARE require developmental efforts of 100 man-years or more and are now
~nearly finalized. Maintenance may require 0.5 million dollars/year or more.

To increase confidence in code results, two efforts are underway.

1. Within CSNI a verification matrix is being prepared in order to allow
comparisons between different codes and to demonstrate the capabilities
of these codes. It might be possible to approve a code for licensing
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calculations after successfully simulating the experiments of this
matrix. In Fig. 4 an overview of the proposed verification matrix is
given.

2.  Experience shows that the user is sometimes the "most uncertain
variable", and therefore it has been proposed to initiate users groups
for the codes. This was one result of International Standard Problem
Exercises, when different participants used the same code version.

Considerable research results, valuable code work and operating ex-
perience have been accumulated during the last three decades in the nuclear
field. For the overall benefit efforts should be undertaken to use this
know-how also in non-nuclear areas.

Based on the current state of knowledge systems can be optimized, e.g.
by adjusting number, pressure level and injection location of ECC-systems.
As an example, in the FRG high pressure injection has been relocated from
the cold to the hot leg side to avoid pressurized thermal shock.

In summary:

What has been done?
The main objectives for thermohydraulics and fuel behavior research
within the DBA frame have been achieved.

What remains to be done?

- System behavior assuming multiple failures should be simulated in
computer codes and test facilities mainly to study the interaction
between different components including instrumentation and control more
realistic. This recommendation is supported by operating experience.

- Fast running codes are required for plant analysers and simulators.

- Three dimensional effects have to be studied and modelled in some
areas.

- At all times at least one test facility should be maintained to allow
fast reactions in case of unforeseen events.

- Improve confidence in computer code calculations by using verification
matrices and install users groups.

PHYSICAL PHENOMENA AND SYSTEM BEHAVIOR DURING SEVERE ACCIDENTS

To further assess the overall safety of plants, analyses and
experiments are currently underway using the assumption that ECC-systems are
partly, temporarily or completely ineffective.

The objective is to study the physical phenomena and system behavior
during severe accidents with the aim to identify and - if advisable - to
further reduce potential risks.

Risk studies and the TMI-2 accident have increased the efforts in the
severe accident area, Whether and which additional safety systems are
appropriate to minimize technical risks has to be decided on the basis of
sound analyses of the real system behavior in case of an accident.

For the analysis of the analysis of in-vessel behavior it is useful to
define three categories of core degradation.



170 \

Category I: Core temperatures and core damage stay within design limits
but licensing requirements have been violated.

Category II: Core is degraded to an extent that cooling can be restored by
flooding.

Category III: The coolability of the core cannot be restored, rapid energy
transfer into the remaining fluid may happen.

Using this categorization, in contrast to a '"melt no melt" approach the
effectiveness of measures against core melt (accident management)
can be assessed more adequately.

Experimental and analytical work on core behavior has been performed or
is underway. The progression of accident investigations into substantial
core degradation and finally core melt resulted in out-of-pile and in-pile
experiments for oxidation behavior, hydrogen production, UOZ—ZrO -inter-
action, debris bed formation and the beginning of core melt’ Mos% experts
agree that relatively simple codes should be linked to those experiments.
This opinion is based on the lack of experiments studying the maximum
permissible core degradation under which cooling can be restored ("point of
no return").

Steam explosion phenomena have been subject to intensive research.
Although detailed mechanisms are still imperfectly understood, it'can be
judged that in-vessel steam explosions capable of damaging the containment
are very unlikely.

In fig. 5 the times for specific events, such as core uncovery, are
shown. For the most probable cases, transients and small breaks, generally
hours are available before high core degradation would occur. The time span
would allow for appropriate counter measures. For example, to increase the
‘time to core uncovery in case of high system pressure, the accumulator could
be used. By opening the pressurizer valves, the system pressure could be
sufficiently decreased to allow accumulator injection (fig. 6). This water
reservoir of the accumulators alone would increase the time until core
uncovery by about 1 1/2 hour, so that other actions could be undertaken by
plant personnel.

In summary, appropriate accident management actions have the potential
to decrease core melt probability substantially.

Ex-vessel phenomena cover a wider range of events, e.g. rapid melt/
water interaction, melt/concrete interaction including crust formation,
hydrogen distribution and burn, temperature and pressure behavior. Excellent
work is underway and will improve the understanding of those phenomena.

Containments are designed for DBA's with safety margins which would
allow, in general, higher loads than design loads. Therefore, with most
containments, no early failure would occur except in case of leakages.

Appropriate measures, using existing components, could further reduce
the loads on the containment. It has to be analysed which measures should be
taken after electrical power is restored. Studies performed and system
behavior during the TMI-2 accident have shown that a flexible use of
existing systems can effectively be used to restore coolability and to
prevent core melt through.
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Survivability of instruments and necessary components should be tested.
The assessment of loads on containment, structural components and
instruments should be based on realistic conditions in order to avoid an
accumulation of comservation. Uncertainty bands of the results should be
estimated which is sometimes difficult due to the lack of experimental data.

The knowledge of the behavior of fission products during a hypothetical
accident has been very much improved in the last few years and conservative
assumptions could be reduced. With the better understanding of the relevant
processes a reduction of estimated source terms could be achieved.

The amount of reduction of the source term, however, depends very much
on both the reactor type and the special accident sequences. The source
terms are greatly influenced for example by the deposition in the primary
system for small LOCA, by the separation within the containment and by the
retention in the annulus and auxiliary building in the case of containment
leakages. An international consensus on fission product behavior in the case
of an accident should be achievable within the next years.

In summary:
What has been done?

An extensive research program is underway or has been completed with
many results already in hand. Further results will be available within the
next years. :

What remains to be done?

- Containment failure modes and possible leakages should be studied in
more detail.

- A common understanding about the physical phenomena and their relevance
has to be reached, e.g. through CSNI expert groups.

- Accident management should be further improved to allow appropriate
measures using existing components.

MATERIAL ISSUES OF THE PRESSURE BOUNDARY AND SECONDARY CIRCUIT

The main safety objective is to avoid material failures which could
initiate accidents. Therefore,

- possible failure mechanisms and the influencing variables
must be understood

- the safety margins should be known at any time

- the quality of design and material must be high to minimize the
potential for failures.

Material aspects related to components are - due to time limitatiom -
not part of my presentation.

In the past, the causes responsible for the development of micro- and
macro-cracks in heat-affected zones have been determined and the
significance of these defects with respect to the safety of the components
has been deeply investigated. In addition, optimized parameters to prevent
cracks and degradation of material toughness for new components have been
studied and approaches to determine the critical crack length and
leak-before-break conditions have been developed. Remote control
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manipulators and computerized data processing are used to improve nonde-
structive testing techniques.

Based on these improvements it has been decided in Germany and in the
US (for some plants) that a guillotine-type break of a main coolant pipe has
only to be considered for specific "umbrella-type" analyses. This approach
results in a simpler layout of the system by eliminating pipe whip
restraints, optimizing the supports and simplifing and making more effective
inspection.

In the future, research in material issues has to be continued to
further improve and validate knowledge and calculation methods.

PROBABILISTIC METHODS IN REACTOR SAFETY

The objective is to gain additional insights into safety aspects to
improve the reliability of system and to develop a quantitative measure of
safety.

Very high functional reliability of safety related systems has always
been a major demand in reactor technology. Deterministic criteria have been
and are being applied to assess reliability, e.g. the single-failure
criterion, and the requirements of redundancy, diversity and
fail-safe-design.

Soon, however, efforts have been made to arrive at quantitative
measures of reliability. For that purpose probabilistic methods have been
developed and are being used in growing extent.

The use of probabilistic methods has been stimulated by various incentives.

° To arrive at highly reliable systems, it is helpful to compare
different system designs and procedures. The most appropriate way is to
quantify and to compare the respective reliabilities.

° It was felt that the application of deterministic criteria, although
leading to a high level of overall safety, can not guarantee a balance
between the different aspects of safety. A comprehensive probabilistic
analysis of the plant, considering the interaction of the various
safety and operational systems, can determine weak features in
sensitive areas as well as excessive features in less important areas.

° Beyond the scope of system reliability assessment probabilistic methods
are being extensively used in risk analyses. Some of these studies have
been aimed at an estimation of the accident risk, which is posed to the
public by nuclear power plants. Up to now, more than 30 Probabilistic
Risk Analyses (PRA) have been performed in different countries.

Today, the probabilistic approach is considered mainly as an
alternative, and in many respects powerful method to assess the technical
safety., The use of PRAs in public discussion plays only a minor role for
several reasons which will not be discussed here.

Probabilistic safety analyses have proven to be useful in many in-
stances, for plant specific as well as for generic decisions. They provide
information in which way core damage could occur and how it can be prevented
and they allow a relative ranking of safety issues. In many cases,
qualitative insights gained during the analysis are more important than
quantitative bottom line results.
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Probabilistic analyses and especially PRAs are an attempt to
prognosticate the future behavior of systems. Like all prognoses they are
unavoidably affected with uncertainties. Various sources of uncertainty can
be identified, ranging from incomplete knowledge of accident behavior of the
plant to the lack of component and human reliability data. Some of the
problems are inherent to the method. So, it will always be necessary to
include subjective judgment especially if very remote accident sequences
have to be considered.

An intensive evaluation of operating experiences and a comparison with
analytical results is most important for further improvements.

What has been done?

- Effective probabilistic methods have been developed and applied in many
instances to gain better insights into safety issues.

- They are widely accepted as a useful addition to the approved
deterministic approach,

What remains to be done?

- A broader basis for component reliability data has to be established.
For this purpose detailed evaluation of operating experiences including
maintenance and repair of components is required.

- The confidence in probabilistic analyses should be improved by
comparisons between operating experience and analytical results on the
level of systems. Appropriate analytical consideration of system
interdependences has to be checked by evaluating abnormal occurrences.

- Methods have to be developed and data have to be collected which allow
a more realistic consideration of human influence and common cause
failures.

OPTIMIZATION OF INSTRUMENTATION AND CONTROL SYSTEMS, INCLUDING
MAN-MACHINE INTERACTION

The objective is to improve the plant availability while maintaining
the high safety standard by means of advanced I&C systems, by computerized
aids to the operators and by early detection of incipient failures.

The availability (and safety) of nuclear power plants is considerably
influenced by the effectiveness of I&C systems, by the degree and scope of
automation, by the skill and knowledge of the operating crew and by the
quality of maintenance.

Substantial research in the human factors area has been performed
especially in the US during the last years following the TMI-accident. This
has led to improvements of the control room design, of operating procedures
and of the training of personnel.

Nevertheless, there is still a need for further research especially
with respect to a better structuring of alarms, a greater transparency of
complex systems, a better support in decision making. In addition,
maintainability and testability of systems should be improved.

Extensive work has been performed in this area in the various coun--
tries, which can only be highlighted here.
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The development of various Safety Parameter Display Systems (SPDS) the
human factors field, research on modified I&C-concepts characterize the
US-situation.

The work in France was concentrated to a great extent on the
development of a symptom-oriented approach for unforeseen events. The
introduction of the so-called U- and H-procedures and of the pertinent
hardware features as well as research on the organizational aspects indicate
the leading role in this field.

In Japan great research efforts are undertaken to develop advanced
control rooms and computerized operator aids.

The situation in Germany is not directly comparable because of the
early introduction of a high degree and scope of automation within the
operational systems and also within the engineered safeguards. Especially
the limitation systems have to be mentioned. They have demonstrated their
effectiveness in limiting disturbances and avoiding unnecessary scrams,
component stresses and containment isolation.

They allow for an early detection of disturbances and for appropriate
countermeasures like limitation of reactor power and other process
parameters. These systems allows to restrict the reactor protection system
to such events when the reactor has to be shutdown together with containment
isolation in most cases.

Another important aspect is the use of redundant control systems in
order to reduce deviations from normal operation caused by control system
malfunctions. This I&C-concept has proven to be effective. Further
development of microprocessor technology will allow even more efficient
limitation and control systems. Other areas of interest are the development
of advanced control rooms with computer-based operator aids.

In order to detect incipient failures as early as possible, diagnostic
methods like loose-parts monitoring and on-line vibration analysis are being
developed. Up to now the long-term stability of monitored vibration
functions (patterns) during the undisturbed power operation could be shown.

The main aim of further research is to study the influence of changed
operational conditions (reactor power, pressure, temperature, number of main
coolant pumps in operation) on the patterns. In a second step influence of
changed mechanical parameters on these patterns will be investigated by
analytical model calculations.

By comparing the two kinds of deviations in the monitored functions a
bandwidth of "allowed changes" of the patterns in question can be defined
and recommendations for performing vibration monitoring will be worked out.

In addition to training simulators more flexible plant analysers are
under development in different countries using existing as well as newly
developed safety analysis codes. The analysers should be capable to provide
easy-to-use, cheap and reliable tools for fast analysis of transients and
loss-of-coolant accidents.

What has been done?

- Advanced design of instrumentation and control systems, based on
operating experience and pertinent research, has improved plant
availability and safety.



175

- Human influence on plant safety, in spite of automation, has been
realized. This resulted in initiation of relevant research projects.

What remains to be done?

- The general philosophy should be to detect disturbances as early as
possible in order to avoid hard countermeasures.

- Systems should be designed to allow a flexible response to abnormal
occurrences.

INTERACTION BETWEEN RESEARCH AND LICENSING

In most countries, responsibility for reactor safety research is
maintained separate from licensing and supervision of operation. Research
has to develop the knowledge needed, while licensing has to determine the
necessary safety level.

In the licensing process, the results of research must be considered in
order to achieve well balanced decisions. On the other hand research has to
consider operational experience, but it must remain free from licensing
pressure. Research is broad; licensing is somewhat more focused on actual
needs.,

In reactor safety research one has to adopt a realistic, best estimate
philosophy, while in licensing a conservative approach which sometimes
results in nonphyiscal assumptions and results, must be maintained.

Therefore, to improve confidence, the physical process should always be
simulated using best estimate procedures and conservatisms should be applied
only to design limits (safety margins) and initial and boundary conditions
(e.g. initial power level and system availabilities).

The licensing process is mainly based on rules and guidelines. These
ruies and guidelines must satisfy licensing requirements while maintaining
enough flexibility to allow and encourage progress. In my view, too many
regulations and overenforcement hinder rapid incorporation of new results,
actual needs and potential improvements.

Countries with significant operations and licensing experience should be
encouraged to adjust rules and guidelines more often to actual needs than it
is experienced now.

Finally, international cooperation in research areas has been signifi-
cantly improving and common understanding is progressing e.g. through CSNI
efforts.
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SYSTEMATIC ANALYSIS OF PLANT DISTURBANCES WITH A
VIEW TO REDUCING SCRAM FREQUENCY

Kari J. Laakso

AB ASEA-ATOM
S-721 04 Visterds, Sweden

ABSTRACT

The goal of this project is to improve plant safety and reliability in Swedish
BWRs by reducing the frequency of reactor scrams.

The history of plant disturbances leading to reactor scrams and turbine trips in
five Swedish nuclear power units was reviewed and the contributing causes were
carefully analyzed. A total of 625 plant disturbances was included in the search,

Improvements to be made in the units were identified and the merits of possible
modifications were assessed using reliability engineering and PRA techniques.
Emphasis was given to design improvements in the NSSS (Nuclear Steam Supply
System) as well as in the electricity generation (turbine plant) area.

Examples of various types of recommended modifications will be given,
including either their proven or expected efficiency in reducing scram
frequency.

The project[ 1] was sponsored by the Swedish Nuclear Power Inspectorate.

BACKGROUND

The background to this study is that the probability of deficient reactor core cooling,
which may cause severe reactor core damage| 2|, being caused by transients is much higher
than that caused by a postulated LOCA (Loss-of coolant accident). Sufficient reason exists
therefore to aim at decreasing the reactor scram frequency even further. Such a reduction
of transient frequency would also lead to a reduction of unanticipated electricity
production losses and to a reduction of thermally and dynamically induced stresses that
may contribute to damage and leakage in components and piping. Some transient events,
for instance turbine trips, which do not lead to reactor scrams may, nevertheless, have an
effect on nuclear safety. A reduction of such events also contributes to a lower probability
of deficient core cooling.

Another background to this study is the principal recommendation - included _in the
U.S. Kemeny Commissions report 35 and in the Swedish State Public Investigation[4 after
the nuclear accident in 1979 at Three Mile Island, U.S.A. - that the industry needs an
improved feedback and learning from operating experience.

The present study is based on follow-up and analysis of Swedish BWR plant
disturbance experience up to and including 1982, The units are of earlier ASEA-ATOM
design and they are owned by Swedish utilities. Four of the five turbine plants analyzed are
designed by and manufactured by ASEA STAL AB, three of them in license co-operation
with Brown, Boveri & Cie. The first unit, Oskarshamn 1, was synchronized to the power
grid in 1971, In this way the study covers an analysis and feedback of a total of 44 years
operating experience.
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In the case of the later BWRs, since 1980-1982 in commercial operation, a systematic
approach was taken to reduce the transient frequency. Feedback of operating experience
from the earlier units was implemented in the functional analysis and commissioning of the
newer units and in the training of their personnel by the vendors and the owners. Suitable
design modifications were introduced as a result of the analysis of commissioning tests and
experienced operational disturbances, in these newer units TVO I and II (ASEA-ATOM
turnkey deliveries in Finland) and Forsmark 1 and 2 in Sweden.

The resulting design improvements, the more mature BWR design implemented by the
vendors (ASEA-ATOM and ASEA STAL) and the performance of the utility personnel have
contributed to the fact that these newer units have exhibited a fairly low scram frequency
from the start of operation. For example, the mean figure for TVO I and II is about 2
scrams per year and unit during the later period 1982-1983. It is therefore evident that this
design and operating know-how can, in a systematic way, be used to support the owners in
reducing the transient frequency in BWRs even further.

THE NUMBER OF THE EVENTS

The project "An analysis of steps to be taken in order to reduce the reactor scram
frequency in Swedish BWRs" covers the history of all plant disturbances leading to
automatic or manual reactor scrams, turbine trips and generator load rejections in five
different units.

The annual distribution of the number of reactor scrams in the two oldest units, from
the first synchronization with the grid up to and including 1982, is presented in Fig. 1.
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annual scrams
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Fig. 1 Oskarshamn | and Ringhals 1 units.
Comparison of the annual scram frequencies

The long-term trend for the number of these events has been decreasing. The mean
figure for e.g. the st unit in Ringhals is about 12 scrams per year, The trend for the scram
frequency in this unit has been, however, decreasing since 1976 and is now 3 scrams per
year during the later period 1980-1982.
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The study contains an analysis of a total of 625 events, of which 476 are reactor
scrams and 240 turbine trips, some of which also gave rise to reactor scram. Reactor
scrams occurring at all operational states (incl. trips during start-up or shut-down of the
reactor when the reactor was critical) were included in the search.

A total of 1188 failure events has been identified as contributing causes to the
analyzed plant disturbances in the five different units. The failure events which have
contributed to the reactor scrams in the first unit of Oskarshamn have been broken down
into plant parts and failure types in Fig. 2.
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Fig. 2 Oskarshamn, unit 1
Reactor scram analysis. Breakdown of the failure events
(1971% - 1982} into plant parts and failure types

As seen in Fig 2 a large number of failure events, which have contributed to reactor
scrams, originate from the turbine plant systems and components and from the inadvertent
protection functions of the reactor.

METHODS AND MODEL USED IN THE ANALYSIS

The sequence of the plant disturbances, and the failure functions contributing to
reactor scrams, turbine trips and generator load rejections, has been analyzed by using the
event reports or analyses, operation reports and maintenance reperts from the power plants
as source material. Additional information, concerning the disturbances and the corrective
actions, has been collected through discussions at the units. Preliminary event analyses,
prepared during this project, were used as source material for these discussions with the
operation management and personnel.



184

To be able to systematically identify the contributing causes to the plant distur-
bances and to divide the contributing causes into failure types five different failure types
were defined. The failure types are shown in Table I. The failure types are specified so that
each one is matched with one type of corrective action required.

Table I Failure types

1. System malfunction

- Unsuitable design due to insufficient knowledge of
behaviour of process variables
- Poor redundancy

2. Component failure

- Component unsuited to the environment
- Unreliable component which can be a result of poor
preventive maintenance

3. Inadvertent protection function

- Protection function was tripped even though
the event would not have caused any damage
(if the trip had not occurred)

4, Testing

- Intentional trip due to planned test
- Unplanned trip initiated during testing

5. Human error

- Incorrect, incomplete or unclear operating instructions
(procedures)
- Deviations from operating instructions

In order to be able to systematically divide the contributing causes to the plant
disturbances into the plant parts and equipment involved, a suitable functional group
division was developed for this study.

These functional groups (FG) have been made similar for different units. Therefore
these FGs can easily be used for transfer of operating experience concerning failure
functions and corrective actions between different units at functional group level.

This functional group division is based on function, and not on the hardware, which
makes a functional analysis of the plant disturbances easier than by using the traditional
plant system and equipment classifications.
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An example of an event analysis concerning the Ringhals 1 unit is shown in Fig. 3 as
follows.

—
EVENT AMALYSIS - RINGHALS 1
BLOCK R1 DATE 7190623 TIME 15.53 S5K1 Np v09
TRIPPING 1: LS GENERATOR LOAD REJECTION. TURBINE TRIP ANOD
CONDITION 2: TS5039D04 BYPASS BLOCKING OF ONE TURBINE
: S5t REACTOR SCRAM
OPERATIONAL DATA OPERATIONAL DATA
BEFORE DISTURBANCE AFTER DISTURBANCE
OPERATIONAL STATE A
REACTOR PONER (MHT} 2100

HC-FLON (KG/S)
CONTROL ROD CONFIGURATION
GENERATOR PORER (HHE) T09 (= 383 + 326) 000

FAILURE EVENTS FUNCTIONAL [FAILURE
GROUP TYPE

1. EARTH FAULT CURRENT IN THE 400 XV-TYRAHSMISSION LINE AND IN 52:07 2
THE MAIN TRANSFORMERS FOk RINGHALS 1 CAUSED BY LIGHTNING.
THE 40D KV-LINE STENKULLEN - STROMMA - HORRED TRIPFED OUT,

~

« BOTH THE BLOCK BREAKERS 621 T11/T12-400-S TRIFPPED AND THE
CORNECTED TURBO GENERATORS TGi1 AND 1612 TRIED TOU ESTABLISH
AN IN-HOUSE TURBINE OPERATION.

ONL OF THE STEAM THROTTLE VALVES FOR, ONE OF THE HP-
TURBINES, T6%) PROBABLY CLOSED TOG SLOWLY, TURBINE 1613 T1:01 1
THEREFORE ACCELERATED, WHICH GAVE TURBINE OVERSPEED TRIP
(TS503).

3. VHE SPEED OF YHE TRIPPED JURBINE TG1' DECREASED AND LED O
VOLTAGE DROP IN THE b KV AUXILIARY PONER SUPPLY, WHICH Th:04 1
GAVE STOP OF THE CONNECTED COMDENSER COOLING WATER PUHPS
ABOUT 1 MINUTE AFFER THE L1GHTHING. THIS GAVE RISE T0 8Y-
PASS BLOCKING (0G4) INTO THE CONDENSER CONNECTED TO THE
TURBINE TGi11.

4. THE REACYOR POWER WAS AUTOMATICALLY REDUCED, BUT THE POWER
STILL SLIGHTLY EXCEEDED THE DUMPING CAPACIYY OF THE REHMAIN- R1:08 1
1RG (TG12) CONDENSER. THE REACTOR WAS SCRAMMED BY THE
TRIPPING CORBITION 813 (TURBINE TRIP AND BYPASS BLOCKING
OF ONE TURBINE ARD REACTUR POWER > &07).

FUNCTIONAL GROUPS:(FUKCTION/EQUIPHENT} FAILURE TYPES:

R1 STEAM GEMERATION/REACTOR T1 GENERATIOR OF HECHANICAL WORK/  $1,52 SERVICE 1 SYSIEK HALFUNCTION

Rz CONTAINHENT OF RADIG- TURBINE FURCTIONS/ 2 COMPONENT FAILURE
ATTIVITY/FS T2 GEWEKATION 0F ELECTRICITY 20Kv/ OTHERS 3 INADVERTER] PRO-

R3 REACTOR HAINTENANCE/HANULING GENERATOR TECTION FUNCTION
AND STORAGE EQUIPHMENT T3 FEED WATER GEKERATION 70 BAR,180 C/ 4 TESTING

R4 EMEAGENCY LORE COOLING/ EONDENSATE ,FEED WATER AND PRE-HEATERS S HUMAN ERROR
SAFETY SYSTEMS T4 GEN. EL 400 KV, 6 KV /TRANSFORMERS

RS SERVICE FUNCTIONS/DYKERY AND AUKILIARY POW

ER
15 SERVICE FUNCTIONS/OTHERS

Fig. 3 Event analysis. An example

It should be noticed that one reactor scram is usually caused by several interacting
failure events and/or functional deficiences in different plant parts and functional groups
of the unit.

All 625 event analyses, worked out during this project, were systematically docu-
mented in the similar standardized forms, as shown in the example above. Thus storing of
all event analyses in a transient analysis data base was facilitated.

A computer program has been used to store, sort and select the event analysis data
accumulated during the study. This computer program has facilitated the statistical
treatment of the many failure events and thus the identification of either the recurring
event sequences or the recurring failure events and their long-term trends.
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For the first unit in Ringhals a probabilistic risk assessment study [5] was available.
According to this PRA study the offsite power disturbances have a significant effect as
initiating transients on the probability of severe reactor core damage.

Consequently an event tree is prepared in Fig. 4, which is based on selection and a
qualitative and a quantitative analysis of both the recurring scram sequences and the
interacting failure events included in the scram sequences, occurred as a consequence of
offsite power disturbances.

TRIPPING  {BOTH TURBO [ONE OF THE[AwxitiARY |symss BLOCKMG JReACTOR  1proBasiLNY[CONSE -
OF BOCK  [GENERATORS |¥wp TURBO JPOWER WiTh-| (D) 810 YHE  [POWER  FFOR GIVEW JOUEKCE
BREAKERS |6 11 AMD TG12JGEKERATORS JOUT INTER- |CONDENSER DROPS CONSE -
/112 oo Not TRiP JoOES KOT |RUPTION  BCONRECTED 10 [BILOW 6% OUENCE
400-S  |aWD ESTABUISHIYRIP  ARD |FROM 130 kv TRIPPED TURBINEBEFORE Br-
IN-ROUSE  [TRAMSFERS [SuPpLY TO fAvOIDED PASS
TURBINE 0PE- [T IN-KOUSE | 4 kV BUSES BLOCKING
RATION TURBINE  [AFFECTED
OPERATION 1BY TURBINE
TRIP (ca}
CORRECTIVE  CORRECTIVE CORRECTIVE
ACTION 1 ACTION 2 ALTION 3
PROPOSED  PROPOSED PROPOSED %
P= 05/denand s o ssu
s £ [4 Ko 5511
Zs2
2 gi=gsar 1,070 €
g 4 & No S5 13
w x
™.
izt 0/d
3 E
= 3 [4 o 8811
E
P:0.5/¢
- RY: % %
08420078 4y g5 /ye [ss T
£ £ No 5511
Pl
14:08-1=1,0 /demand ¢ $5 11
l % Deviations from operating instructions {main recircula-
tion pumps) however Jed to SS.
& S5 (scram) resulted in reduced steam generation and
therefore prevented in-house electricity genmerstion
with the remaining turbo generator.
Fig. # An event tree showing generator full load rejections which

always led to reactor scrams

When working out this event tree several selected event analyses, exhibiting similar
event sequences to the analysis in Fig. 3, have been used-as source material. In that way all
offsite (400 kV) power disturbances,up to and including 1981, were included in the source
material.

This prepared initiating event analysis data, in conjunction with identification of the
dominant accident sequences that could follow according to the unit-specific PRA study,
could then be applied in order to form a model, for ranking the nuclear safety significance
of proposed corrective actions. The use of this model resulted in rough quantitative
estimates of how the recommended corrective actions, which will give a reduction of the
reactor scram frequency, contribute to a reduction of the probability of deficient reactor
core cooling.

The steps,K and methods included in the model for analysis and evaluation of
opportunities, to improve both the plant reliability and the nuclear safety, are described in
detail in Swedish in the main research report "A Systematic feedback of plant disturbance
experience in Swedish BWR power plants" 1].
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It is known that partially similar projects to this [:6], concerning feedback of
operating experience or analysis of accident sequence precursprs, are being performed in
U.S.A. by e.g. the Institute of Nuclear Power Operations‘trﬁ, Electric Power Research
Institute, Nuclear Regulatory Commisson{ 8, 9| and plant vendors and owners and in other
parts of the world. For example, the Nuclear Safety Board of the Swedish Utilities has
started ERF - a Swedish computerized information and communication system - for feed-
back of operating experiences [10], where Asea-Atom is also contributing. The present
development work at e.g. the Swedish Nuclear Power Inspectorate aims [11]| to tie together
the systematic reliability analyses (PRA), the event reports and the event analyses in such
a way that a systematic feedback is provided to a number of safety activities.

SELECTED AREAS FOR FURTHER REDUCTIONS OF THE SCRAM FREQUENCY AND
FOR IMPROVING NUCLEAR SAFETY

Several opportunities for reducing the reactor scram and turbine trip frequency in
individual units have been identified during this project.

As seen e.g. in Fig. 2 above a large number of failure events, which have contributed
to reactor scrams, originate from malfunctions in the turbine plants and from inadvertent
reactor protection functions.

The turbine plants in ASEA-ATOM BWRs are designed with 100 percent dumping
capacity in order to be able to cope with turbine trips and full load rejections without
reactor scram. The analysis results as illustrated by Fig. 5 show that about 50 percent of
all generator load rejections from full power have been accomodated without tripping the
reactor.
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Fig. 5 The proportion of generator load rejections which led to reactor
scram
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As seen in Fig. 5 the generator load rejections have in the more recently started units
studied, Oskarshamn 2 and Barsebdck 2, contributed with a lower, though significant
probability to the reactor scrams. Different opportunities for improving this percentage
even further, in the case of turbine trips and load rejections in individual units, have been
identified during this study. Similar design modifications to these have resulted in an
improved performance since being put into effect in the latest BWR nuclear power units
now in commercial operation, or in some of the earlier individual units analyzed in this
study.

In connection with the evaluation of effected corrective actions, a study has always
been made of whether the same initiating failure events have continued to result in scrams.
Examples of the proven efficiency, of some of these corrective actions since being put into
effect by the vendors and the owners, in reducing scram frequency will be given as follows:

- introduction of a filtration of APRM-scram limit values in the reactor protection
system in order to avoid inadvertent scrams. These scrams were caused by very
short-lived increase of neutron flux, initiated by pressure transients (turbine control
and bypass valve mismatch) in the reactor core.

Number of annual
inadvertant protection
functions

Z3 '21 231
23=_n__
n —p>
] t.,2,3,4,5,6,7,8,9
* Operating experience
{years)
54

The average Z3 was ca 3 annual
»~——— - scrams prior to the effect of
\corrective action in 1978

#} The analyzed period is from the date of first
synchronization with the grid {1974-10-02)

Fig. 6 Oskarshamn, unit 2. Scram analysis. The annual frequency of
inadvertent reactor core protection functions

As shown in Fig. 6 corrective actions have given a very promising effect. Operating
experience and aforementioned modification in the "oversensitive" reactor core
protection system have resulted in a total absence of scrams from this particular
problem category compared to an annual average of 3 scrams previously.

- Auto tripping of the partial reactor scram (insertion of only one scram group) in order
to achieve rapid reactor power runback necessary in the case of e.g. sudden generator
load rejection.
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- Improved supervision of the capacity of the operating oil accumulators for the
hydraulic operated turbine bypass valves. In this way a prolonged opening time of the
turbine bypass valves giving a pressure transient in the reactor core and a reactor
scram can be avoided, in the event of turbine trip or generator load rejection.
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Fig. 7 Barsebdck, unit 2. Scram analysis. The annual frequency of
reactor pressure disturbances

As shown in Fig, 7 the corrective action has resulted in an absence of scrams, caused
by mismatch of turbine control and bypass valves in the event of turbine trip or generator
load rejection,

The expected impact on reducing average scram frequency, of a possible implementa-
tion of these aforementioned modifications in the other units studied, was then quantitati-
vely evaluated. These modifications have then been recommended for detailed surveys in
the units which by these means, according to the study, exhibit potential opportunities for
reducing scram frequency in the event of similar off-site power or turbine plant
disturbances. These improvements have afterwards been put into effect, decided or are
being surveyed in several applicable units.

The potential quantitative opportunities for reducing scram frequency when imple-
menting corrective actions, in different other problem categories identified in the
individual units, were also evaluated and reported in the study.

A pilot analysis was also performed to evaluate which effects some of the proposed
corrective actions, for reducing the scram frequency, give on the nuclear safety. In this
PRA-application (see Fig. 4 above) e.g. the following proposed actions were found to have a
significant improving effect on the nuclear safety in the event of offsite power disturban-
ces,

- automatic tripping of partial reactor scram by the condition of full load rejection of
two turbo generators. When implementing this measure the in-house electric load
generation, without tripping the reactor scram, can be accommodated to the unit
with the second turbo generator, if the first turbo generator trips

- automatic initiation of the rapid switch-over of the backup offsite power to the
affected 6 kV-buses in the event of unsuccessful establishment of in-house turbine
operation after full load rejection. When implementing this possible measure a loss of
feed water flow and loss of condenser vacuum can be avoided if backup offsite power
supply is available.
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ESSENTIAL RESULTS

A large number of failure events, which have contributed to reactor scrams, originate
from malfunctions in the turbine plants and inadvertant (unnecessary for protection)
reactor protection functions. Several opportunities for reducing the reactor scram
frequency have been identified during the project and recommendations for improvements
in the operating units have been made. These improvement are aimed at eliminating either
the primary failures or the secondary contributing causes in the disturbance sequences,
otherwise leading to reactor scrams,

The long-term trend of the scram frequency has been decreasing and the average
scram frequency in these units of the older BWR generation is about 4 scrams per year and
unit in 1980-1982. A clear indication exists, arising from the study, that further reductions
in the scram frequency can be achieved by means of design modifications in reactor and
turbine systems and improvements of associated procedures.
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THE TRICASTIN 1 INCIDENT ON AUGUST 3, 1982
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ABSTRACT

On August 3, 1982, at the Unit 1 of the Tricastin nuclear power
plant, the rupture of the plug of a pressure reducing valve on the
compressed air system serving the containment air lock resulted in
the loss of air to the inflatable seal of the two air lock doors ;
the loss was signalled in the control room by the alarm "air lock
0 m untight".

The containment integrity was lost for 45 minutes ; but the activity
released to the outside was very slight. By a rapid intervention of
the operator (another plug was put on) the compressed air feeding
was restored and consequently the hatch tightness ; the unit remai-
ned on power during the intervention.

The basic cause of the ircident is a design error : the non-respect
of the single failure criterion on one auxiliary system of a function
important for safety (containment integrity).

This example of an incident, one of the most significant in French
900 MWe PWR units since their commissioning, will serve as an illus-
tration of the experience feed-back process in France. Difficulties
in the implementation of the correctives actions decided after the
incident resulted in unjustified delays and in reoccurrences of
similar incidents.

INTRODUCTION

From the late seventies both the French utility (E.D.F.) and the French
safety authorities have been developing a system to collect, screen and ana-
lyze incidents, occurring in pressurized water reactors that came into opera-
tion, and to define subsequent corrective actions. For more than two years
this system has been fully operational and works satisfactorily.

With the example of one of the most safety significant incidents expe-
rienced on a French unit, this paper provides insight on the methodology used
for in-depth analysis of incidents in France.
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However there are some difficulties in timely implementation of the
corrective actions defined after such an analysis. Experience shows that
delays in the detailed study of the modifications and in their implementation
can result in similar incidents reoccurring.

f

INCIDENTS SCREENING PROCESS [1]

The Safety Analysis Department reviews, on a weekly basis, all the infor-
mation pertaining to the safe operation of French PWRs. This information may
be obtained either by formal report for significant incidents or through the
E.D.F. event computer file for less significant events. All this information
is classified according to the following four categories

1) Events that do not require specific corrective action are just stored in
the computer file (between 500 and 1000 per year : about 1 per unit and
per week).

2) As a minimum, all incidents notified as significant go through a rapid
review in order to detect whether they might be a precursor of a more
severe accident and to verify that the corrective actions proposed by the
licensee are acceptable and sufficient (about 250 per year).

3) Incidents that are potentially expected to be precursors or that are
deemed to contain many interesting lessons, are submitted to an in-depth
analysis as described below. This analysis leads to detailed recommenda-
tions (between 10 and 20 per year).

4) Trends or patterns studies cover a series of events with common charac-
teristics, i.e. series of events which affect the same system or com-
ponent,

IN-DEPTH ANALYSIS GENERAL METHODOLOGY

For in~depth incident analysis it is absolutely necessary to obtain
additional information through technical discussions on the site with the
licensee including, where necessary, with the operators who experienced the
incident in order to have a good understanding of the incident sequence and
circumstances.

The analysis in itself is done essentially through several interrogations
and a search for answers :

- Interrogation about consequences : it is rather easy to determine the
actual consequences of an incident in terms of component damage or health
effects for the public or plant staff. It is much more difficult to
assess its potential consequences. This means how the incident could have
resulted in more severe consequences with different initial conditions or
with other failures ("what if" process). This very analysis of potential
consequences is of major importance to characterize the exact level of
significance of the incident and therefore the priority to be attached to
the corrective actions.

- Interrogation about causes : this process should go as far as possible to
reveal the root causes among the various factors that could have contri-
buted to the incident occurrence. This should be an opportunity to deter-
mine whether these causes are generic (i.e. lessons are applicable to a
serie of units).
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- Interrogation about operator actions and reactions, in order to assess
the different factors which have affected their behaviour (training,
procedure completeness and clarity, man-machine interface...). This phase
also includes a review of technical specifications as they relate to the
course of the incident.

- It is also to be underlined that an in depth incident analysis should not
be performed apart from the general context of other incidents occurring
on operating plants throughout the world and cannot be limited simply to
the facts that actually took place in the incident sequence. It is very
important to look for analogical incidents and to try to make comparison
with similar situations already experienced elsewhere during such or such
part of the incident.

Putting an incident in the general perspective of worldwide accumu-
lated experience is the best way to identify the general lessons which
are undoubtly the most beneficial for nuclear safety.

~ Lastly, an in depth analysis includes an assessment of the corrective
actions proposed by the licensee and, if needed, recommendation of addi-
tionnal measures that appear necessary as a result of the preceding
steps.

The recommendations resulting from these analyses are discussed with
E.D.F. at periodic meetings in order to compare the lessons learned and to
follow up on the actions taken by the licensee, up to the implementation on
each unit.

LOSS OF CONTAINMENT ATR LOCK LEAKTIGHTNESS AT TRICASTIN 1

This incident occurred on August 3rd 1982. It resulted in a temporary
loss of the third safety barrier integrity (the B mode of WASH 1400). Because
of its safety significance it was analysed according to the process described
above. Its main characteristics and the lessons learned are given below.

a) Initial condition

The unit was at nominal power. The pressure within the reactor building
was 1040 mbars. A controlled purge of the containment by the vent system was
planned, but had not yet begun.

b) Incident Sequence

At about 1.15 p.m., on August 3, 1982, the appearance in the control room
of both alarms : "Air lock 0 m defect" and "Air lock 0 m untight" alerts the
control room operator, who reports immediately to the shift supervisor. The
latter goes to the air lock. After having checked the local control boards
configuration, he hears the sound of an air leak. The plug of the pressure
reducing valve EPP 142 VA is ruptured. Consequently, no feeding reaches the
air lock door seals. Since the reactor building is in slight overpressure, the
pressure drops by 20 mbars ; this depressurisation results in the release of
1000 m? into the environment.
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Another plug is put on. At 2 p.m., as soon as the plug is in place, the
seals are reflated and the containment integrity is restored.

c) Consequences. Significance of the incident

At the time of the incident, the activity of the containment atmosphere
was slight ; the actual consequences of the incident as regards the envi-
ronment were therefore negligible. This was confirmed by the readings of the
health physics instrumentations at the site boundary : no variation was noted
above the normal background (some prad/h).

This incident resulted nevertheless in a large loss of the integrity
function of the third barrier, and had the conditions within the containment
been different, the radiological consequences could have been more severe.

To assess more precisely the potential gravity of the incident, several
release calculations were made for various initial conditions. The first one
corresponds to the maximum technical specifications limits related to the
primary coolant activity and leakage. The second one corresponds to LOCA
conditions, maximum accident taken into account in the safety reports.

Dose equivalents which would have resulted from the releases made under
those conditions would have been :
~ in the first case (technical specifications limits) : 0.5 mrem of exter-
nal exposure and 4 mrem of internal contamination to the thyroid,
- in the second case (loss of containment integrity after a LOCA) : the
consequences would have been very -severe, and the releases would have
exceeded the values considered as acceptable in accident conditions.

d) Causes of the accident

In normal operation, the pressure of the door seals is maintained between
5.6 and 6 bars (relative). By means of an automatic control, air make-up to
the seals is provided as soon as the pressure decreases under 5.6 bars. The
alarm "air lock defect" is actuated when the periodicity of the air make-up to
one of the air lock door seals becomes less than 10 seconds. The alarm "air
lock untight" is actuated when the pressure in the seals of the two doors

becomes less than 0.5 bar (relative).

From the time the incident was first noticed, the quasi-simultaneous
appearance of the two alarms tended to indicate that a very fast deflating of
all the seals of the two doors had taken place and therefore the leak tight-
ness of two check valves was questioned. These check valves, EPP 135 VA and
EPP 136 VA are located immediately downstream of the pressure reducing valve.
However, during tests made to reproduce the incident, it was not possible to
reproduce such a rapid depressurization of the whole system. Perhaps when the
incident took place, the operator in the control room did not notice the first
alarm "air lock 0 m defect" and only became aware of it when he saw the second
alarm "air lock untight" appear. Nevertheless this assumption cannot be confir-
med, because the information processing system, that records automatically the
time of appearance of alarms, was not available at the time of the incident.
But it can be noted that the incident occurred just after a staff shift change.
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e) Lessons learned

The incident showed a common mode failure on the air make-up system of
the air lock door.

The main following corrective actions were then decided :

- doubling of the pressure reducing valve between the EPP 101 BA tank and
the two 135 and 136 VA check valves,

- addition of a device allowing the automatic isolation of the air make-up
of the seals of one door, in the event of a pressure drop downstream of
the pressure reducing valve serving this door,

- addition of nozzles wupstream of the pressure reducing valves and down-
stream of manual isolation valves of the seals allowing for possible air
stand by make-up from a mobile. compressor,

- modification of the "air lock defect" alarm setpoints, which will be
initiated when the frequency of the air make-up to the seals is less than
2 minutes,

- increase of the "air lock untight" alarm setpoint which will be initiated
when the pressure inside the whole of the circuit becomes less than
3.5 bars, a value compatible with the maintaining of the air lock leak
tightness under the containment design pressure.

These lessons were discussed and agreed upon between E.D.F. and the
safety authorities at a meeting on February 2ist 1983. The modifications were
supposed to be treated with top priority and be implemented on each unit
during the first refueling outage.

In addition E.D.F., decided to replace immediately the plug of the
pressure reducing device that failed at Tricastin with a new improved plug on
every unit.

FOLLOW UFP ACTIONS

In France, plant management have to submit to the safety authorities
two months prior every long outage a program of safety related maintenance
activities and modifications to be implemented during the outage [2]. The
review of such submitals for several units which were due for refueling outage
in the summer of 1983, revealed that the modifications described above for
improving the air make-up to the air lock doors seals were not being planned.
E.D.F. was required to conduct an investigation which revealed deficiencies in
the follow up management after the initial decision about the modifications.

Unit standardization is a characteristic of the French nuclear program.
With the full support of the safety authorities, E.D.F. wants all its units of
the same design to remain identical throughout their lifetime. That means
backfitting has to be decided at the national level and all modifications,
unless the minor ones, must receive approval from the headquarter. This implies
that every projected modification should be circulated in the various sections
of the E.D.F. organization, including those which were involved in the initial
design, for detailed studies, review and approval.

This process guarantees better gquality of the modifications and better
integration in the original design. Howewer this is a lengthy process which
requires strong management when a modification has to be implemented on an
accelerated schedule.
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In the case of the lessons learned from the August 3rd, 1982, incident at
Tricastin 1 insufficient management on the follow up decision resulted in
about six months delay in the implementation of the modification.

REOCCURRENCES

- Bugey 2

The design of the air make-up system to the air lock door seals is
slightly different on the Bugey units from the other 900 MWe units. However,
this design presented the same weakness in sustaining a single failure.

On April 1st 1983 on Bugey 2 a rupture of a filter in the air make-up
system resulted in the deflating of all seals on both air lock doors and a
loss of containment integrity which fortunately lasted for only about
2 minutes.

- Tricastin 1

On April 7th 1984 at the beginning of the annual refueling outage of
Tricastin 1 during which the air lock modifications were planned, a similar
plug rupture on an other pressure reducing valve of the air make-up system was
experienced. However only one air lock door leaked and the containment did not
lose its integrity.

- Chinon B2

On the eve of a week end May 18th 1984, the unit was running at full
power. In violation of quality organization rules, the compressed air system
serving the one air lock was valve out for some works without preparing a
written temporary operating instruction. Consequently the pressure in the air
lock door seals was only maintained by the back up tank 101 BA. Because of the
seal natural porosity the pressure began to decrease and the alarm "air lock
defect" annunciated it reached 5.6 bars. On May 19th, knowing that some works
were being done on the compressed air system the operator did not react to
this alarm which sometimes appear frequently. Moreover this alarm regroups
several defects none of which require urgent actions. So the pressure in the
seals continued to decrease slowly. As the setpoint of the second alarm "air
lock untight" had not yet been modified to 3.5 bars, the air lock began to
leak in the early morning of May 21st. This loss of contaimnment integrity
remained undetected for about 3 hours until a decrease of the pressure inside
the containment was noticed.

CONCLUSIONS

From the experience reported here several conclusions should be mention-
ned both from the experience feed-back process and the technical point of
view.
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A good system to collect, screen incidents and determine the lessons to
be learned is not sufficient for a proper operation of the experience feed
back process. Once corrective measures have been defined strong management is
essential to ensure timely implementation. In order to avoid conflicting
constraints on the various people who have to be involved in the detailed
studies of modifications and who sometimes are far away from the actual plant
experience, it is necessary to determine priorities in the backfitting pro-
cess. These priorities should be consistent with the safety significance of
the incidents for which corrective measures are defined. Up to now the safety
significance of incidents is mainly based on engineering judgement., PRA could
be a useful tool in establishing a more quantitative basis for the deter-
mination of the time schedule in which to implement corrective actions after
significant incidents.

From a technical standpoint these incidents underline once more the
importance of support systems, such as the compressed air system, which serve
safety related functions.

In addition, given these incidents as well as others not mentionned here,
the Safety Analysis Department is questionning the reliability of the leak-
tightness of the containment air lock doors. The replacement of the inflatable
seals on the 900 MWe by a passive system self leak proof under containment
pressure, as is already installed on the 1300 MWe units, should be considered.
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ABSTRACT

Several ruptures of support pins have occured in France; some damage
was caused to steam generators. The failures were caused by Inconel
X 750 stress corrosion; several parameters are assessed. Two safety
concerns are analysed: potential control rod guide tube misalignment
and consequence of a support pin as a loose part. The conclusion is
that a pin failure is of limited safety significance, at least at
short term, but the availability can be seriously impaired. That
leads to conduct inspections during refueling shutdowns, incorporate
a loose parts continuous monitoring system, develop an improved pin
design and replace the pins at existing plants.

INTRODUCTION

The past few years have shown that Westinghouse-designed PWR control rod
guide tube pins were subject to a stress corrosion phenomenon which ultimately
results in cracking then rupture with potential migration of loose parts into
the reactor coolant system.

It was the discovery in autumn 1978, during annual plant inspection, of
a pin fragment in a steam generator at the Japanese plant of Mihama 3 which
first revealed this anomaly. In 1982, four other discoveries of pin fragments
in the reactor coolant system were made: three in France (at Gravelines 1,
Fessenheim 1 and Bugey 2) and one in the United States (at North Anna 1).

This paper summarises the action taken in France to remedy this problem:
modification of pin design, safety evaluation in case of rupture, protection
from loose parts, pin inspection, pin replacement and examination of removed
pins.

PIN DESIGN

1) Pin description and function

Support pins are bolted into the bottom plate of the lower guide tube to
align the bottom of the control rod guide tube assembly into the core plate at
the top of the fuel assembly. There are two pins per guide tube. They provide
lateral support while accomodating thermal expansion of the guide tube relative
to the core plate.
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The pins are made of Inconel X 750. Each pin incorporates (see figure 1):

- a top section consisting of a shank and a threaded end accomodating the
drive nut,

- a collet for precise alignment of the pin in a flange hole,

- a bottom section containing two flexible leaves separated by a groove,
which fit into a hole in the upper core plate.

The pin is prevented from rotation relative to the nut by a dowel which
radially traverses the nut head. The dowel is welded to a locking device which
is prevented from rotation relative to the upper pin section by a slot. Both
the dowel and locking device are made of austenitic stainless steel.

To prevent pin fatigue due to alternating stresses exerced by hydraulic
loads on the guide tubes, a preload must be provided at joints as follows:

- at the pin/bottom flange joint, preload is provided by tarquing the nut
to a value specified on the drawings,

- at the pin/upper core plate joint, flexible leaf size is made to exceed
the upper core plate hole diameter, providing a preload during the fit.

2) Pin stress corrosion

The anomaly affecting the pin is due to a stress corrosion phenomenon.
In most cases this takes the form of intergranular cracks leading to pin
cracking and rupture.

The pin stress corrosion phenomenon led to the discovery of two types of
rupture (figure 1) :

- at the shank/collet joint,
— in the flexible leaf region.

Ndte that some cracks have been observed in the thread region (figure 1).

The main parameters influencing stress corrosion are :

- the heat treatment processes undergone by the materials (solution heat
treatment and aging)

- stress intensity.

3) French pin fabrication and installation characteristics

In France pins have different characteristics for two reasons:

+ the reference specification has been subjected to variations in the following
areas !

~ solution heat treatment,
- aging heat treatment,
- torquing.

Framatome has three different pin manufacturers dealing with three different
steelmakers for their INCONEL X750 bar procurement; pin fabrication by these
steelmakers varies in certain areas not covered by the specifications
(forging sequence, intermediate hardening ...).
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During the period preceding the discovery of pin anomalies in Japan, the
above factors led to wide pin diversity in France.

Based on the parameters considered as the most important as regards stress
corrosion (solution heat treatment and torquing), the pins existing at this
time in French power plants were classified into 4 groups.

4) New pins

The occurrence of pin cracking in Japan led Westinghouse to design during
1979 a new pin model capable of being installed in new units. A summary of the
design support work for these new pins is given below.

Initial studies were conducted by Westinghouse to reduce the stresses in
the pins. But since knowledge was unavailable for the maximum permissible
stress value for avoiding the risk of stress corrosion, the new pin was design-
ed to yield the lowest stress compatible with the other design criteria. To
meet this requirement, the following modifications were made:

-~ reduction of torque
- switch from a circular shank/collet joint to a parabolic joint.

It was also realized that heat treatment had a major impact on resistance
to stress corrosion; as a result a number of tests on pln strength were per-

formed in France, in the United States and in Japan.

The tests all proved the existence of a solution heat treatment tempera-
ture range in which corrosion susceptibility is smaller.

5) Notes on the new design

Note that although the tests showed that the mew pins had increased
corrosion resistance, no test has proved that they can perform their function
throughout unit lifetime. Studies and tests are being conducted as part of a
four-way CEA, EDF, FRAMATOME and WESTINGHOUSE agreement. The results obtained
up until now are consistent with those obtained in the past.

Note that as regards the flexible leaves, the only modification for upgra-
ding their strength concerns heat treatment. One may well wonder if this will
be sufficient.

FRAMATOME is currently also looking into methods for reducing flexible
leaf stresses. This study could lead to the begining of a new family of
"second-generation” pins.

Note that the Japanese have carried out a first series of modifications
which were slightly different from those proposed by the Americans. They were
as follows :

- increased solution heat treatment temperature but to a value less than
that chosen by the Americans and which lies outside the temperature
range in which corrosion susceptibility appears to be smaller (see
above),

~ reduction of torque to a value half that used by the Americans,

-~ reduction of the gap between flexible leaves,

- shot peening.
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The Japanese started to instal these new pins in their units as soon as
1979. But during 1983, ultrasonic examinations of the new pins revealed anoma-
lies. This led the Japanese, in conjunction with Westinghouse ‘and Babcock &
Wilcox, to design a new type of pin whose heat treatment 1s practically identi-
cal to that adopted by the French and Americans.

SAFETY EVALUATION

Since stress corrosion cracking ultimately leads to rupture, it is neces-
sary to assess the risks potentially caused by control rod guide tube pin rup-
tures. Two questions can be asked as regards safety:

- what are the risks induced by the migration of pin fragments to the
reactor coolant system?

- Do guide tubes with one or two broken pins still perform thelr safety
function, which is to guarantee control rod drop?

The answers to these two questions are summed up in the following two
paragraphs:

1) Impact of loose parts

a) Loose parts considered

The two types of pin ruptures give rise to 2 types of loose parts:

~ a flexible leaf weighing 35 grams,

~ a pin upper section weighing 190 grams which can disassemble or break
up (one case of a pin breaking up into 5 fragments was observed at
FESSENHEIM 1 on 16/3/1982).

b) Trapping in NSSS systems

Examination of possible trapping in the reactor coolant system and
related systems shows that:

~ a loose part in the hot leg can either be captured on the RRA (Residual
Heat Removal RHR) system suction side in primary loop n°2 or be trapped
on the hot side of a steam generators channel head if the loose part
cannot enter the SG tubes. A pin upper section may become trapped in
a steam generator as at MIHAMA 3, FESSENHEIM 1, NORTH ANNA 1 and BUGEY
2. Extensive damage can be inflicted on the channel head, with greater
impact on availability than on safety. A flexible leaf can theoretical-
ly enter an SG tube but with a clearance of several tens of millime~
ters.

- If the loose part is trapped on the RRA suction side, it will circulate
through this system upon entry into service. In this case, if the loose
part is entrained towards the RRA heat exchangers, it may become trapped
there (internal tube diameter 14 mm). But it may also migrate through
the heat exchanger by-pass. It will then either be trapped in check
valves RIS (Safety Injection System SIS) Ol or 06 VP (as at GRAVELINES 1
of the 13/1/82) or migrate towards the reactor coolant cold legs, from
which it will return to the reactor vessel.
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Examination of the migration of the two postulated loose parts through the
reactor coolant system equipment highlights two points liable to have a safety
impact:

- jamming of a flexible leaf in a continuous guidance region opening,
highly improbable due to the arrangement of the current lines in this
region, could cause RCCA (Rod Cluster Control Assembly) blocking during
rod drop,

- jamming of a nut (cold) between the lower internals baseplate and the
bottom of the reactor vessel (assuming that the nut had calculated
without trap by the RRA, and had been reinjected into the cold leg)
which could cause local damage to the internals and the claddings at the
bottom of the reactor vessel.

in the event of disassembly, breakup or wear of the loose parts, the
impact of jamming between the reactor vessel bottom and the lower internals is
smaller. However, for fragments of less than 3 mm, migration into the core
between the fuel rods or into the guide tubes is possible. The risks of fuel
rod damages or RCCA blocking are low, however.

To sum up the risks induced by the presence of a loose part, they are
mainly related to small loose parts. Breakup or wear of pin fragments in the
reactor coolant system should therefore be avoided. Provision must be made to
detect and rapidly remove these fragments from the reactor.

2) Maintenance of the guide tube function

a) During normal operation

Calculations were made and loop tests performed to evaluate the performan-
ce of the guide function with time in a certain number of configurations (one
pin with a broken leaf and an intact pin-2pins with broken leaves and shanks
etcess ).

It appears that there is no problem of short-term loss of guide function
after breakage of one or more pins.

b) During accident operation

Starting from a situation in which all the guide tubes have broken pins,
it was demonstrated that: '

- in the event of reactor coolant system breaks under 0.5 ftz, all the
rods drop into the core,

- in the event of reactor coolant system breaks over 0.5 ft2, no rod
shutdown margin is needed to keep cladding temperature below the safety
criterion.

PROTECTION AGAINST BROKEN PINS
Since loose parts impair the short—term availability and long-term safety

of a plant unit, Electricité de France has installed a reactor coolant system
acoustic monitoring system at each unit.
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This system can be used for continuous surveillance of the signals
transmitted by the accelerometers at the bottom of the steam generator channel
head (one per steam generator) and one of the 3 sensors at the bottom of the
reactor vessel.

Current system performance is such that shank detection is highly probable
in a steam generator, but more unlikely in a reactor vessel and leaf detection
is problematic in a steam generator, highly improbable in a reactor vessel.
However, EDF is currently examining the possibility of upgrading acoustic moni-
toring, notably by re—analyzing detection setpoint values.

Twice in the past (16/3/82 at Fessenheim 1, 21/7/82 at Bugey 2), Lhe sys-
tem has led respectively to the detection of a nut and a shank-nut assembly in
a steam generator channel head.

PIN EXAMINATION

From the outset it has proved necessary to provide a capability for exa~
mining the state of in-place pins so as to detect possible cracks before rup-
ture. Actions have been undertaken on two fronts:

- TV camera inspection of the presence of nuts and leaves,
- Ultrasonic examination of pin soundness in both corrosion-affected
zones.

1) TV inspection

This system is currently used by EDF to inspect all its guide tube pins.
The pins are inspected during refuelling with the upper internals on their
storage stand at the bottom of the reactor cavity. It is estimated that it
might not be performed this inspection during the first refuelling operation
after installation of new pins.

This inspection is performed by a camera mounted on an automatic trolley
moving underneath the reactor internals.

Note that this inspection confirms the absence or presence of flexible
leaves but cannot detect cracked leaves, even if cracking is extensive.

Up until now, this inspection has demonstrated the absence of a flexible
leaf at GRAVELINES 3 during the second unit refuelling outage in October 1983.
The inspection also identified the pin from which a flexible leaf had been
discovered in the reactor coolant system of GRAVELINES 1.

Two methods are used:

- One called the "sabre" method, involves the insertion of a horizontal
borescope with a vertical viewing mechanism into the gaps separating the
guide tube rows; the image was transmitted by a TV camera.

— the other method, developed by FRAMATOME which gave it its name, invol-
ves lowering a camera along the guide tube centerline after removing the
drive rod. This vertical-axis camera has a horizontal viewed mechanism
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which provides scanning of the nut contour through an opening in the
guide tube wall behind the continuous guidance system.

At FESSENHEIM 1, this inspection permitted identification of the coordina-
tes of the broken pin whose nut had been discovered in a steam generator.
During the same inspection, a pin was revealed to have a slightly slanting
nut.

In August 1982, a slanting nut was also discovered at BUGEY 4. In March
1983, a missing shank was found at the bottom of the reactor cavity and a
slanting nut was also discovered at BUGEY 3. At the time, the tooling for
replacing pins on irradiated guide tubes was not operational. As result it was
decided to apply hydraulic loads to all the pin nuts to find out if any pins
were at rupture point. The system used, the so-called "hydrolaser", consits
of a high-pressure water jet 1 to 2 mm in diameter which is applied to the
nut.

This operation revealed a third broken pin. The three affected guide
tubes were replaced before startup. The "hydrolaser" examination was also
later performed at TRICASTIN 3.

As in the case of the leaf examination, allowance must be made for the
limits of the nut examination which does not show if a pin is cracked and is
perhaps on the point of rupture. Accordingly, the TV inspection at BUGEY 2
showed nothing but, on re-startup, a pin shank was discovered in a steam
generator (21/7/1982).

Due to the limitations of TV inspection, EDF is analyzing another type of
examination for detecting cracks, e.g. ultrasonic examination.

2) Ultrasonic examination

Ultrasonic examination uses the discontinuity created by a crack in the
material to initiate an echo signal which, under certain conditions, should
enable identification of the position and size of the defect.

The first laboratory test demonstrated the difficulties of interpreting
signals as well as the importance of pin grain size in this type of examina-
tion.

To qualify the method, an ultrasonic examination was performed on the pins
at TRICASTIN 1. The pins were then removed and analysed. Comparison between
the examination results and the ultrasonic indications revealed that the
ultrasonic examination only indicated the real condition of the pins in 60 %
of cases. Given the fact that the TRICASTIN 1 pins had a fine grain size (ASTM
7 to 8) which lent itself to ultrasonic examination, it is easy to foresee the
difficulties which would be encountered with the new larger—grain pins (ASTM
0 to 6).

This led EDF to abandon this method. However, research into another more
effective method is now under way.
PIN REPLACEMENT

EDF systematically replaces old pins by new pins. The first units in
which this operation was performed in fact underwent guide tube replacement.
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The operation involved replacement of the irradiated guide tubes with old
pins by new guide tubes with new pins.

EDF subsequently had problems procuring new guide tubes, as a result of
which it decided to carry out "pin replacement”, allowing reuse of the guide
tubes.

The procedure is as follows :

- removal of irradiated guide tubes with old pins,

- mounting of other irradiated guide tubes with new pins from the pin
workshop,

- transport of removed guide tubes to the pin workshop,

— removal of old pins and mounting of new pins on irradiated guide tubes,

—~ transport of guide tubes with new pins to a site where pins are to be
replaced.

On December 31lst 1983, Y units out of 21 had had their guide tube pins
replaced. The other units will have their pins replaced according to a
schedule spanning 1984 and 1985.

The current status of pins broken during removal is as follows :

Unit Date Equivalent Group Breaks
hours at
full power At extraction | after extraction
FESSENHEIM 1 /7782 26.000 1 32 collets
FESSENHEIM 2 /1/83 31.500 2 8 collets 2 collets
BUGEY 2 /7/83 19.400 1 20 collets 1 collet
8 leaves
BUGEY 4 /8/82 21.000 2 1 threadtop
BUGEY 5 /5/83 2C.000 2
TRICASTIN 1 /1/83 15.000 3 4 leaves 2 collets
2 leaves
TRICASTIN 2 /5/83 15.500 4 4 leaves 28 leaves
1 collet
TRICASTIN 4 /11/83 15.000 4
GRAVELINES Bl /5/83 15.000 4 3 leaves 12 leaves

Note that 2 units out of 9 had no broken pins.

Group 1 seems particularly affected which is not surprising since the pins
in this group have undergone solution heat treatment which was unfavourable
according to the corrosion test results.  Group 2 which has a more favourable
solution heat treatment was less affected.
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As for group 4, it was considered that lower torque would provide less
rupture. This was partly confirmed since only one rupture was observed in the
collet region. However, it was observed that the flexible leaf region seemed
highly susceptible to breaks : 32 leaves at TRICASTIN 2, 15 at GRAVELINES B1.

Also note that there appears to be no obvious connection between the
number of broken pins and the operating time.
EXAMINATION OF REMOVED PINS
After being removed from the guide tubes, the old pins undergo a certain
number of examinations (visual, 1liquid penetrant test) to determine their

soundness.

At this moment, only the results of the pin examination at FESSENHEIM 1
and 2 are available.

Results are given below :

Batch Collet defect Shank defect Break at No

lst thread defect
81 pins at FSH 1 75 18 0 ) 4
71 pins at FSH 2 53 13 1 13
42 pins at FSH 1 or 2 23 8 17 4

There are a large number of defects (cracks or ruptures), most of which
probably occurred during guide tube removal. Removal force varies between 500
and 1500 daN. Despite this, it can be considered that these defects only
occurred because the cracking process was well advanced.

Notethat for the moment there is no obvious connection between pin defects
and their locations in the reactor core.

Equally, no correlation could be proved with the pin position (two pins
by guide tube).

Also note that a large number of defects observed up until now in the
leaves are related to the presence of electric pencil marking (notch effect?).

The results of the examination for the other units will probably have to
be awaited before final conclusions can be drawn and comparisons made between
pin groups.

CONCLUSION
To sum up, it can be said that :
- As regards the causes of the pin stress corrosion cracking phenomenon,

we have still no discovered the parameters controlling this phenomenon,
even if we now have some idea of the influence of some of them,
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— as regards the impact of pin breaks on safety, risks are acceptable, at
least on a short-term basis. It is therefore necessary to detect pin
breaks for protection against long-term risks.

- as regards the impact of pin breaks on availability, it is necessary to
rapidly detect a loose part in order to avoid serious damage, for
example to the steam generator channel head.

The last two considerations have led to :

~ inspect pins during refuelling,
detect any pin loose parts by means of the acoustic monitoring system,

replace old pins by new pins with higher resistance to stress corrosion
cracking.

Replacement of pins in about twenty power plant units is a large-scale
operation. It provides proof that it is possible to successfully carry out
difficult plant unit repairs.
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FAULT TREE ANALYSIS OF WESTINGHOUSE
SOLID STATE PROTECTION SYSTEM SCRAM RELIABILITY

Paul J. Amico

Applied Risk Technology Corboration
P. 0. Box 175
Columbia, MD 21045, USA

ABSTRACT

In Tate 1981 and early 1982, as part of a larger PRA of a
Westinghouse nuclear power plant, a fault tree analysis was performed on
the solid state protection system (SSPS). Among other findings, this
analysis determined that the dominant contributors to unavailability of
reactor trip were common mode failure of the reactor trip breakers and
failure of the active SSPS train when the other train was undergoing
test. This was over one year before common mode breaker failure resulted
in scram failure at the Salem plant. A recent expansion of this analysis
shows that unavailability can be reduced somewhat (but not significantly)
if the testing interval is shortened to once every 72 hours, Any further
reduction would begin to increase the unavailability.

INTRODUCTION

In Tate 1981 and early 1982 a fault tree analysis was performed which
quantified the reliability of the solid state protection system (SSPS) of a
Westinghouse reactor. This analysis was part of a larger effort to perform a
PRA on a Westinghouse nuclear power plant. The analysis included an
evaluation of both the reactor scram function and the safety equipment
actuation function of the SSPS. With the occurrence of a failure to scram at
the Salem plant, which is a Westinghouse plant, the scram failure part of that
analysis was reviewed to see what it had shown. The results showed that the
dominant contributor to scram fajlure is common mode failure of the reactor
trip breakers, the same failure mode as was seen at Salem. One of the results
of the Salem event was suggestions that reactor protection systems such as the
SSPS be tested more often than the once per month which is now required.
However, the SSPS analysis also had shown that testing of an SSPS train in
combination with failure of the trip logic board in the active train was also
a large contributor to scram failure. Since testing also contributed to
potential scram failure, any change in test interval to improve breaker
reliability would bring with it increases in unavailability due to testing.
Therefore, in order to properly evaluate the trade~offs involved, the SSPS
aaa]g;;g was recently expanded to determine the optimum testing interval for
the .

SYSTEM DESCRIPTION

The solid state protection system (SSPS) is designed to injtiate
automatic reactor trips and actuate engineered safety features. It also




provides control signals for some plant systems used in normal operations,
signals to control room monitors and annunciators, and inputs to the plant
process computer, These functions are provided by an array of sensors tied
together by way of a solid state component matrix. For the purposes of this
analysis, we are concerned only with the reactor trip function of the SSPS,
and all further discussions will address only this function

Design and Operation

A simple Tayout of the solid state protection system is shown in Figure
1. The system consists of two trains of solid state logic and actuating
relays that analyze signals developed by four protection channels of bistables
and sensors. The solid state logic determines whether the correct combination
of sensor inputs are present to initiate a reactor trip. The descriptions
below explain the key parts of the system, following the figure from Teft to
right.

Process Sensors

The process sensors monitor the plant conditions. In general, a process
sensor is a train of components consisting of a sensing device, a transmitter,
and a signal modifying device. The signal modifying device takes the raw
signal from the transmitter and applies some predetermined function to it.
This function varies from sensor to sensor, depending on the desired response
characteristics of the signal; it may be as simple as a straight amplification
function or it may be more complex, such as a square root function. In some
cases the signal 1is developed from a combination of inputs from more than one
sensor, and other devices (e.g., comparators, summing networks, or other
calculational circuits) are used to obtain the desired signal. For certain
signals that monitor component states like valve positions, the "sensors" are
usually local contacts, such as limit switches., The sensors are divided into
four channels, each separate from the others, to provide redundancy for each
parameter that is monitored. Some parameters have four sensors, while others
have only three, thus all four channels are not always used. The signals
developed are transmitted by each process device in a given channel to its
associated bistable,

Bistables

The bistables receive signals from the process sensor channels and change
state according to the conditions indicated by the signals as compared to a
preset value (or "trip setpoint") which is set within the bistable. Each
bistable has two pairs of contacts, one connected to each train of the solid
state logic through an input relay. The purpose of the input relays is to
provide electrical isolation between the solid state logic trains and the
reactor protection sensor channels. Regardless of whether a bistable is
normally energized or deenergized, the contact pairs are closed when the
bistable is in its normal state. This generates a signal to the logic trains
during normal operation. When a parameter passes its setpoint, the bistable
changes state and the contact pairs open. This removes the signal to the
logic trains and indicates an out of tolerance condition. Each bistable is
connected only to the associated process sensor channel, For any given
process parameter, usually at least two bistables, in different channels, must
change state to actuate a safety system. Conversely, at Teast two bistables
must fail to change state to prevent a system actuation if it is required.
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Thus, the failure of any one bistable (or the associated sensor train)will
not compromise SSPS functionability, either by causing inadvertant actuation
or preventing proper actuation, In addition, each protection channel receives
its control power from a different source, and therfore the failure of one
power source can cause the failure of the bistables (or sensors) in only one
channel. Depending on the type of bistable (or sensor), this failure will be
in either the normal or the tripped state. However, since for each process
parameter the redundant bistables are in different channels, the same argument
applies, and the functionability of the SSPS s not compromised.

Solid State Logic Trains

The solid state logic trains interpret the signals from the bistables to
determine whether the correct combination of signals exists for the initiation
of aplant trip. Each logic train consists of a number of universal logic
boards, three safeguards output boards (not used for reactor trip), and an
undervoltage output board. These boards perform the various logic functions
required to develop the safety system actuation signals using "positive NAND
logic." This means that the normal state of the inputs to, and the outputs
from, a logic circuit is the presence of a signal (voltage). The presence of
a signal is generally referred to as a "high" and the absence of a signal as a
"Tow" When an abnormal condition occurs in one or more process parameters,
the bistables associated with these parameters change state, opening the
associated contact pairs and thus removing the signal (causing a "Tow' input)
to the associated logic train input. When enough "Tow" inputs occur in a
given circuit to satisfy its particular logic function, a "low" output
results. These outputs are fed to other circuits, At any level, the presence
of a "Tow" indicates an abnormal condition, and when a correct combination of
"Jows" exists, the logic train produces a "low" at one of its ultimate
outputs. Each universal logic board contains three circuits (one four-input
circuit and two three-input circuits). These circuits can be configured to
obtain varjous combinations of coincidence logic, depending on how the inputs
are used, These circuits also alTow the use of an "inhibit" input, which can
be used to prevent a "Tow" output during testing or other conditions when a
bypass is desired. The undervoltage circuit board is a large OR gate, where
the occurrence of a "low" on any of the inputs results in a "low" output. The
undervoltage circuit board is used to transmit the reactor trip signal to the
reactor protection system breakers.

Reactor Protection System (Mechanical)

The mechanical part of the reactor protection system (RPS) consists
basically of the control rods and their driver mechanisms, two rod control
motor-generator sets, two reactor trip breakers, and two bypass trip breakers,
The rods are held out of the core by supplying power from the motor-generator
sets to the drive mechanisms, which keeps an electromagnetic clutch energized
on each mechanism. Removing power from the drive mechanisms by opening one of
the normally closed trip breakers will cause the rods to drop into the core
under the influence of gravity, thereby shutting down the nuclear reaction,
Each breaker is kept closed by energizing its undervoltage coil using the
normally "high" output of the undervoltage output circuit in the associated
solid state logic train. When the undervoltage output circuit goes "low," the
breaker's undervoltage coil deenergizes and the breaker opens, interrupting
power from the motor-generator sets to the control rod drives and causing the
rods to drop into the core. The bypass breakers, which are normally open, are



provided to allow testing or maintenance on one of the trains while the plant
is in operation. When a bypass breaker is closed, any trip occurring in the
associated train will not trip the reactor, since power will still flow
through the bypass breaker. A closed breaker is annunciated in the control
room to inform the operator that only one RPS train is active. A closed
bypass breaker will receive a confirmatory trip signal from the appropriate
(active) logic train in the event a trip condition occurs. The bypass
breakers are interlocked such that any attempt to close both bypass breakers
will result in the immediate trip of all four breakers. In addition to the
automatic signals, the operator can manually trip the breakers by means of
pushbutton switches in the control room.

Testing and Maintenance

Periodic testing is performed on the components of the SSPS 1in accordance
with the pTant technical specifications, While a given train is being tested,
it is completely out of service. The trip breaker for that train is left
open, and the associated bypass breaker is closed. Thus, during testing the
reactor can only be tripped by opening one of two closed breakers, both of
which get their signal from the single active logic train. Whenever any test
switches are in the test position, or a bypass breaker is closed, or an SSPS
cabinet door is open, a general warning signal is activated for the affected
train, which is annunciated in the control room. If any action is taken on
the other train that would result in a general warning, a plant trip will
occur. Thus, it is generally impossible for both trains to have a test switch
mispostioned in the test mode, since if one train had a switch in the test
mode, the plant would trip as soon as any cabinet door on the other train was
opened, whichwould obviously be before any switch positions on that train
could be changed. Maintenance is performed only as needed, Thus, there is no
contribution to SSPS unavailability from scheduled maintenance. Components
found defective during testing or at any other time are repaired as required
in accordance with the plant technical specifications. Obviously, the general
warning interlocks will also prevent double train outage contributions due to
maintenance. Testing and maintenance is discussed in greater detail below.

Process Sensors

The process sensors are tested once per refueling cycle. They are tested
only while the plant is shut down and are verified serviceable before power
ascension. Maintenance is never performed on the process sensors during plant
operation, If out-of-service sensors violate the plant technical
specifications between refueling outages, the plant is shut down so that they
can be repaired.

Bistables

The bistables are tested once a month, Each bistable is isolated from
its input and output during the test. Since this produces a trip signal from
the bistable, the bistable is not considered to be out of service during the
test, A dummy signal is applied to the bistable and varied to verify that the
point at which the bistable changes state is within the proper Timits. A
failure to restore the bistable to service after testing will continue to
produce a trip signal from the bistable. Maintenance (replacement) of a
defective bistable will also result in a trip signal from the bistable output,
since it is not present in the circuit. Thus, there is no test or maintenance
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contribution to unavailability from bistables.
Solid State Logic

Each logic circuit is tested once each month. Each logic train is
equipped with a semiautomatic tester that tests a circuit by applying test
inputs and pulsing them rapidly between the tripped and nontripped states for
all possible combinations of input states. The resultant pulsing of the
output of the circuit is monitored, and green lights indicate that the circuit
is operating properly. If a circuit is bad, a red light comes on, One train
is tested at a time. The operator places the train in test and then tests the
circuits one at a time by rotating a set of function selector dials until all
circuits have been tested. The pulses are of such short that the trip
breakers and safeguards output relays do not have time to change state. The
design of the testing system is such that, even though only one circuit is
being tested at any instant, the entire train is out of service for the
duration of the testing (approximately 2 hours), Maintenance (replacement) of
a defective logic board requires taking the entire train out of service in
order to prevent inadvertant actuation of safety systems, The out-of-service
time for this action is 5 to 6 hours. Logic board replacement is performed
only as needed, there are no scheduled replacements.

Reactor Protection System Breakers

These breakers are tested monthly during the testing of the solid state
logic. The opening and closing of the trip and bypass breakers for the
purpose of taking an actuation train out of service provides for the opening
and closing of each of the four breakers, The sequence of actions follows the
following pattern for each train: close bypass breaker, open trip breaker,
test solid state logic, close trip breaker, open bypass breaker. Maintenance
is performed on the breakers only when one fails during testing. The plant
must be shut down 1in order to perform maintenance on the breaker, 'so breaker
maintenance does not contribute to overall system unavailability.

METHODOLOGY

The system was modeled using standard fault tree techniques, which will
not be described in detail in this paper. The top event of the fault tree was
"failure to shut down the nuclear reaction.” Success was defined as the
insertion of control rods such that no five control rods anywhere in the core
or no three adjacent contrel rods remain uninserted. This definition had no
effect on most of the analysis, since system failure in most cases resulted in
no rod insertion. The only effect was in the evaluation of the probability of
common mode control rod failures resulting in a failure to shutdown
configuration given that the trip breakers opened. The model included all the
components of the SSPS; the sensors, bistables, solid state logic boards,
breakers, and control rods. In addition to component faults, test and
maintenance and human error fault contributors were included. Common mode
failure analysis was applied where appropriate. The data used for the
analysis was taken from a data base developed for the overall PRA from a
variety of sources. The development of this data base was a separate task,
and is not a subject of this paper. Briefly, however, data pertinent to this
analysis and contained within the data base was obtained from different
sources, including WASH-1400 [1], MIL-HDBK-217C [2], and IEEE STD-500 [3] for



component data, NUREG/CR-1278 [4] for human error rate data, and plant
specific experience for test and maintenance data, Additionally, plant
experience was included in the component and human factors data where it was
considered meaningful. The selection of the data source depended on which
source, according to expert judgement, had a better treatment of data for each
particular component or other event.

A number of bounding assumptions were made during the analysis and also
for the subsequent analysis of the optimum test interval. These assumptions
were as follows: .

~ The failure of all components other than the RPS breakers and the
control rods were considered to be independent events, the breakers
and rods were evaluated for common mode failure contributions.

- The input relays that serve as an interface between the bistable
contacts and the solid state logic were ignored because the failure
rate of the relay is much Tower than that of the bistable and the
relay failure affects only one train, while the bistable failure
affects both.

- The nonsafety functions of the SSPS were not considered in the
system models because they do not directly affect safety system
operation and indirect effects are eliminated by electrical
isolation through photo-diode pair coupling of the safety and non-
safety parts of the system,

- The failure rate of the solid state equipment, which is always
energized, is entirely time dependent; that is, there is no demand
contribution to failure.

—~ The failure rate of the trip breakers is a combination of a time
dependent factor and a demand factor, which can be represented by
the following equation;

A = Ag o+ )ST/Z

For monthly testing, the data base gave a total failure rate, A, of
1E-3. It alsogave a spurious actuation failure rate of 1E-6/hr,
which was felt to also be applicable to the standby, or hourly,
contribution to the overall failure rate, Applying these numbers to
the above equation for the monthly test interval (T=720 hrs), yields
a failure rate equation for the breakers for any test interval T of;

A= 6,4E-4 + TE-6%T/2

Using these assumptions, the unavailability of the SSPS scram function was
calculated for the "as built" plant conditions. This determined the expected
unavailability of the trip function and the dominant contributors to this
unavailability. Since the purpose of this paper is to investigate if altering
test intervals will result in a Tower unavailability, calculations were also
performed for various test dintervals, and a curve drawn which shows the
optimum test interval.



RESULTS

The results of the original analysis of the SSPS, which reflect the
existing system configuration and test/maintenance conditions, are shown below
in the form of dominant cut sets (the most 1ikely combinations of component
unavailabilities which would result in system failure).

Cut Set Demand Unavail.
Common mode failure of trip breakers 1. 0E-5
Train A(B) in test AND failure of trip 8.6E-6

logic board B(A)

Failure of trip breaker A(B) AND failure 3.1E-6
of trip logic board B(A)

Failure of trip logic boards A AND B 2.4E-6
Random failure of trip breakers A AND B 1.0E-6

Train A(B) in test AND common mode failure 5.6E-8
of trip breaker B(A) with bypass breaker A(B)

TOTAL RPS UNAVAILABILITY 2.5E-5

As can be seen from these results, common mode breaker failure and test
unavailability are relatively close together as dominant contributors. The
Tast cut set is obviously not a dominant contributor, but it has been included
because it is partly the key to the test interval optimization, as will be
seen next,

As previously stated, the results above were based on the present plant
operating conditions, which includes a test interval for most components of
once per month (720 hours). In order to evaluate the effect of altering this
test interval, the model was reevaluated for test intervals of 2, 8, 24, 72,
168, 336, and 1440 hours. The results of this analysis are shown on Figure 2.

As can be seen in the figure, unavaijlability is minimized at a test
interval of 72 hours (every three days). The cut set values for this test
interval are shown below.

Cut Set Demand Unavail.
Train A(B) in test AND failure of trip 8.6E-6
logic board B(A)
Common mode failure of trip breakers 6. 8E-6
Random failure of trip breakers A AND B 4,6E-7

Train A(B) in test AND common mode failure  3.8E-7
of trip breaker B(A) with bypass breaker A(B)

Failure of trip breaker A(B) AND failure 2.1E~7
of trip logic board B(A)
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Fig. 2: SSPS Unavailability as a Function of Test Interval
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Failure of trip logic boards A AND B 2,4E-8

TOTAL RPS UNAVAILABILITY 1.6E-5

As can be seen from the above table, the unavailability contribution due to
test is now dominant. The top cut set has the same value as before, since
both the test contribution and the logic board unavailabilities are affected
strictly by hourly contributions in equal degree but opposite direction, A1l
of the pure component failure cut sets have declined due to reduction in their
unavailabilities from the more frequent testing. The test contribution which
is now fourth on the list has increased since the test unavailability is
increasing more rapidly than the breaker unavailability is decreasing. Any
further reduction in the test intervals causes this cut set to increase more
rapidly than all the component failure cut sets can decrease, thus increasing
overal Tunavailability

Using the results presented above for the 72 and 720 hour test interval
cases, the overall reduction in unavailability by changing to 72 hour test
intervals from 720 hour intervals can be calculated to be:

(2.5 - 1.6) / 2.5 = 367

CONCLUSIONS

The analysis performed gives a calculated reduction of 367 in scram
unavailability by changing the test interval for the SSPS to 72 hours.
However, it must be remembered that there are uncertainties involved in
calculations of this type. In general, most practitioners of PRA techniques
do not consider any change less than a factor of three to be significant in a
statistical sense. Therefore, while we conclude that shortening the test
interval will probably give some reduction in scram system unavailability, it
is likely that the reduction wil1l not result in a significant reduction in
overall scram failure frequency.
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STATION BLACKOUT : A TEST ON A PLANT AT POWER
LESSONS LEARNED FOR SAFETY STUDIES

T. MESLIN . A. CARNINO , B. PAYEN . A, CAHUZAC

ELECTRICITE DE FRANCE 2 rue Louis Murat 75384 PARIS CEDEX 08 FRANCE

ABSTRACT

The paper describes a test of voluntary cut-off of the external electric
auxiliary sources serving a 900 MWE PWR unit operating at full capacity.With help
of the emergency Diesel generators the purpose is then to bring back the unit to a
safe cold shut-down state,using natural circulation. Lessons learned during this test
are diverse. They deal with the physical transients of the reactor system as well as
with ergonomic and human behaviours of the operators under incident conditions. In
particular the effectiveness of natural circulation without forming any steam bubble
under reactor vessel head was demonstrated,

INTRODUCTION

This paper describes a test of voluntary cut-off of external electrical
power supplying a 900 MWE PWR unit while operating at full power. With the help of
the emergency Diesel generators, the purpose was to bring back the unit to the safe
cold shut-down condition using the natural circulation,

Since this test was performed on a nuclear unit in operation, and since one
of the purposes was to validate a post-incident operating procedure for the first
time on site, the preparation of this transient has been analysed in depth by the
operating staff with the collaboration of other E.D.F, specialists, It has to be noted
that the Safety Authorities had given their authorisation to implement the test.

OBJECTIVES

General scope 3

Electricité de France has begun since several years to study and to re-
write the operating procedures in case of loss of electrical sources. As far as
possible, these procedures are validated on a simulator or a unit in actual operation,
This station blackout test takes place within this general pattern of EDF's policy. As
the conduct of the test involved numerous aspects, the objectives were also diverse :

Knowledge of the physical transients :
- analysis of the reactor system behaviour under natural circulation
during the phases of stabilization, boration and safe cold shut-down
without formation of a steam bubble under the reactor vessel head ;
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- the plant auxiliary systems behaviour during the transient i.e.
operation of emergency Diesel generators auxiliary feedwater system
(A.F.W.) as well as condensate system,

Validation of the incident operating procedure :
- technical contents
- ergonomic aspects ¢ understanding, task distribution, work load.

Observation of the human behaviour during an unusual and long transient,

Qthers lessons @

Various lessons will be learned from this test such as technical
recommendations for other incidental and accidental procedures and on site
validation of the accident program used on the full scale PWR 900 MW training
simulator.

TEST CONDITIONS

- Plant status

. the test was performed on 1983, August 17 on the Unit n°® 3 at
DAMPIERRE-EN-BURLY (900 MW 3 loops)

. a few moments prior to the test, the reactor power was brought down
to about 50 per cent of its full capacity.

. the burn-up was 9577 MWDay/1.

. the two Diesel generators were started 10 minutes before the test.

. the plant status was meeting the required technical operating
specifications :

Operating crews

In the normal framework of the local training program, most of the
operating crews had been given a course on the new procedure to be used during this
transient, However, on account of the holyday period, a part of the morning crew
was not aware of the test, The Safety Engineer was new in his job (1 month) but was
aware of the schedule of the test,

Operating means

All the usual operating means were available, A graphic table had been
added in order to record the primary pressure and temperature,

Procedure-Scenario of the transient

In case of station blackout, the incident procedure requires, after the
stabilization phase, to inquire about the expected time of the return of the external
electrical sources, If no source is anticipated within 2 hours, it is required to put the
reactor on cold shut-down conditions (scenario of the test),

At first, the loops are borated, then, the pressurizer, after that the
primary circuit is cooled down by natural circulation until the Reactor Decay Heat
Removal System conditions are reached,

If AC power is available early, it is required to wait in hot shut-down

status,

When reaching 177°C, 27 bars, the test is deemed finished, The external
electrical supplies are declared available and the plant is re-started with the use of
the normal operating procedures.
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TEST ANALYSIS (tables 1-2-3, figures 1-2)

Test chronology (cf. Tables 1-2) :

The station blackout is initiated at 2.24 a.m., The various automatic
protective signals are actuated : reactor trip, turbine trip, normal feedwater system
isolation, auxiliary feedwater system actuation, emergency Diesel generators
actuation...

Table 1 describes precisely the main automatic actions which occurred
during the first 5 minutes into the transient.

Stabilization of the primary loops is reached half an hour later. Primary
circuit boration is performed from 3 am to 7 am, At 7 am, it is decided to initiate
the cooling by natural circulation in order to reach the cold shut-down conditions.
The cooling rate is then constant at 10°C/hour. The depressurization is at first
"natural" and then monitored by following a track on the left border of the
authorized natural circulation operating area (cf. figure 1) in order to prevent
bubbling underneath the vessel head. At 7 pm, the conditions are met for switching
on the Decay Heat Removal System. The bubble formation under the vessel head
highlighted during the 1977 St-Lucie incident has been avoided. No major problem
has been met during the course of the test.

Control actions from the operators (figure | - 2) :

Immediate actions

According to the usual operation practices at E.D.F. the first phase in the
case of an incident is to verify and to "confirm" automatic and protective actions,

In the case of this test, the first phase lasted about ten minutes. The main
automatic actions occurred correctly, but the operators had to start up manually
several auxiliary ventilation systems.

Pressurizer level and pressure

The Charging and Discharging System (CVCS) remains in operation during
such a transient. Immediately after the turbine trip signal, the closure of the main
steam inlet valves involves a transitory heating of the primary loops with a raise of
both pressure and level in the pressurizer. The opening of the turbine by-pass valves
and the AFWS start-up lead to a fall in temperature and pressure, The pressure falls
down to 148.5 bars and then goes up as a result of the pressurizer heaters. Without
the normal pressurizer spray, the pressure can go over 156 bars ; consequently, the
operator uses alternately the auxiliary spray or the pressurizer heaters. The
pressurizer level follows the pressure. The operator governs it manually and tries to
<3:ontrol the auxiliary spray flow. The stabilization of those parameters is reached at

.30 a.m.

Primary temperature and steam generators levels

The start-up of the whole AFW system leads to a feedwater flow of over
50t/h per steam generator (S.G.) and consequently a rather quick cool-down of the
S.G. At first, the temperatures of hot legs and cold legs become equal ; then the At
increases between the cold point, (S.G. outlet), and the hot point, (vessel outlet). As
soon as the tis large enough, the natural circulation starts to establish,

The At is ranging about 15°C between hot and cold legs during the first
hour of the test, and the average temperature of the loops is 272°C.




223

Boration
The technical specifications require operators to borate the primary circuit
while respecting the following rules :

- reach adequate negative reactivity
- maintain a difference smaller than 50 ppm between primary loops and
pressurizer.

The primary loops were borated at first during ! hour 45mn. Then the
pressurizer was borated through the auxiliary spray system.

At 6.30 a.m., the negative reactivity condition was widely respected, but
the difference of 50 ppm was unachievable. Nevertheless it was decided to continue
the test : the boron concentration in the loops was good enough to justify it despite
the fact that the pressurizer concentration was too low.

Cool-down and depressurization (table 3)

The cool-down operations begin at 7 a.m., with the cut-off of the
pressurizer heaters and the use of the atmospheric relief valves. In this first period,
the pressure decreases slowly while the operator conducts the cooling process at a
rate of 15°C/h. The goal is to meet and to follow a track on the left border of the
authorized thermodynamic domain, :

After this first step, the cooling rate will be of about 10°C/h and remains
almost constant during the whole test,

In this way, the depressurization is almost natural and does not necessitate
particular operations before reaching 130 bars.

After this period, the use of the auxiliary spray system will be more and
more frequent and will last longer since its efficiency decreases, while the pressure
decreases. It was demanded about 15 times before reaching 27 bars.

The 10°C/h cooling rate is slow enough to enable the operator to control
the cooling operations without any perturbation.

On another hand, this rate gives an absolute guarantee against the risk of
formation of a steam bubble under the vessel head.

General view

The general results of these different steps are summarized on table 1. The
cooling in natural circulation has been on for about 12 hours, The average cooling
rate was 9°C/h and the depressurization rate about 9,5 bars/hour.

Special remarks :
AFWS behaviour

The AFW system did operate without any major problem except as regards
the speed governor of the steam driven pump.

The total water used was = 640 tons.

For this reason, the auxiliary water tank must be immediately refilled
after the beginning of the transient (from the adjoining unit).

Boration

The boration duration was quite longer than scheduled. It appears
practically impossible to make simultaneously homogeneous the boron concentration
in the loops and in the pressurizer. Following this test, new directions will be given
to borate the primary system in case of natural circulation in order to warrant
enough negative reactivity and not to loose too much time.

Primary pump seals

CVCS was in use all through the transient, No major problem was
encountered in connection with the pump seals, except some transitory surges of
n® 2 seal leakage flow rate.
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Secondary circuit

At 4 a.m., some water hammer occurred in the condensate systems' pipes.
This phenomenon was not expected and resulted from some valves staying opened
due to the loss of power and thus connecting those pipes with the vacuum of the
main condenser.

Human behaviour :

During this test, we had the opportunity to observe individual and team
behaviour, communication problems, work-load and responsability sharing. We can
stress on the following items.

Written procedures have been used and followed during all the test. We
were very impressed by the good quality of team behaviour, first considering the
relation between the successive teams during the shift turn-over : every operator
explained to his follower what happened and summarized the main events that
occurred. Most of the operators stayed in the control room a long time after the
planned hours of shift turn-over. Every shift beginning its work checked all the
information given by the previous team.

As far as work-load is concerned , it appeared that the planned work-load
was not well shared among all the operators.

It was also noted that, when operators have to perform an operation in a
way different from the usual one, due to the transient situation, they are reluctant
to change their normal operation routines. It then should be recommended that the
operating modes required under abnormal conditions be as close -as possible to the
normal operation modes.

There were some problems regarding communications between the control
room and the Nuclear Auxiliary Building and we noted that information feed-back to
the control room is not planned in the procedure.

As a final remark, we may say that after 12 hours, the attention of the
operators was noticeably less sustained than at the beginning, may be since
ererybody thought that everything was correctly fixed.

CONCLUSIONS

The new procedure was validated by the test and will be enhanced only by
minor changes in the detail of the operating instructions.

The test did show clearly that it is feasible to bring this PWR system from
normal conditions to cold shut-down, when using natural circulation and without
formation of a bubble under the vessel head. A cooling rate of about of 10°C/hour
gives a confortable guarantee against this risk, It is also important to follow the
left border of the authorized thermodynamic operating domain.

The lessons learned from this test have lead to improve the operation mode
used in other procedures linked with the loss of electrical supply.

From an ergonomic point of view, the test observations were important for
the new incidental and accidental procedure design under development at EDF.,

Eventually, the observation of the operating crew during such a complex
transient has significantly increased our knowledge of operator and crew behaviour
under disturbed situations and helps to develop pertinent human analysis tools.



225

Table | : TEST FIRST 5 MINUTES CHRONOLOGY

DATE A TIME EVENTS
2 h24' 29" to=0 sec Initiating Event {loss of power)

24' 29" 0,06 sec Turbine Trip
24' 29" 0,14 sec Main Breaker opening
24' 30" 1 sec Turbine by-pass opening
24’ 35" 6  sec Primary pumps Trip

. 24’ 35" 6  sec Reactor Trip
24’ 35" 6  sec Nuclear power < 40 %
24' 36" 7  sec Nuclear power < 30 %
24' 37" 8 sec AFW Starting
24' 37" 8 sec Feedwater pumps in service
24" 37" 8 sec Nuclear power < 10 %
24' 38" 9  sec Electrical supplies switching
24" 41" 12 sec Steam Generator drains closed
24' 45" 16 sec Feedwater closed
30" 25" 5mn 56 sec Primary temperature < 284° C




Table Il : TEST CHRONOLOGY

DURATION
|
TEST PHASES MAIN ACTIONS BEGINNING END PARTIAL TOTAL
Immediate Actions Conﬂrr?anon.of automatic 2h24 2h30 6 mn 6 mn
protective actions
e Control of L. and P pressurizer 2h30 3h15 45 mn
Stabilization Control of S.G. level 2h30 3h 30 mn 45 mn
Loops boration 3h15 5h 1h45mn
Boration Pressurizer Boration 5h10 6 h 30 1Th20mn 3h45mn
CVCS Relinning 6 h 30 7h 30 mn
Cooling/depressurization 7h 19h25 12h 25 mn 12 h 25 mn
TOTAL 17h

9¢Z¢



Table 11l : PARAMETRES EVOLUTION

TEST PHASES INITIALT &P FINAL T &P DURATION _'I_AVERAGE RATESP
Stabilization 155 bar 145 bar 5h
Boration 303°C 290°C 0
Cooling to the 145 bar 118 bar 7h 10°C/h 4bar/h
Left board 290°C 225°C
Cooling following 118 bar 72 bar
the left board 225°C 177°C 4h 12°C/h 12 bar/h
Depressurization 72 bar 27 bar
to the RHR 1h 30 0 30 bar/h
conditions 177°C 177°C

Lee
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EVALUATION OF PRIMARY COOLANT LEAKS AND
ASSESSMENT OF DETECTION METHODS

P. Cassette, C. Giroux, H., Roche and J.J. Seveon

Commissariat & 1'Energie Atomique
Institut de Protection et de Siireté Nucléaire
Boite Postale n® 6
92260 Fontenay-aux-Roses, FRANCE

ABSTRACT

A review of the French PWR situation concerning primary coolant
leaks is presented, including a description of operating technical
specifications, of the collecting system of primary coolant leakage
into the containment and of the detection methods. It is mainly
based on a compilation over three years, 1981 to 1983, of almost all
actual leaks, their natures, causes, consequences and methods used
for their detection. By analysing these data it is possible to
evaluate the efficiency of the primary coolant leak detection system
and the problems raised by compliance with the criteria defined in
the operating technical specifications.

INTRODUCTION

The integrity of a PWR primary coolant containment is ensured by strict
criteria taken into account at the stages of design, manufacture and produc-
tion. During normal operation, strict limits are defined in technical speci-
fications.

Nevertheless, the primary containment is not completely leaktight and any
leakage of primary water has to be detected. Moreover, the importance for
safety of such leaks depends on location, nature, flow rate and duration.
Therefore, it is important that, at any time, the operator should be able to
detect and locate a leak by means of a reliable and sensitive system intended
for that purpose.

This paper aims at reviewing the situation of French PWRs in regard to
primary coolant leakage. It is mainly based on a compilation of all actual
leaks -their natures, their causes, their consequences, methods used for their
detection- between 1981 and 1983. However steam generator tube leakage and
reactor coolant pump seal failures are not taken into account. The analysis of
these data makes it possible to assess the efficiency of primary coolant leak
detection system and to raise problems related to compliance with the criteria
defined in operating technical specifications. These two points are presented
first.
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OPERATING TECHNICAL SPECIFICATIONS

French regulations related to primary circuit tightness are based on
requirements of Regulatory Guide 1-45 : "Reactor Coolant Pressure Boundary
Leakage Dectection Systems" (1973).

French operating technical specifications distinguish two types of
leakage : )
- quantified leakage is leakage collected and conducted to a tank ‘and
monitored for the flow rate,
- unquantified leakage is all other leakage.
They set up conditions for normal operation and corrective actions as fol-
lows
- with any unquantified leakage greater than 2.3.10-! m3/h hot shutdown
should be reached within 4 hours and cold shutdown within 24 hours,
-~ with any quantified leakage greater than 2.3 m3/h cold shutdown should be
reached within 10 hours.

Moreover leak detection systems have been analysed and approved by safety
organisms at the same time as the whole design of the plant. They are described
in detail hereafter.

COLLECTING SYSTEM OF PRIMARY COOLANT LEAKAGE INTO THE CONTAINMENT

Detection methods of primary coolant leakage are strongly dependent on
their collecting system design. It is therefore important to describe it, even
briefly. For this purpose two kinds of leakage will be distinguished :

- designed collected leakage which is especially conducted to a tank and
which may be characterized by the fact it is confined in a closed system
from the source to the collecting tank,

- designed uncollected leakage is all other leakage which is, strictly
speaking, collected (at least by the containment general sump or another
sump or tank) but which is not confined and can spread over the contain-
ment atmosphere.

Collected Leakage

In the reactor building there are three tanks designed to receive col-
lected leakage ; their characteristics are indicated on figures 1 to 3. The
three tanks are fitted with monitoring equipment (pressure, temperature,
level) ; some of the measurements are recorded in the main control room and
alarms and automatic actions are associated with them.

Note that criteria for collecting valve stem leakage are as follows :
valves of radioactive circuits (reactor coolant system, chemical and volume
control system, residual heat removal system, safety injection system, nuclear
island vent and drain system) if their nominal diameter is greater than
5.10-2 m or if they are regulating valves.



Uncollected Leakage

Uncollected leakage may lead to water or vapor spreading over the con-
tainment ; it is collected in the containment sump either straight to it or
undirectly for some particular leaks with which specific detection means are
associated : they are detailed hereafter.

- Reactor cavity
The bunker of reactor vessel pit is a water holdup point. Its level is
monitored and an alarm warns the operator in the main control room if the
water level reaches 5 cm. A draining line, normally isolated, is connected
to the containment sump.

- In core instrumentation room
This room is fitted with a leakage detection system quite similar to that
of the reactor cavity. Draining line to the containment sump is normally
isolated.

- Settling tank
It is normally designed for collecting any oil leakage from primary
pumps. This tank also collects floor drains from primary coolant pump
bunkers. Its level is monitored ; it can be drained into the containment
sump and any overflow is conducted to it.

DETECTION METHODS OF PRIMARY COOLANT LEAKAGE

Among the different means for the operator to know the confinement state
of the second barrier especially with respect to the operating techmical
specifications, we shall distinguish :

- primary leakage quantification methods with which specific detection
means are associated,
- primary leakage detection and location methods.

Quantification methods

Among the different quantification methods originally envisaged, Elec-
tricité de France developed four of them, based on the following measurements :
- chemical and control volume tank level,
- sump level and flow monitoring,
- airborne gaseous radioactivity,
- air cooler condensate flow rate.

The two first methods only are actually operational. Airborne gaseous
radioactivity monitoring does not allow quantification of primary leakage but
still remains a useful detection means. Monitoring of condensate flow-rate
from air cooler allows neither quantification nor detection of any primary
leakage. This method therefore has been dropped and plants are no longer
equipped with it. A new automatic method was designed and is currently tested
at Cruas unit 3.
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Chemical and volume control tank method (total primary leakage)

This consists of estimating the weight balance of primary coolant during
a given period of time by monitoring the chemical and volume control tank
level. A part from this, the following parameters are taken into account
pressurizer level variation, primary coolant volume variation, makeup and
release volumes during the same duration. When the reactor is in steady-state
operation, the operator tries to avoid any makeup or release so as to simplify
the method and increase its sensitivity and accuracy (about 150 1/h for a 2 h
test and 75 1/h for a 4 h test). In load-follow operation, for application of
this method, the release and makeup volumes during the test period are to be
evaluated. Installation of volumic counters on the two lines should make this
evaluation easier and more accurate.

Containment sump method (unquantified leakage)

This method is closely dependent on primary leakage collecting system
design in which discrimination between quantified and unquantified leakage is
achieved. It is based on level indications and pump operation observation. As
this sump collects primary leakage as well as secondary leakage, samples have
to be analysed to evaluate the respective part of each type of leakage.

Evaluation of quantified leakage flow-rate

It may be done either by measuring leakage flow-rates conducted to the
3 collecting tanks or by calculating the difference between total and
unquantified leakage flow-rates.

Automatic method of leakage evaluation

A code has been developped which allows, mainly from existing instru-
mentation (analog instrumentation, on-off signals), calculation of the total
amount of primary coolant leakage : total, quantified and unquantified leakage
rates.

The total primary leakage is evaluated by calculating at regular inter-
vals the total weight of a reference volume which includes primary coolant
system and chemical and control volume system. In order to improve the calcu-
lation accuracy, essentially dependent on non linear variations of water
density, this reference volume is "meshed" in 19 elementary volumes each
weight of which is calculated. The total leakage flow-rate is the difference
between two average weights from about 10 calculated values corrected if
necessary for makeups and releases.

The quantified leakage rate is also calculated by this code thanks to the
collecting tank instrumentation ; the unquantified leakage rate is obtained
from the two previous leakage rates provided some validations have been done.

This method, currently tested at Cruas unit 3, would be a great improv-
ment of the primary leakage detection and quantification systems and would
decrease the detection delay.
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Detection and location methods

Four types of detection means may be distinguished :

detection means specifically associated with primary leakage quanti-
fication methods (table I),

detection means associated with particular leaks either unquantified or
quantified leaks (table II) ; it clearly appears that for most of them,
leakage flow-rates must not reach limiting conditions set up by technical
specifications. It would be more consistent to complete them by taking
into account these particular leaks,

detection means such as : airborne gaseous radioactivity in the contain-
ment, containment pressure, containment temperature, fire alarms,

routine inspections.

The second and fourth types allow location of the leakage. For the third
fire alarms generally give an approximative indication of location.

Otherwise the best way to locate leaks remains local inspection.

: LEAKAGE NATURE DETECTION MEANS :

Chemical and volume control tank : :
: : - visual detection on the level recording :
H : - makeup frequency :
H : - routine measurement :

: Total leakage

Unquantified : General containement sump : :
leakage : - level alarms :
: - lifting pump operation :
: - routine measurement :

Pressurizer relief tank : :
- level and temperature alarms :
Process drain and reactor coolant drain tanks : :
- level alarms :
- pump operation H

Quantified
leakage

Table I - Detection means specifically associated
with primary leakage quantification methods
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AFFECTED SYSTEM

OR COMPONENT DETECTION AND LOCATION MEANS

: Component cooling system (u) : - Radioactivity alarms H
: = Storage feedwater tank level alarms :

: Safety injection accumulator ta?ﬁi ! Level alarms

: In core instrumentation room (u) : Level alarms

: Reactor vessel cavity room (u) : Level alarm
¢ Primary pump bunkers (u) : Settling tank level monitoring
: Primary pump seals n°® 2 (q) : High flow-rate alarm

: Reactor vessel seal n° 1 (q) : Level alarm

: Reactor vessel external seal (q) : Temperature alarm

: Pressurizer relief valves (q) : Temperature alarms

: Various other safety relief valves : Temperature probes or shift
(q) : indicators

TABLE II - Particular leaks among unquantified (u) or quantified (q)
leakage and specific detection means associated with them

OPERATING EXPERIENCE

This study covers 70 incidents which occurred between 1981 and 1983 and
collected in Electricité de France incident reporting system. Steam generator
tube leakage and reactor coolant pump seal failures are not taken into
account.

Initial condition and mode of operation reached after the incident

Initial condition Mode of operation reached
Power operation Power operation ..... 4
36 Hot shutdown ....... 18

Cold shutdown ...... 14

Hot shutdown Hot shutdown ....... 6
15 Cold shutdown ...... 7
Unknown .......coeens 2

Cold shut down : 12
Discovered during shutdown : 7
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It should be noted that among the 36 incidents which occurred when the
reactor was at power, the limit value set up in the technical specifications
for the flow rate leakage was reached for only 20 of them ; in those cases
implementation of .required actions was always correct. In other cases, ope-

rators anticipated the required actions.

Main causes of primary leakage

The main components involved in primary leakage are as follows :
a) valves : packing gland leaks, upstream-downstream leaks
b) reactor coolant pump casing seals
c¢) diaphragm flange connections
d) heat removal exchangers
e) glass inspection windows on purge lines.

a) Valves : In 1982 and 1983, the behaviour of valves as regards packing
gland leakage was considerably improved, through action taken by
Electricité de France : manual valve back-seating, implementation of new
specifications concerning valve stem leaktightness. Problems still remain
on pressurizer continuous spray valves and on motor-operated valve of the
charging line inside the containment.

The components affected by upstream-downstream leakage are mainly
the pressurizer relief and safety valves. Though these leaks are very
low, their potential consequences are important : hydrogen release to
pressurizer relief line and tank, suppression of safety valve water plugs
thus making safety valves open at a pressure different than their set-
point.

b) Reactor coolant pump casing seals : Although these leaks are very low,
these incidents, generally detected during refueling outage by boron
deposit on the casing, must be considered as break forerunners. They are
essentially due to inadequate stud tightening torque and to insufficient
seal quality. Corrective actions have been taken such as improvement in
seal quality, increase of tightening torque and reinforcement of periodic
controls.

Diaphragm flange connections : These leaks occurred mainly on reactor

coolant system temperature by-pass loops during temperature and pressure

transients. The replacement of these flange connections by welded joints
is still under study at Electricité de France.

d) Heat removal exchangers : These leaks occurred during reactor heat removal
system (RHR) actuation transients on exchanger threaded flange. The
improvements of RHR exchangers is still under study (seal modifications,
changes in studs tightening torque, modifications of exchanger pipe
supports...). Otherwise the RHR actuation procedure has been changed to
minimize pressure and temperature transients.

e) Glass inspection windows on purge lines : The glass inspection window
breaks mainly occurred during manual actions on reactor coolant tempera-
ture by pass loops. Procedures have been changed to solve this problem.

~

c

Primary leakage consequences

Reactor coolant leakage may be considered as a forerunner of a break in
the second barrier. Besides, these leaks often present some drawbacks which
make reactor operating more difficult and reduce plant safety : releases of
radioactive and borated water or steam into the containment, reduced capacity
of collecting tanks, hydrogen releases, ferritic steel corrosion due to boric
acid.
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Main problems encountered on French units from 1981 to 1983 due to
primary coolant leaks are as follows :
- valve stud corrosion ; EdF is replacing all ferritic steel studs by
stainless steel ones on valves in contact with borated water,
~ hydrogen fire on a pressurizer relief valve,
- in core instrumentation system spray due to leakage on valve packing
glands, ’

Leakage detection and location

As concerns the primary coolant leakage detection the main points drawn
from the examination of significant incident reports are as follows

a) in normal operation, the main indicator of a primary coolant leakage is
the behaviour of the chemical and volume control tank monitoring level,

b) this indication of primary leakage is often confirmed by simultaneous
indicator such as: containment radioactivity, containment pressure, tank
and sump levels (reactor coolant drain tank, process drain holdup tank,
containment general sump, in core instrumentation room sump, pressurizer
relief tank),

c) some particular leaks are detected by local fire alarm actuations ; for
instance leaks into primary coolant pump bunkers and stem leakage of the
containment isolating valves on the charging line which are thus easily
located,

d) upstream-downstream leaks of the pressurizer relief and safety valves are
detected thanks to alarms generated by the temperature probes on the
relief lines.

Primary coolant leakage location, particularly uncontrolled leakage,
seems to be rather difficult and is currently visually achieved by local
inspections.

CONCLUSIONS

The French PWR situation concerning primary coolant leakage was assessed
on the basis of the analysis of leaks which occurred over three years, 1981 to
1983 (except steam generator tube leaks and reactor coolant pump seal failures) ;
it may be characterized as follows :

- the main components involved in these incidents are valves and, to a
lesser extent, primary pump casing seals ; actions have been taken or are
planned to reduce their reoccurrence as well as their consequences,

- no problem arised from the primary coolant leakage detection system and
thus from the leakage collecting system design. Nevertheless, the leakage
detection delay and the method sensitivity can't be accurately apprecia-
ted. However, the forthcoming implementation of a new automatic method of
primary leakage evaluation should improve its reliability and decrease
the detection delay,

- for all reported events, the application of operating technical speci-
fications was correct and in some case, anticipated.
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ABSTRACT

The French safety authorities have undertaken a systematic eva-
luation of the safety of old nuclear power plants. Apart from a
complete revision of saféty documents (safety analysis report,
general operating rules, incident and accident procedures, internal
emergency plan, quality organisation manual), this examination
consisted of analysing the operating experience of systems frequen-
tly challenged and a systematic examination of the safety-related
systems. This paper is based on an exercise at the Ardennes Nuclear
Power Plant which has been in operation for 15 years. This paper
also summarizes the main surveys and modifications relating to this
power plant.

INTRODUCTION

French safety authorities have undertaken a systematic evaluation of the
safety of old nuclear plants.

Indeed, it has become apparent that these installations, which were not
designed to present safety criteria, should be the subject of a reevaluation
primarily designed to establish their global safety level in relation to power
plants satisfying current requirements.

The first dinstallation to have been reexamined in this way is the
Ardennes Power Plant (CNA) which has been in operation for approximately 15
years. Consequently this paper describes the process adopted by the Institut
de Protection et de Siireté Nucléaire (IPSN) which is the technical arm of the
French safety authorities, through a reexamination of the safety of the CNA.
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PROCEDURE USED FOR REEVALUATING THE SAFETY OF THE
ARDENNES NUCLEAR POWER PLANT

The basis for reevaluating this installation was a complete revision of
the safety documents undertaken by the licensee at the request of the safety
authorities (safety analysis report, general operating rules, internal emer-
gency plan, quality organisation manual). Its preparation included all studies
undertaken by the licensee in order to improve the plant's safety and led to
modifications both to the design and to the operating rules.

This reexamination therefore involved close cooperation between the
licensee and IPSN.

The basic idea behind this safety reevaluation was to endeavour to
establish the global safety level of the CNA in relation to 900 MWe pres-
surized water reactor power plants. For this purpose it was not considered
necessary to make a systematic analysis of all systems important from a safety
point of view.

Indeed, it seemed more appropriate to adopt different approaches depen-
ding on whether the system being analysed was frequently (or even permanently)
used or on standby during normal operation of the power plant.

In the case of systems frequently used, experience in operating the power
plant provided knowledge of each of them which was considered sufficient in
order to assess their suitability for fulfilling the function for which they
were designed. The operating evaluation was drawn up on the basis of anomalies
and incidents occurring during operation as well as modifications made over
the years.

In the case of safety related systems for which there is insufficient
operating experience, the procedure adopted was to analyse each systematical-
ly, without it being required that they should satisfy all safety criteria
applicable to 900 and 1300 MWe pressurized water power plants ; a study was
carried out to assess them in relation to what is today considered to be an
acceptable safety level and was in two stages :

- a comparison of the system in relation to current design criteria,

- identification of problems in order of importance taking account of
the various aspects of the system (incidents, maintenance, periodic
testing, procedures...).

Further, two different approaches were adopted with regard to design
problems and operating rules.

The design criteria for 900 MWe pressurized water reactor power
plants were used as a reference for reexamining safety of the CNA and
only those design modifications which were of interest from a safety
cost-yield point of view were requested.

On the other hand, with regard to the general operating rules
(technical specifications, procedures...) it was considered necessary
that CNA should benefit from the considerable improvements made in this
field. It was therefore decided to adapt the CNA operating rules on those
of 900 MWe pressurized water reactor power plants allowing, of course,
for that power plant's specific features.
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In some cases the modifications to equipment necessary to bring safety up
to a level comparable with that now in force were such (due in particular to
the absence of redundancy and/or independence) that it was considered prefera-
ble, in agreement with the licensee, to give priority to a study based on
complete loss of the function with a view to establishing the procedures to be
applied in such a potential occurence. All the more so, since some specific
features of CNA could have a favourable effect on the consequences of total
loss of function as compared with the analysis made of 900 MWe pressurized
water reactor power plants. '

At the same time that this work was proceeding the licensee was also
asked to undertake a reevaluation of margins relating to the risk of a vessel
embrittelment. This point will not however be considered in this paper.

MAIN ACTIONS INITIATED OR UNDERTAKEN DURING THE SAFETY
REEVALUATION OF THE ARDENNES NUCLEAR POWER PLANTS

- Reexamination of the CNA site

Given the period at which the CNA was designed, site related safety
aspects were not considered as comprehensively as now. If was for this reason
that it was thought important that a complete reexamination should be made
during this reevaluation.

At the end of this work, the only point requiring particular conside-
ration related to checking the power plant's seismic resistance (NRC-RG-1.60
spectrum 0.1 g). In view of the opinion of experts it was decided to limit
this study to an examination of the behaviour of the primary system and its
supporting structures, to verifying the resistance of the emergency shutdown
and removal of residual power systems as well as the spent fuel pool.

- Experience of the main nuclear .systems

An operating evaluation was made for the following systems
- chemical and volumetric control system,
- residual heat removal system,
- auxiliaries cooling system,
- raw water system,
- compressed air system,
- ventilation system,
- normal feedwater supply system,
- emergency power supplies.

The reliability of these systems was assessed on the basis of incidents
arising on the various items of equipment making them up, on information
obtained from preventive maintenance and periodic testing, as well as on
modifications made to the systems. This survey was carried out on the opera-
tion period of CNA before the safety reevaluation (1968 to 1982).

This operating evaluation showed that the various problems arising during
operation had been resolved by corrective measures whose effectiveness has
been confirmed by experience.
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Only the emergency power supplies were not satisfactory from a safety

point of view. Indeed, the CNA having been designed some 20 years ago, the
principle of separating redundant trains was not applied : equipment was
grouped by function and all power supplies are located in the same building.

Three lines of action were followed in parallel in order to study and

improve this situation :

1

limitation of potential causes of a loss of power supplies (improved fire
protection, physical separation of equipment as far as possible),

study of the loss of external and internal power supplies,

installation of new emergency generators as part of the new auxiliary
feedwater.

- Systematic analysis of the safeguard systems

Safety injection and containment spray systems

In this plant, the two "safety injection" and 'containment spray"
functions are linked and use the same pumps for the recirculating phase.
It was for this reason that the systematic study of these two systems was
carried out in parallel.

A survey was made on the basis of 900 MWe pressurized water reactor
plants of the essential differences in equipment and operating modes
during the successive phases of safety injection and containment spray as
a function of different break sizes and consequently of the pressure
evolution in the primary system.

Following this comparison, the main studies and measures undertaken
to improve the safety of the reactor containment, safety injection and
spray systems aimed to :

- a minimization of the risks of human failure during switch over from

"direct injection" configuration to "recirculating" configuration,

- an accommodation of all possible operating situations and in par-
ticular to be able to inject and cool the water in the containment
sumps if primary fluid pressure remains high (as in the case of
small breaks),

- an improvement of the automatic initiation of the 'safety injection'
and '"containment spray'" systems.

Figure 1 shows the main modifications which it has been decided to
make to these systems.

In order to reduce the causes of single failure, the licensee
intends to double all valves involved in the safety injection sequence
and which could by a single failure result in loss of the safety
injection and/or containment spray functions.

On the existing circuit, those valves whose position changes during
switch over from '"direct injection" configuration to "recirculating"
configuration are manual, with the exception of the valve located imme-
diately at the sump suction, which is pneumatic. Therefore, such a change
in configuration requires local operation by operators in order to align
the system. Given the risk of human error involved and the problem of
accessibility to the various rooms where the equipment to be operated is
located, the licensee intends replacing all the manual valves involved by
two motorized valves installed in parallel.
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During the recirculating phase, the cooling function for the primary
fluid sucked in the sumps is provided by the residual heat removal system
exchangers which are not designed for high pressures. In order to ensure
the sump water injection and cooling functions should primary fluid
pressure remain high, the licensee intends to divide the output of the
injection pumps into two : ome part will be directly reinjected at high
pressure into the primary loops and the other will be depressurized to
circulate in the residual heat removal system exchangers so as to cool
the water contained in the sumps by means of the spray system.

At the CNA, the safety injection sequence is initiated by a coinci-
dence of the pressurizer low pressure and low level signals. This feature
was not modified by the licensee following the TMI in oxder to avoid
spurious safety injection which, in the case of CNA, would involve a
delicate operating transient. Indeed, initiation of the safety injection
sequence involves complete isolation of the containment and in particular
loss of cooling of the primary fluid by the steam generators. Instruc-
tions in the control room require the operator to startup safety
injection on the "pressurizer low pressure" criterion. After discussion
with the plant staff it was decided to eliminate coincidence of the 2
signals and to maintain only the pressurizer low pressure signal, whilst
at the same time modifying the containment isolation function by intro-
ducing a 2 phases isolation identical to that already existing on 900 MWe
pressurized water reactor power plants. This modification will also
permit automatic initiation of the spray sequence which is up to now
manually controlled from the control room on a containment high pressure
criterion.

Auxiliary feedwater system

The auxiliary feedwater system was designed to accomodate loss of
offsite electric power supplies by ensuring maintenance of the unit at
hot shutdown for a period of the order of 15 to 20 h.

The design of the system is such that it does not permit switching
from hot shutdown mode to intermediate shutdown mode where pressure and
temperature can be controlled by the residual heat removal system.

After systematic analysis of this system it became apparent that it
was unable to cover the following situations :

- loss of normal feedwater,

- loss of external and internal power supplies,

-~ small and medium sized breaks in the primary circuit combined
with loss of outside power supplies,

- breaks in secondary system pipes combined with loss of offsite power
supplies.

Given this situation, the licensee has decided to install a new
auxiliary feedwater system for the steam generator satisfying all present
safety criteria (see figure 2).

This modification is the most important resulting from the ree-
valuation of this power plant's safety.
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It was also considered important as part of the CNA safety reevaluation
to examine existing arrangements to mitigate, as far as possible, the conse-
quences to the power plant personnel and the environment of accidental and
post-accidental conditions.

In the case of CNA, the primary system as well as the auxiliary systems
are installed in two separate containment vaults ; given this intallation and
a few relatively minor adjustments it was considered that the reactor vault
containment and that of the nuclear auxiliary vis & vis the environment was
satisfactory.

The two main studies undertaken following this examination relate to
conditions of access to equipment necessary in a post-accidental situation and
also to the qualification of the electrical and mechanical equipment under
accidental conditions.

- Revision of safety documents

Simultaneously with these improvements to the power plant, the licensee
undertook a revision of the safety documents.

These include the quality organisation manual, the general operating
rules, the incident and accident procedures.

Two priorities were established in applying the new quality organisation
manual. The first relates to the drafting of the technical specifications for
all Q.A. equipment. In carrying out this work the operator came up against
many difficulties arising from the age of the equipment, in particular when
the supplier of the equipment was no longer the original manufacturer. The
second priority relates to the application of the new quality organisation
rules for maintenance of the primary system and safety grade systems equip-
ment.

With regard to the revision of the general operating rules, the licensee
has been mainly concerned to improve the operating technical specifications.
These latter have been improved by adapting technical operating specification
of 900 MWe pressurized water reactor power plants to the CNA.

Revision of all the CNA accident and incident procedures is in progress,
It is based on studies made for 900 MWe pressurized water reactor power plant
procedures and has sought to quantify as much as possible the diagnosis cri-
teria and those applicable to the choice of measures to be taken. The safety
authorities have also requested that this revision should include checking
consistency between procedures and design ; in particular verifying the
accessibility of equipment necessary for the application of accident proce-
dures.

CONCLUSIONS

Reevaluation of the safety of old nuclear power plants provides amn ove-
rall view of the plant in relation to safety criteria in force at the time. In
the case of the CNA this was not intended to be an exhaustive analysis of the
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plant but was directed to highlight those aspects considered to be most impor-
tant to the safety of that power plant. Given the programme of studies and the
modifications undertaken, this examination has resulted in a favourable
assessment of the suitability of this power plant for continuing operation
under satisfactory safety conditions.

One of the reasons of the success of this programm relates to the good
relationship that existed from the very beginning between the licensee and the
safety authorities which worked in close cooperation. This seems to be a
necessary condition.

The work undertaken as a result of this safety reexamination was spread
into three phases :
- phase 1 : overall definition of the modifications,
- phase 2 : detailed design of the modifications,
- phase 3 : implementation of the modification.

At the present time the licensee is completing the second phase of this
programme. The target date is to complete all these actions by the end of the
1985 refueling outage.
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ABSTRACT

Intergranular Stress Corrosion Cracking (IGSCC) of stainless steel has occurred
in several BWR plants in recent years. In Swedish plants the extent of cracking
has been limited and the consequences, in terms of operational disturbances,
have been quite small. Some cracks have been detected recently in the Ringhals
I plant, however. As a phenomenon related to ageing, the cracks and their
causes must receive the greatest attention.

ASEA-ATOM initiated experimental work in the laboratory and in the Oskars-
hamn 2 BWR plant in the late seventies. The method chosen for these
experiments, the aim of which was crack prevention, was hydrogen addition to
the feedwater. Full scale demonstration runs have shown that oxygen sup-
pression by hydrogen addition to the reactor coolant is technically feasible.
Materials tests carried out in reactor coolant in the Ringhals 1 plant have
demonstrated that intergranular stress corrosion cracking is eliminated when
the oxygen concentration is kept low.

The paper will present the main results of the Hydrogen Water Chemistry
program. The technique developed has led to the design of a hydrogen injection
system which is now commercially available for IGSCC prevention.

INTRODUCTION

Intergranular stress corrosion cracking (IGSCC) of austenitic stainless steel piping has
been a headache for BWR owners for more than a decade. It has caused significant losses in
plant availability and costly repairs. The phenomenon has been a problem for metallurgists
and corrosion engineers for many years but was first seen in nuclear power plants in 1974-
75, when a number of cracks were detected in the stainless pipework of 8 US BWRs.

_ The extent of cracking in Swedish plants has been limited and the consequences, in
the form of disturbances to operation, have been very small. However, as a phenomenon of
ageing, the greatest attention must be paid to the cracks and their causes.

IGSCC occurs in the heat-affected zone of welds, an area that is sensitized by the
welding process. Three conditions must be satisfied simultaneously for IGSCC to occur:
tensile stress, sensitized material and oxidizing environment.

Tensile stress of sufficient magnitude occurs at almost all welds as a result of the
presence of normal structural stress, in combination with residual stress from welding.

Sensitization is the result of heat treatment and makes the stainless steel sensitive to
corrosion along grain boundaries.



249

A normal 18 Cr/8 Ni stainless steel with a carbon content of 0.02 - 0.08 % is
supersaturated with carbon. If the steel is heated, e.g. in conjunction with welding, the
mobility of the atoms increases and, if the heating is of sufficient duration within a critical
temperature range (500-9000C), chromium carbides precipitate and grow. The carbide
precipitation occurs predominantly on the boundaries of the grains forming the structure of
the steel. The precipitation rate is strongly dependent on the carbon concentration, and at
concentrations below 0.04-0.05 % carbon the rate is so slow that the risk of sensitization
may be neglected. As a result of the carbide precipitation, the grain boundaries become
depleted of chromium, resulting in the boundaries losing its stainless properties and
becoming "sensitized".

Oxidizing environment, corrosive enough to permit attack on sentitized stainless
steel is given primarily by the presence of dissolved oxygen. Boiling water reactors of
current design use high-purity water with no chemical additives as primary coolant. A
steady state concentration of 100-400 ppb of dissolved oxygen is produced by radiolysis of
water in the reactor core. Oxidizing Impurities, e.g. from resin intrusions or make-up
water, may also be of some importance to the oxidizing potential.

In the case of Swedish boiling water reactors, ASEA-ATOM has set up stringent
material and manufacturing specifications to avoid IGSCC. The requirements apply to
limitation of the carbon content to a maximum of 0.05 % in steel according to Swedish
Standard SS 2333 in contrast to the 0.08 % carbon content of the American steel AISI 304.
Certain limitations also apply to heating during welding and to repair welds, to avoid
unsuitable heat treatment. These measures have delayed and limited the incidence of
IGSCC in Swedish plants, but during 1982-1983, cracks were detected in Ringhals 1, which
has been in operation since 1974. Additional preventive measures have been taken in the
most recently built plants, including the limitation of the carbon content to a maximum of
0.03 %.

To achieve immunity against IGSCC and to prevent cracking it is sufficient to
eliminate one of the three factors mentioned above. In the case of the first - tensile stress
- a number of remedies have been developed which to some extent improve the stress
situation on the inside of tubes from’ tensile towards compressive stresses. It is also
possible to affect the second factor - sensitization - by choosing a material with a
sufficiently low carbon content. Both of these remedies would be demanding and expensive
in the case of plants in operation, because they require the treatment of all welds or the
replacement of all stainless piping in extensive parts of the primary systems of the plants.

The development of a method to eliminate the third factor, i.e. to prevent corrosion
by reducing the oxygen content of the reactor water to very low concentrations has been
conducted by ASEA-ATOM. The oxygen content is reduced by the addition of hydrogen to
the feedwater system of the plant. This method, which will be known as Hydrogen Water
Chemistry (HWC), has also been adopted by General Electric in the U.S.A.

The water chemistry tradition of ASEA-ATOM has its historical roots in the fact that
the Swedish nuclear program once started with heavy water reactor concepts, in which the
careful treatment of the valuable coolant had high priority. The influence of different
additives on the decomposition of the reactor coolant was studied in several research
projects during the 1950-60's, for instance in the Halden Boiling Heavy Water Reactor and
in the Studsvik R2 Reactor. Based on this broad experience it was natural for ASEA-ATOM
to attack the environmental factor and to choose the HWC concept as the potential remedy
against IGSCC,
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During 1977-78 ASEA-ATOM carried out a pilot study on hydrogen water chemistry
for BWRs. An engineering evaluation of the feasibility of hydrogen addition to the reactor
feedwater to reduce the reactor water oxygen concentration was performed. The study
recommended a short-term demonstration test in the Oskarshamn 2 plant {570 MWe). That
test, the first in the world in a full-size commercial BWR, was carried out in November
1979 /1/. Technical feasibility of the hydrogen addition concept was convincingly demon-
strated.

Today a number of full-scale test runs have been carried out by ASEA-ATOM in
Oskarshamn 2 /2/ as well as in Ringhals 1 {750 MWe) /3/. The testing has produced valuable
data on the plant response to hydrogen addition and on the hydrogen addition response to
plant behaviour. In Ringhals 1 IGSCC testing was carried out in a test loop using the
Constant Elongation Rate Test (CERT) technique. Strongly sensitized test pieces were
tested in reactor water with varying oxygen concentrations under full reactor power
operation. The conclusion was that IGSCC is completely eliminated when the reactor water
oxygen concentration is kept below 5 ppb and no other oxidizing impurity of significant
concentration is present. More details regarding materials tests in Ringhals I has been
reported by Ljungberg and Korhonen /4/.

In order to verify the hydrogen addition technique as a final remedy against IGSCC,
necessary follow-up investigations are being carried out. Studies of all relevant physical
phenomena and operation-related parameters, including inspection for any side effects, will
be continued.

The investigations carried out have been supported by the Swedish power utilities and
the Swedish Nuclear Power Inspectorate and have now reached a stage at which operational
application of Hydrogen Water Chemistry in Swedish nuclear power plants can be started
on a commercial basis.

The main features of the hydrogen water chemistry will be summarized below. Test
results will be presented primarily from the hydrogen addition test recently run in the
Forsmark | plant (900 MWe). '

RESULTS AND DISCUSSION
Oxygen suppression

It has been known for many years that oxygen production from water radiolysis can
be suppressed by addition of hydrogen. A number of tests in the 1960's in experimental
reactors confirmed this phenomenon. In the pressure water reactor oxygen suppression was
used from the very beginning. However, since the BWR primary loop is not a closed system
with regard to noncondensable gases the BWR application of oxygen suppression must be
based on continuous hydrogen addition. When the pipe cracking problem made the hydrogen
addition concept interesting again, there were doubts that it would be a technically and
economically feasible method for BWR plants.

In all reactor tests with hydrogen addition the hydrogen has been supplied from
standard compressed gas cylinders. After pressure control, flow monitoring and control the
gas has been injected to the condensate downstream of the condensate clean-up system (fig
1). Control and shutdown features are varying in the different plant installations. In the
Ringhals 1 plant, which has the most advanced equipment, the system can be operated from
the central control room, The hydrogen injection flow is automatically controlled by the
(prese;: reactor water oxygen concentration or the preset feedwater hydrogen concentration
fig 2).
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Data from Forsmark | regarding the oxygen concentrations in the core inlet and core
exit water as a function of the hydrogen addition rate are shown in fig 3. Apparently the
oxygen content in the water below the core is much easier suppressed by hydrogen addition.
This phenomenon has been verified in all plants. The reason is that oxygen is consumed to a
considerable extent already in the downcomer region by recombination with the added
hydrogen. This recombination is catalyzed by the relatively high gamma radiation field in
the downcomer close to the core. The fact that the water is subcooled and no gas stripping
occurs in the downcomer region also promotes the recombination reaction. This test result
is illustrated in fig 4, where oxygen concentrations in the reactor pressure vessel at
different hydrogen addition rates are indicated. The two different hydrogen addition rates
represents the important concepts of "Partial suppression" with low oxygen concentration
in the region below the core, and "Full suppression" with low oxygen concentration in the
whole water phase of the reactor pressure vessel.

OXYGEN
CONCENTRATION

X  CORE INLET

O COREEXIT

100

HZ ADD RATE

Figure 3. Oxygen concentration in core inlet and core exit water as a function of
feedwater hydrogen addition rate (Forsmark 1, April, 198%4)
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Figure 4, Oxygen concentration in reactor coolant at three feedwater hydrogen addition
rate levels (Forsmark 1, April, 1984)

Offgas system

With hydrogen addition to the reactor the excess hydrogen suppresses water radiolysis
and there is no net consumption of hydrogen in the process. The net production of hydrogen
and oxygen decreases. The hydrogen flow to the offgas system is the sum of added and
radiolytically produced hydrogen. As shown in fig 5 the hydrogen flow initially decreases
and passes through a minimum. At higher addition rates the hydrogen flow iricreases and
approaches the "addition rate line" asymptotically. In a BWR without offgas recombiner the
total offgas flow will have approximately the same curve shape as the hydrogen flow.

In a plant with recombiner the radiolytically produced hydrogen and oxygen are
recombined. During normal operation the offgases downstream of the recombiner consist
mainly of air from in-leakage to the turbine condensor. With hydrogen addition to the
feedwater the offgas flow decreases slightly at first, when oxygen from the air in-leakage
is being burnt by the added hydrogen. At higher addition rates the offgas flow increases as
the hydrogen flow and consists mainly of hydrogen and nitrogen.

In a permanent installation the excess hydrogen in the offgases can be conveniently
removed by the addition of oxygen upstream of the recombiner. The offgas flow will be
reduced, the time delay increased and a safe operation of the offgas system will be insured
(no risk for the occurrence of combustible mixtures of hydrogen and oxygen).
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Figure 5. Hydrogen mass balance versus feedwater hydrogen addition rate (Forsmark 1,
April, 1984)

IGSCC tests

In the Ringhals 1 plant susceptibility to IGSCC was measured with the Constant
Elongation Rate Test (CERT) technique. Heavily sensitized test pieces of stainless steel
were tested in reactor water at various oxygen concentrations. It was demonstrated that
IGSCC is inhibited when the reactor water oxygen concentration is kept below 5 ppb.

The conditions under which a corrosion process can occur are determined by the
electrochemical potential (ECP), a fundamental quantity in the thermodynamics of
corrosion. ECP of the BWR reactor water is primarily controlled by the oxygen concentra-
tion. However, chemical and thermal transients may occur, resulting in oxidizing impurities
being transferred to the reactor water. In addition, short-lived products of radiolysis are
present in the reactor coolant. Hence, ECP, rather than oxygen, should be used to
characterize the environment with respect to the risk of IGSCC, since it represents the
integrated effect of all oxidizing species. ECPs of construction materials have been
monitored in most of the hydrogen addition tests with metal sensor electrodes against
Ag/AgCl reference electrodes at high temperature. However, the measurement. technique
must be further developed to be suitable for routine application. In-reactor tests to
determine the boundary conditions of susceptibility to IGSCC are therefore strongly
recommended. Details regarding materials tests and ECP measurements in Ringhals 1 have
been reported elsewhere /4/.
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Radiation fields

An important side effect of hydrogen addition is the higher radiation level in the
turbine plant. This is caused by an increased stripping by the steam of short-lived N-16
activity. In the reducing reactor water environment during hydrogen addition the fraction
of volatile species of nitrogen (e.g. nitrogen gas or ammonia) becomes larger.

Initially the radiation fields at the main steam lines increase very slowly. A sharp
increase is followed by a continued slow increase at higher addition rates, fig. 6. Obviously,
the main steam line radiation is an additional measure of when the transition regime
between oxidizing and reducing conditions is entered.

A typical increase of the main steam lines radiation level is 3-5 times that with no
hydrogen addition. As the increase is caused by short-lived N-16 activity, the radiation
level is immediately reduced to the original value when hydrogen addition is shut down.

RADIATION
{ARB.UNIT}

7

POWER QUTPUT

X OSKARSHAMN 2 NOV 1979 100 %
o] OSKARSHAMN 2 JUL 1981 76 %
1 A RINGHALS 1 1982-83 100 %
v FORSMARK 1 APR 1984 95 %
H2 ADD RATE
Y T T T T
0 10 20 30 40

Figure 6. Main steam line radiation field versus feedwater hydrogen addition rate
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Coolant chemistry

Some minor effects on feedwater and reactor water chemistry take place during
hydrogen addition.

The condensate and feedwater oxygen concentrations decrease with the decreasing
steam oxygen concentration. The order of magnitude of the decrease is determined by the
relation between steam oxygen concentration and air in-leakage rate to the turbine
condenser. There is no recombination of hydrogen and oxygen in the feedwater train.

The concentrations of chromium and Cr-51 activity in the reactor water decrease
significantly (10-fold) with hydrogen addition. This is attributable to the chemical
réduction of water soluble chromate into less soluble chromium oxides. The phenomenon is
also reflected in a reduced reactor water conductivity.

No other significant side effects of hydrogen addition have been observed, nor are
they expected in the long term. However, studies of all relevant physical phenomena and
operation related parameters, including inspections for any side effects, will continue.

CONCLUSIONS

It may be concluded that intergranular stress corrosion cracking (IGSCC) in sensitized
austenitic stainless steel in the BWR primary system can be inhibited by hydrogen water
chemistry, the detailed specification of which may be specific to a given plant.

A number of full-scale tests under realistic and operational conditions in authentic
BWR environment has demonstrated that Hydrogen Water Chemistry, where hydrogen ls
-added to the reactor feedwater, is a viable option for BWRs.

A relatively moderate hydrogen addition to the feedwater achieves a major reduction
of the oxygen concentration of the reactor water downstream of the downcomer in the
reactor vessel and in connected systems. In the case of the Ringhals 1 plant it has been
demonstrated that a reduction of the oxygen concentration to below 5 ppb prevents IGSCC.

Except for an increased radiation level in the main steam lines and in the turbine
plant, no important side effects of Hydrogen Water Chemistry have been observed.

The investigations have now reached a stage at which Hydrogen Water Chemistry can
be applied on an operational and commercial basis in Boiling Water Reactors.
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THE FINE MOTION CONTROL ROD DRIVE AND
REACTOR SCRAM SYSTEM OF KWU; DESIGN,
LONG TERM OPERATIONAIL, BEHAVIOUR AND

EXPERTENCE
R. Bchraewer and B. Wintermann
Kraftwerk Union Kraftwerk Union
Postfach 962 Pogtfach %220
6050 Offenbach 8520 Erlangen
Abstract

The main feature of the fine motion control rod
drive is the ball nut-spindle system inside the
guiding tube enabling continuous insertion of
the control rod into the reactor core. The
mechanical drive of the spindle is an electri-
cally powered motor transmitting the corres-
ponding revolubtions over a gear to the spindle.

For reactor scram motion a hydraulic system is
used. It comprises a high pressure nitrogen-
water reservolir comnected by water lines to
the control rod housing. In case of demand a
fast opening valve allows water to flow into
the bottom of the housing to move a piston
which in turn moves the control rod upward.
Completely satisfactory results have been
obtained with this system over 16 years.

1. Concept

One of the goals of reactor technology is to
guarantee the safety, reliability and high availibi-~
1ity of nuclear power stations. Among all components
the control rods possess a key funcbion.
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In general they have to perform two important
jobs

. power and burn~up control
. reactor shut down

The very different demands of the kind of
motion /1/ according to task 1, a continuous glow
motion with a stay at intermediate positions, and
according to task 2 a fast injection, are accom-
plished for the KWU boiling water reactors with two
independent drive systems.

The basic concept is explained in figure 1 as
follows:

Each of the control rods is coupled to one trunk
piston (figure 1, position 9) by means of a form-
closed but flexible clutch. The piston itself is
located inside a housing pipe (pos. 19), welded into
the bottom of the pressure vessel (pos. 18). The
piston is driven by an electric motor at the bottom
of the housing and by a hydraulic system,whose pres-
surized water is injected through a lateral nozzle
(pos. 6) into the housing.

2. Design

2.1 Fine motion control system

The electric motor with its reducing gear and
the position finder are protected against the hot
reactor water by a flange only penetrated by a
gealed drive shaft (pos. 2, 3). This shaft is
connected to the ball screw spindle by means of a
bayonet clutch; a relative axial displacement over
a certain range is possible. With the help of a ball
screw nut the rotation of the shaft is transformed
into an axial continuous motion with a low speed of
about % cm/sec. In this manner the trunk piston with
the control rod is moved up and down.

The piston is surrounded by a concentric guide tube
(pos. 13) with holes for pressurized water.
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This guarantees together with special rollers
(pos. 8) the guideancé of the ball screw nut as well as
of the piston (together with the screw spindle). At its
inside a toothed rack is mounted, enabling the jaws
(14) of the piston collar, to fit the gaps between the
teeth. During the fine motion the trunk piston rests on
the nut due to gravitational force.

Special horns mounted on the nut cause the jaws
to leave thelr snapping position. Therefore a piston
motion up and down is guaranteed. The position finder
is completed by the following facilities, first a
limiting switch and second a disconnecting switch.

Limiting Switch

If the piston exceeds its end position during
normal operation and 1lifts the throttle bush, a rod
actuates a magnetic switch stopping the drive motor.
In addition to that for a reactor scram this switch
gives the signal of the arrival of the trunk piston
as an input for the reactor control.

Disconnecting Switch

The disconnecting spring (pos. 4) between spindle
and shaft is compressed due to the weight of the con-
trol rod, the spindle and the piston. This way a per-
manent magnet stays in a zero position. When the
weight i1s taken off for example due to a sticking of
the control rod during the downward motion, the spring
is discharged and the magnet is 1lifted. Now a magnet
switch gives an electrical signal, which interrupts
the motor rotation. The screw nut remains in position
and prevents control rod drop out. For a reactor scram
this switch gives the signal -removal of the piston
from the nut- as an input for reactor control.

In order to reduce the temperature inside the
housing pipe during operation time, a small mass flow
of rinse water at about 40 OC runs through the scram
line. Flowing through a throttle bush arrangement with
specially designed gaps (Pos. 11, 20), the water is
fed into the pressure vessel. Thereby the warm-up of
the housing is diminished, a leakage of hot reactor
water into the motor system (pos. 1) is prevented and
a lubrication of the rolling and sliding components is
reached. Thermometer probes signal a failure of the
rinse water system or a leackage of the shaft seal.
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2.2 Scram System

In case of fast reactor shut down pressurized
water is fed through the scram line into the housing
and after that it flows through gaps in the guide
tube. Due to the arrangement of the throttle bush
gsystem, the pressure of the hydraulic system is built
up inside the piston. The resultant pressure diffe-
rence against the reactor water causes a force upon
the piston, injecting the control rod into the re-
actor. As a consequence the piston leaves the screw
nut. After the short shut down time the piston (with
itg collar) is decelerated by disc spring elements
behind the throttle bushes.

The short displacement of the bush actuates a
magnetic switch and signals the end of the scram
stroke. Now the Jjaws of the piston collar are fitted
into the toothed rack and prevent the piston tube
sliding down due to gravity as soon as a certain
pressure difference across the piston has dimi-
nished.

The arrangement of the hydraulic drive system
presented in figure 2. Depending on the type of
reactor the following solutions were chosen with re-
gard to reliability.

Common tank system

This KWU system is incorporated in the reactor
plants of KWW, KKB, KKP1, KKI1, GKT and KRB-B, C,.
Some independent operating tanks -for example 6
tanks in KRB2 (figure 2)- pressurized with nitrogen
gas provide the control rods by using a twofold in-
stalled ring header with the necessary pressurized
water. Check valves guarantee an unchanged availabi-—
1lity of the whole system, although a hypothetical
rupture of the line has been taken into account.

The scram valve is actuated by the reactor control
gystem and opens the path for pressurized water, the
shut down procedure can start. The throttle valve
limits the speed and therefore the deceleration
forces below a maximum at the end of the scram stroke.
Furthermore it compensates tolerances of component
parts, so that all the control rods show the same
velocity at each pressure level.



Single tank system

This KWU system is incorporated at first in
KWL and later in KKK. According to figure % each of
the control rods is provided with its own water tank.
The nitrogen gas, pressurized in a separate tank
causes the movement of a piston and starts the in-
jection of the water into the control rod drive.

The functions of the most important components
are similar to those of the common tank system.

%. Long Term Operational Behaviour
and Experience

The drive system here presented was designed
in the period from 1959 to 1968 and operated first in
the nuclear power station Lingen in 1968. Up to that
time an extensive development /3/ was necessary. In
addition to modifications of the construction a
variety of technological problems was to be solved as
for instance corrosion, friction, wear and fretting
problems and thermal behaviour under long term
operation /4/.

%8 control rod drives were selected from the
528 drives of the plants KWW, KKB, KKP1 and KKI over
a 12 years period (table 1). The result of their
supervision was: Not one of them had any defect,
no parts of the components had to be replaced.

Today 16 years later the result of behaviour
confirms the XKWU concept émploying two different
systems of the control rod motion. During this time
period about 1300 assemblies were manufactured and
installed in 9 KWU boiling water_reactors with
electrical energy of more than 102 GWh produced.

Over the whole time only 4 insignificant
defects were noticed; not one of them caused a shut
down of the reactor., The defects were eliminated
during the normal service time.
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In addition extensive tests were carried out
respecting the scram motion. After starting the
scram valve it was observed, that the pressure
difference - hydraulic tank to reactor - caused
a high pressure in the hydraulic line system at
different places. Calculations with fluid dymamic
programs and structure dynamic modes were able to
simulate the measurements. It was shown that the
loads didn't exceed the design limits.
The values of shut down time measured were re-
producable and confirmed the calculations. The
evaluation of probability shows - for example in
KKK - with a good approximation a symmetric and
reproducable bell shaped curve /figure 5/. 97 % of
the measured values had a scattering amplitude of
5 % of the average.
This result is an additional confirmation of the
design selected and the proven construction of the
systen.
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1. Drive Shaft 11. Disc Spring Elements
2. Water Leakage Pipe 12. Clutch
3. Shaft Seal 13. Guide Tube with Toothed Rack
4. Disconnecting Switch 14. Jaw Arrangement
5. Ball Screw Spindle 15. Limiting Switch
6. Scram Line 16. Gear with Position Finder
7. Screw Nut 17. Electric Motor
8. Guide Roller 18. Reactor Pressure Vessel
9. Trunk Piston 19. Housing Pipe
10. Throttle Bush 20. Throttle Gap
20 18 17

12 11 10

Figure 1: Principle Assembly of KWU-Fine Motion Control Rod Drive
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Figure 3: Schematic Diagramm of the Single Tank-System (KKK)

Table 1: Supervised Control Rod Drives of
KWU Boiling Water Reactors

Reactor power Assembly Supervision Tank Syétem
MU/ /year/ /number/ /number/

KWL 250 1967 69 14 Single Tank Syst.
KWW 600 1971 104 16 6 x 50 %

KKB 900 1974 129 9 38 3 x 100 %

KKP1 900 1975 145 ] 4 x 100 %

KKI 900 1976 145 9 3 x 100 %

GKT / 1977 113 - 3 x 100 %

KKK 1300 1981 205 - Single Tank Syst.
KRB-B 1300 1982 193 - 6 x 50 %

KRB-C 1300 1983 193 . - 6 x 50 %
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Figure 4: View of the Control Rod Drive System
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POWER UPRATES IN ASEA-ATOM BOILING WATER REACTORS
Ernd Legath

AB ASEA-ATOM
Box 53, S-72104 VASTERAS, Sweden

ABSTRACT

Power uprates in the order of 6-10 percent above the contractual power level
are possible in Boiling Water Reactors designed and supplied by ASEA-ATOM by
using calculated and measured margins.

Before performing the power increase the margins must be proved and
necessary equipment modifications identified. Usually only moderate hardware
modifications are needed.

The Oskarshamn 2 unit is since November 1982 licensed for operating at 106
percent continuously. The Olkiluoto 1 and 2 units had 1983 a preliminary licence
for operation at 103 percent and have from June 1984 a final licence for 108
percent. Five other ASEA-ATOM plants are at present being prepared for power
increase to levels between 106 and 110 percent. The Barsebdck 1 and 2 units are
expected to be licensed for 106 percent during the fall of 1984,

INTRODUCTION

A method to increase production and still maintain the safety margins antici-

pated in the initial operating licence should be of great interest to any utility
operating a nuclear power plant. Uprating was believed to be possible by increasing
the utilization of the fuel in older plants to data used in plants being built today.
Improved calculation methods and numerous verifying measured data have built up
considerable extra safety margins in the older plants. This paper is a case description
of how ASEA-ATOM BWRs have been or are expected to be uprated. It could be
assumed that other light water reactors could be uprated in a similar manner.

Together with' the utilities operating the Boiling Water Reactors supplied by

ASEA-ATOM and the licensing authorities stepwise programmes for uprating the
power of each unit were worked out. The programmes included generally three steps:

A preliminary study to establish the achievable power level
Detailed plant studies and calculations to update the safety analysis report.
Plant modifications and verification tests at increased power levels.

Examples of the work undertaken in each step is given below



PRELIMINARY STUDIES

These studies concentrated on settling existing margins in the reactor core and
in the turbine. ASEA-ATOM had already estimated that power uprates in the order of
6-10 percent would be possible in the BWR's supplied by the company. The uprates
could be achieved using existing calculated and measured margins only. In some cases
minor plant modifications were anticipated. Core and fuel development had opened
the possibility to increase the power density. The preliminary studies aimed at
proving that the existing fuel power density of 22.5 W/gU could be increased to 24.2
W/gU and checking how various parts of the plant was affected.

The value of 24.2 W/gU corresponds to the fuel power density of the Forsmark 3
and Oskarshamn 3 units, the two ASEA-ATOM 1060 MWe BWR's to start operation in
1985. Fully used the higher power density would result in 6-10 percent more power
output. Also if the detailed studies showed that the increase could be performed
partly only, due to real or formal reasons, there would still be great incentives to do
so. The foreseen theoretical and practical work was so limited that it-would still be
economically motivated for the utilities.

The preliminary investigations also proved good prospects for power uprates of
the turbine plants with only minor modifications. All but one ASEA-ATOM BWR have
turbine plants supplied by ASEA STAL (former Stal-Laval). The investigations
undertaken by ASEA STAL indicated that the steam turbines had built-in margins to
allow power uprates in the order of 6-8 percent. This could be done with none or
minor hardware modifications and still maintaining sufficient control margins,
approximately 3 percent. ASEA STAL, however, recommended that this had to be
verified by actual overpower tests with each turbine. The investigation also proved
sufficient margins in the generator and in the turbine plant auxiliary systems.

The remaining ASEA-ATOM BWR, Ringhals 1, has a turbine plant supplied by
GEC, England. The outcome of the GEC studies showed similar results for everything
but the turbine itself. To increase power above 104 percent the turbine had to be
modified. To reach the planned 110 percent level the inlet nozzle box had to be
rebuilt and the high pressure turbine guide vanes had to be replaced.

Plant Planned Status of
uprate power uprating
Oskarshamn 2 106%, 34 MW Licensed for 106% since end 1982

Barsebdck | and 2 106%, 3% MW Licensing
Forsmark 1 and 2 108%, 70 MW Licensing and testing
Ringhals 1 110%, 75 MW Licensing

Olkiluoto I and II  108%, 50 MW Lincensed for 108% since mid 1984

Table | Uprating of ASEA-ATOM BWRs




ANALYSES

The primary step in the uprating procedure consists of defining available
margins and identifying the equipment with the smallest margin, which may require
modifications.

The analyses are based upon the condition that margins, either calculated or
measured in the plants, will be utilized wholly or partially.

The verification and licensing of the plant for the higher power demand the
following work.

- System and function analysis

- Supplementing LOCA analyses

- New dynamic calculations

- Updating of documentation, like FSAR and operating instructions.

The system analyses comprise primarily a qualitative review, resulting in a
problem identifying list. For systems which are considerably influenced of the
uprating a special note is made on components and functions, which limit the
capacity of the system, and on the amount of verifying calculations, which are
required to establish system capacity.

In the analysis work the same safety criteria are usually applied which were
valid for the plant earlier, Also the earlier calculation models are generally used
unless new models are better justified, e.g. by better verification.

After the qualitative review detailed system analyses are carried out for those
systems that are affected by the power uprate. The analyses include the necessary
supplementary calculations.

In this stage such dynamic and core cooling calculations are made, which are
demanded to verify the feasibility of the uprate.

Examples of licensing calculations

Core cooling calculations (GOBLIN)

- largest steam pipe rupture

- largest feedwater pipe rupture

- bottom pipe rupture with 45 kg/s flow
- bottom rupture with 200 kg/s flow

Dynamic calculations for FSAR (BISON)

The documentation, submitted to the authorities for application of approval for
tests with higher power, comprises a report of the analyses and a program for
modification of the plant.



IMPLEMENTATION

The need for modifications and supplementation of the plant is elucidated in the
analysis work. The experience from the ASEA-ATOM plants shows that only moderate
hardware changes are necessary. As typical examples supplementing relief valves and
reinforce of cooling systems can be mentioned. ‘

A summary of the specific programmes for the various ASEA-ATOM plants at
the power uprate is given below.

Plant Power uprate % Specific supplements

Oskarshamn 2 106 Increased opening pressure for safety relief
valves from 85 to 87 bar

Barsebdck | and 2 106 ="

Forsmark | and 2 108 One additional safety relief valive and
modified steam separators

Ringhals 1 110 Modified scram system and modified
turbine
TVO Iand I 108 One additional safety relief valve, mo-

dified steam separators and increased
cooling capacity for turbine auxiliary
cooling

Table 2 Summary of power uprate supplementation

Parallel with the analysis work tests and measurements have been made in the
plants on capacities of relief systems, condensation pool cooling systems and low
pressure injection systems for verifying the calculated margins.

After approval for test operation with the higher power the commissioning,
testing and evaluation is made in the normal order. The extent of the test programme
is assessed in cooperation with the authority.

The final documentation for licensing the plant with the uprated power
comprises

- results from the test operation
- updated documents:
FSAR
operating instructions
modification documents

According to the experience from projects carried out until now it is advan-
tageous to divide the power increase in two parts and perform tests in two successive
stages.



RESULTS

Oskarshamn 2 is the first plant licensed for higher power. Since November 1982
the plant is operated with 106% continuously. No hardware changes were necessary.

Application for power uprate in Barsebdck 1 and 2, which are of the same
reactor generation as Oskarshamn 2 is being treated by the authority. The plants are
expected to be licensed for 106% power during 1984,

The remaining ASEA-ATOM plants Ringhals I, Forsmark | and 2 are presently
being prepared for an increase to {08-110%. The analysis work for verification and
licensing is in the main being made by ASEA-ATOM at the request of the utilities.

TVO has obtained the permission for operation at 108% power in both plants

from the operating season 1984/85, based on stepwise analyses, calculations and
tests. During the operating season 1983/84 the plants operated with a power of 103%.

COST AND TIME SCHEDULE

As an example of costs and time schedules the figures for the two TVO plants
are shown below.

Analyses, engineering
Supplementary equipment:
safety valves, heat exchangers
Total

Time schedule
Preliminary study
Analysis work

Order of components
Report to the authorities
Test step 1 (103%-106%)

Modifications and tests

108% power

2 MSEK

8 MSEK
10 MSEK

2nd quarter 1982

1983

Refuelling period 1984

From operating season 1984/85
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Introduction

The integrity of the tubing of a steam generator has a significant
effect on the availability of a nuclear steam supply system.

For this reason, the development of suitable inspection and repair
techniques has increasingly grown in importance.

Regular inspection of a representative number of tubes makes it
possible for preventive measures to be taken in good time.

The objectives behind KWU's greatly intensified development

activities have been to continue to improve the quality of information
obtained through inspection and the provision of effective repair
techniques.

A considerable amount of effort has also been put into reducing the
radiation exposure of inspection and repair personnel.

Through optimization of techniques and equipment, and extensive
mechanization and automation, it has been possible to reduce

occupational dose rates significantly.

Preventive Measures

Eddy Current Examition

Mechanized eddy current examination is the standard inspection technique

employed in the inservice inspection of steam generator tubing.

Through the application of improved techniques and equipment it has
been possible to enhance the quality of information obtained, to cut
down inspection preparation time and hence also to reduce the applied
dose considerably.

The standard technique uses multifrequency equipment.

To suppress interference due to tube supports, expansion zones and
mechanical influences frequency mix techniques are employed.

The data obtained (tube position, defect location and eddy current
signals) are transferred to the mobile compurterized data acquisition
and processing system.

It provides on-line data for further evaluation.

This system identifies suspect-defect tubes automatically.

A special type of manipulator called the "finger walker" is used for

positioning. Its advantages include easy and quick setup involving
only low radiation exposure, programmable positioning and a broad
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range of applications from inspection (standard eddy current
examinations as well as special inspection techniques) to repair
(plugging of tubes displaying unacceptable defects) and other
uses (visual examination using borescopes, profilometry, etc.).

The actual equipment setup also contributes towards reducing radiation
exposure.

The control panel, eddy current unit and the data acquisition and
processing system are installed in a mobile container set down outside
the reactor building and connected to the steam generator via a

200 m-long control and telecommunications cable.

Inside the containment a service crew is responsible for all in-
stallation and calibration work and for changing the probes etc.

This arrangement allows inspection to be performed with a minimum
of personnel inside the containment (see Figure 1).

2.2 Special Inspection Technique

A special new inspection technique is being applied to supplement
eddy current examination, which uses a rotational ultrasonic probe
(USAS) and a rotational eddy current probe (WSAS).

This technique enables precise measurement of wastage as well as
exact identification measurement of local defects. Combination of
the two into a single combination probe (USAS/WSAS) reduces the
number of steps involved in inspection and hence the associated
radiation exposure (Figure 2). Furthermore application of this
technique has greatly cut down the number of tubes which would
have to be plugged on the basis of eddy current examination results
alone. Plugging and the inspection techniques described above
practically rule out the possibility of leaks arising in the steam
generator tubing.

2.3 Visual Examination and Profiling

Visual examination methods are inspect tubes from the inside and
the outside, to inspect the secondary side of the tube sheet through
a vacant tube hole or from a tube lane, and to check the integrity
of the tube bundle.

Rigid and flexible borescopes are available for this. When they are
equipped with a small camera, the object image can be recorded on
magnetic tape. Furthermore, miniature TV cameras with outside dia-
meters of about 18 mm are available for use and new techniques
based on miniature, flexible, CCD-cameras are being developed.

Remote-controlled inspection equipment and associated manipulating
devices have been developed for inspecting large numbers of steam
generator tubes from the inside.
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The manipulators used by KWU for eddy current examination are designed
such that by fitting them with special attachements they can also

be used for inspecting the inner surfaces of tubes. Equipment has

also been developed for profiling the inner surface of tubing using
different variations of profilometers bases either on direct contact
or no contact with the tube surface. Useful information in the
condition of the tubes as regards expansion zone dimension, tube
internal dimensions and any tube deformation can be obtained in this
way .

Repair Techniques

Should one of the inspection techniques discribed above identify
a defect, routine measures such as plugging or other corrective
actions are available for implementation.

Tube repairs have not to date been necessary at any nuclear power
plants inside West Germany but repair procedures have been developed
for implementation at any time in facilities located abroad.

Tube Plugging

Damaged steam generator tubes used to be sealed off by means of
explosive-weld plugs placed into the tubes by hand. Through the
development of remote controlled tools and devices, it has been
possible to reduce personnel exposure from about 1000 mrem to about
500 mrem per plug. Moreover, they obviate the need for personnel

to climb into the primary side in order to place the plugs.

Thanks to even newer plugs which have been in use sipce 1982, it

has become possible to cut radiation exposure down even further to
an average, depending on the number of plugs involved, of between

60 and 120 mrem per plug (see Figure 3).

The newer, mechanical plug in use since 1982 can be removed from the
tube at a later point in time. Insertion of this type of plug into

a steam generator tube does not usually require any preparatory
operations such as precalibration, perhaps machining of the tube-to-
tube sheet welding, final calibration and cleaning.

A remote-control plugging tool specially developed for this purpose
is positioned under the tube to be plugged by the finger-walker
manipulator employed for eddy current examination. The tool provided
for removing the mechanical plug at a later date is alsoc remote-
controlled.

Tube Pulling

For the purpose of carrying out material examinations and validating
inspection results, individual samples of tubing are occasionally
removed from the lower region of a steam generator tube bundle.
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Steam generator tube sampling has been performed since 1972
with samples being taken from over 30 tubes in 7 nuclear
power plants. A cutting tool with retractable blade is em-
ployed for cutting off the required length of tube.

In order to keep pullout forces to a minimum, the tube is
shrunk in its expansion zone using a special deep whole
welding tool and is then pulled outh with the aid of a
self-tapping pull-rod which is automatically retracted by a
hydraulic cylinder.

The vacant position in the tube sheet can be sealed off by
welding plugs.

In order to avoid the release of radioactivity into the
secondary system from the remaining piece of tube, it is
possible to decontaminate the tube in question by means of
one of the decontamination processes used repeatedly in the
past with great success by KWU.

Sleeving

Although KWU has never had to perform sleeving on .any of its
steamgenerators, it has nevertheless optimized the welding
process preferred by it for his application and now offers it
as a service for any nuclear power plants.

Through the 'selection of simple geometries and optimum for
sleeve welding, it is possible to establish sleeve weld
quality by easy, low-dose methods. Complicated inspection
techniques are thus rendered unnecessary.

The use of fully-automatic welding machines, remote controlled
tools and manipulators in the future will reduce the number
of operations performed in the radiation area.

Tube Replacement

A technique has been developed for replacing sections of steam
generator tubes damaged in the vicinity of the tube sheet or
tubes which have already been plugged.

This replacement technique is an alternative to sleeving. Through
careful selection of the new materials, damage can be prevented.
Also, in this way the full tube cross section is maintained

and available for inspection.

Highly advanced welding techniques enable highquality welds
to be produced and facilitate weld quality control.

Equipment Maintenance and Personnel Training.

Thorough preparation and maintenance of equipment as well as
intensive training of personnel under simulated conditiens
contribute to a significant degree towards reducing occupational
radiation exposure.



As a basis for this, KWU recently set up a Service Center
complete with a controlled access area and a hot shop for
storage and maintenance of contaminated equipment.

The tools and equipment intended for inspection, maintenance
and repair activities inside nuclear power plants can be
tested and prepared at the Center under simulated plant
conditions.

Equipment setup times and downtimes can be reduced through
personnel training, practising of operations to determine
lowest-dose procedures and equipment life test.

Proper equipment maintenance and comprehensive personnel
training enhance the performance of inspection activities
in the plant and radiation exposure is considerably lowered.
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INVESTIGATION OF A LIQUID ZONE CONTROL ASSEMBLY FAILURE
AT A NUCLEAR GENERATING STATION

R.G. Sauv€ and W.W. Teper

Nuclear Systems Department
Ontario Hydro
Toronto, Ontario, Canada

ABSTRACT

The failure of the Liquid Zone Control (LZC) assembly at a nuclear
generating station was lnvestigated. The work was performed in order
to determine the cause of structural fallure in the LZC assembly
guide tube at the location of the bearing pads. The fallure resulted
in leakage of light water into the moderator. Removal of the
defective unit revealed that severe fretting wear had occurred on the
guide tube at the location of the bearing pad to calandria bushing
contact area. The observed wear pattern was orientated approximately
90° to the direction of the bypass inlet flow. Structural
features of the system and results of the investigatlon including the
mathematical simulation models used are described in this paper.
Vibro-impact forces were determined in the damaged area using a
relatively new and efficient procedurez. They were found to be of
sufficient magnitude to cause the damage.

INTRODUCTION

This paper describes the analytical investigation of the Liquid Zone
Control (LZC) assembly of a nuclear generating station (Figure 1). The system
provides a flux distribution control in the reactor core by varying the
quantities of neutron absorbing light water. This workl® was performed in

* Superscripts Refer to References.
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order to gain insight into the cause of a structural failure which occurred in
the LZC assembly guide tube at the location of the bearing pads which are
situated at the calandria nozzle (Figure 1). The failure resulted in the
leakage of light water Into the moderator. The LZC unit in question is almost
directly in line with the exit flow from one of the moderator cooling system
inlet nozzles. The orientation of the nozzles is indicated in Figure 2. This
analysis was initiated prior to any experimental work, however results of both
led to the same conclusions,

Subsequent removal of the defective unit revealed that severe fretting
wear_ had occurred on the quide tube in the bearing pad to bushing contact
areall, The bearing pads on one side had worn to the point where they no
longer provided protection to the LZC gquide tube and progressive thinning of
the tube wall resulted in a localized crack which lead to leakage. The
observed wear pattern was orlented approximately 90° to the direction of
the bypass inlet flow. Fiqure 1 shows the location of the failure. As
indicated in the figure, the wear was predominantly on one side of the tube,
although some wear was evident on the opposite side.

STRUCTURAL FEATURES BND MATHMEMATICAL MODEL

The LZC assembly consists of a tube 4.6 inches outside diameter and
4.5 inches inside dliameter, approximately 564 inches long. The tube is simply
supported at the bottom and at midheight and fixed at the upper end. There
are three small diameter vertical tubes tied to the outside tube at several
locations.

The mathematical model used to describe the LZC assembly structure is
shown in Figure 3. The quide tube and internal tubes were modelled using pipe
elements based on the displacement method. Continuity between internals and
guide tube was enforced at the bulkheads. The structure material was
Zircalloy.

At node 1 restraints were included to simulate the rigid deck plate. Due
to the time-dependent nature of the problem and the inherent non-linearities
arising from the clearance present at the guide tube/calandria nozzle
location, the Ontario Hydro structural dynamic computer code H2DMAPZ  was
utilized. This code, is applicable to a wide range of structural dynamic
problems including modal analysis, flow induced vibration and transient linear
or non-linear dynamic analysis,

The structure's inertial properties were introduced as distributed element
masses in accordance to the elements defined. The weight of water inside the
tubes was included in the model between nodes 30 and 59, along with the
hydrodynamic mass effect of the DO surrounding the guide tube.
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The flow distribution was obtained using the MODCIR computer code
predictions3 of the moderator circulation with one moderator pump running.
Using these results, the flow velocity distribution was determined and applied
to the analytical model as shown in Figure 3. The forcing function was
developed from the velocities using the following periodic function®:

P(t) = T(X)F sin(wt)

F  =0.5,v¢dC

where

P = 'mass density of surrounding fluid (Dy0)
Vr = maximum flow velocity

d = outside diameter of guide tube

CL = 11ft coefficient

w = driving frequency (rad/s)

rx) = force distribution vector

The value of w was determined by considering the frequency content that
the LZC assembly exhibited in a modal analysis and comparing these to the
frequency of vortex formation as defined using Strouhal numbers (fd/v) in the
range of .20 to 4045, The forcing function was evaluated using a 1lift
coefficient® ¢; = 0.10.

These forces were applied to both a linear and non-linear model. The
linear model was as shown in Figure 3 except that at node 30 a restraint in
the x-direction was included to represent the effect of the calandria nozzle.
In the non-linear simulation, the impact behaviour of the guide tube in the
calandria nozzle at node 30 was accounted for by incorporating one of the
non-linear elements available in H2DMAP with a contact stiffness of
105 1b/in.  Application of the non-linear dynamic solution technique?
permitted the interaction forces at this location to be quantified.

ANALYTICAL RESULTS

Modal Rnalysis

A modal analysis of the linear model described in the previous section and
illustrated in Figure 3, was performed in order to obtain the dynamic
characteristics of the assembly. The results were obtained for two cases:

(a) restraint at node 30;
(b) unrestrained at node 30,

These configurations represent the limiting cases of restraint of the
assembly because, in reality a significant clearance exists at this location.
As a result, the model can be expected to exhibit natural modes of vibration
in the frequency range of these two boundary conditions.
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In both cases the fundamental mode of the assembly was of a global nature,
that 1s, the fundamental mode shape (eigenvector) indicated overall guide tube
motion and no localized excitation. Selected mode shapes for both cases are
given in Figure 7. The peak amplitude of relative motion as depicted by the
fundamental mode shape occurred at node 30 (X-DIR) in the unrestrained case
and at node 48 (X-DIR) in the restrained case. Table ] lists the first six
natural frequencies predicted and a comparison with available experimental
data. In reference 9, the dominant frequencies of motion under operating
conditions were 4.2 Hz, 6.7 Hz to 7.1 Hz and 10 Hz. These frequencies range
between the case of the LZCU restrained and unrestrained at the nozzle
location making measurement difficult. Comparison of these results with the
predictions (Table 1) indicates good agreement.

Flow Induced Vibration Analysis (Linear)

In the linear flow induced vibration analysis the steady state response
was obtained using the normal mode method. The first eight modes of vibration
were included in the analysis. Using the velocity distribution, the Strouhal
numbers were calculated for the two cases under consideration. They were
found to be in the range of .078 to .24, corresponding to the maximum flow
velocity Vp = 7.4 in/sec (1.9 m/sec).

In Reference 4 it has been shown that response of a cylinder in cross flow
is significant for values of S in the range from 0.14 to 0.66. The region
where the frequency of excitation can "lock-in" or synchronize with tube
oscillations varies between S = 0.14 to S = 0.33. 1In addition, coupling of
tube motion in the drag and 1ift directions may occur when
0.20 < 8 < 0.33. This results in an orbital (whirling) response path.

Guide Tube/Nozzle Impact Simulation

The presence of a clearance at node 30 poses a non-linearity which will
réender the actual response intermediate between those of the two cases. 1In
order to establish the intensity of fretting wear incident on the guide
tube/nozzle interface, the magnitude of the impact forces was required. This
necessitated the use of a non-linear simulation model as described earlier.
At node 30 a clearance was introduced as shown in Figure 3. The equivalent
element force deflection characteristics used to represent this discontinuity
in the simulation is shown in Figure 6. To provide a reasonable estimate of
the actual in-situ case, the clearance was assumed to be offset. Referring to
Figure 3, the total diametral clearance was .070 in. The parameters GAP1 and
GAP2 shown in Figure 6 were set to 0.40 in and .030 in respectively. The
simulation was run for approximately 11.5 s where the steady state solution
was obtained.

The results are displayed as plots in Figures 4, 5 and 6. The maximum
response occurring in the span of guide tube in the calandria was found to be
approximately 0.045 in. Figure 6 shows the displacement of node 30 at the
guide tube/nozzle interface and illustrates the effect of a non-uniform
clearance. As seen, the impact occurs predominantly on one side of the
nozzle., The corresponding impact forces shown on Figure 5, peak between 15
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and 20 lbs. As indicated in the trace of these forces, they are somewhat
periodic. Subsequent operation under conditions of severe fretting/wear leads
to an increase in clearances and impact forces.

The materials used for the nozzle and guide tube and wear pads were
Zircalloy. The available literature on the fretting/wear of Zircalloy tubes
does not permit a good quantitative assessment of the current problem.
However, the results of short term tests of 16 hours indicate’!, for example,
that under .combined rubbing motion and periodic impact forces of approximately
2 lbs, a weight loss of 2.83 mg occurs.

Using this information, three of the small wear pads would wear completely
in about two years assuming 7,000 h operation per year. The calculated impact
forces are much higher than this but the excitation frequency is lower than
that used in Reference 7. However, with high periodic impact Fforces more
severe wear can be expected due to the breakdown of the protective surface
oxide film under high impact’. The results indicate that severe fretting
wear was the cause of failure and that an improved design in the region of the
calandria nozzle and gquide tube interface would be obtained by an Increased
wear surface and a better material combination.

CLOSURE

The analysis illustrates an application of a new method for computations of
vibro-impact forces2. Good agreement was obtained between analytical
predictions and experiments. Fretting wear of complex structures with
clearances, subjected to impact forces, can be analysed at low cost.
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NATURAL FREQUENCY (Hz)
RESTRAINED AT FREE AT
NOZZLE NOZZLE
MODE PREDICTED (EXPERIMENTAL) 8,9 PREDICTED (EXPERIMENTAL) 8.9
Normal Normal Normal Normal
Condi- In Condi- In Condi- In Condi- In
tions Alr tions Alr tions Alr tions Air
1 1.7 - 4.1 * 4.5 .56 1.2 * 1.25
2 3.49 6.85 5.9 1.97 4.26 4.3
3 6.16 7.75 8.6 4,11 7.64
4 7.75 15.5 7.24 9.14 10.}
5 11.0 21. 7.8 16.2
6 13.6 11.2

* 8ee Modal Analysis Section,

TABLE 1

LZCU FREQUENCY RANGE COMPARISON
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INTERACTION BETWEEN FUEL CLAD BALLOONING AND THERMAL-IYDRAULICS IN A LOCA

F.J. Erbacher
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Postfach 3640, 7500 Karlsruhe 1
Federal Republic of Germany

ABSTRACT

The state-of-the-art experimental work in several countries
on LOCA simulation burst and reflood tests in PWR rod bundles is
reviewed concerning the influence of thermal-hydraulics on fuel
clad ballooning and coolability of blocked fuel rod bundles,

Representative two-phase flow heat transfer during reflood-
ing limits the mean total circumferential burst strains to ap-
prox., 50 %. Reversed coolant flow direction from the refilling to
the reflooding phase which is typical of a combined emergency
core cooling injection results in a maximum flow blockage of
approx. 50 %, With unidirectional flow the maximum flow blockage
amounts up to approx. 70 7.

Reflood tests in partially blocked bundles have shown that
coolability of PWR fuel rod bundles blocked up to 90 % can be
maintained without any unacceptable temperature increase due to
the flow blockage.

INTRODUCTION

In the refilling and reflooding phases of a loss-of-coolant accident (LOCA)
occurring in a pressurized water reactor (PWR) Zircaloy fuel rod claddings may
reach temperatures which cause them to balloon and to burst due to internal
overpressure. Such local ballooning restricts the cooling channels in the fuel
element and may lead to local impairment of emergency core cooling.

In the LOCA analysis required for licensing of a PWR, the number of rup-
tured fuel rods, the cladding deformations and their influence on coolability
must be predicted, Flow blockage and quenching are finally the main concerns in
the safety assessment, because they determine the maximum cladding temperature
which must be limited.

In many countries burst and reflood tests in rod bundles have been perfor-
med to furnish experimental data.
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LOCA THERMAL-IIYDRAULICS IN A PWR CORE

The thermal-hydraulics in the reactor core depends on the design of the
emergency core cooling system. For instaunce, the injection pressure of the accu-
mulators and the injection mode i.,e, cold leg injection only and combined injec-
tion, respectively, determine the level of heat transfer and also the flow di-
rection in the core both of which have a dominating effect on clad ballooning.
Therefore, a wide range of thermal-hydraulic boundary conditions has been inve-
stigated in the LOCA simulation tests.

Figure 1 shows as an example the fuel rod cladding load in a LOCA predicted
by conservative evaluation models for a PWR with combined injection.
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Fig., 1 Fuel rod cladding loading in a 2F~cold leg break LOCA

REVIEW OF LOCA SIMULATION TESTS

To review all tests in detail would be a task beyond the scope of this
paper. Therefore only several out-of-pile and in-pile bundle tests have been
selected.,

Table I summarizes some multi-rod burst tests /1-7/. Only tests using indi-
rectly heated fuel rod simulators and in-pile tests, respectively, are included.
From the individual test series on