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IDAHOFALLSID 83415
USA

C. GRIMSHAW
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

J. C. HIGGINS
BROOKHAVEN
NATIONAL
LABORATORY
BLDG130
UPTONNY 11973
USA

H-N
HSIAU
TAIWAN POWER COMPANY
TAIPEI TAIWAN
ROC

A. B. JOHNSON
PACIFICNORTHWEST
LABORATORY
P.O. Box 999
RICHLANDWA 99352
USA

-ix -

E. R. JOHNSON
WESTINGHOUSE
ELECTRIC
CORP
P.O.BOX2728
•
PITTSBURGH PA 15230-2728
USA

E KNOI.LINGER
PAULSCHERRER
INSTITUTE
WUERENLINGEN CH5303
SWITZERLAND

.R. E. LECKENBY
UKAEA.
RISLEYLABORATORY
WARRINOTON
CHESHIRE WA36AT
UK

T. S LUBNOW
MPRAS50CIATES
1050 CONNECTICUT
AVE.,NW
WASHINGTON
DC 20036
USA

It V. JULIAN
VOLIAN
ENTERPRISES. INC.
PO BOX410
PA 15668
MURRYSVILLE
USA

A. KOHSAKA
JAPAN ATOMICRESEARCH
INST.
TOKAI
-MURA, NAKA-GUN
IBARAKI-KEN
319-I1
JAPAN

M. LEE
BROOKNAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

W. J. LUCKASJR.
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

J. E. KALINOWSKI
RIVERLABORATORY
SAVANNAH
AIKEN SC 29808
USA

M. J. KOMSI
IMATRAN
VOIMA
OY
P.O. BOX1 12
VANTAA 01601"
FINLAND

N. E. LEE
COMBUSTION
ENGINEERING
1000 PROSPECT HILLRD
WINDSORCT 06095
USA

H. L. MAGLEBY
IDAHOINC.
*EG&G
P O.BOX 1625
IDAHOFALLSID 83415
USA

P. S. KALRA
INSTITUTE
POWERRESEARCH
ELECTRIC
3412 HILLVIEWAVE.
PALOALTOCA 94303
USA

C A. KOT
ARGONNE
NATIONAL
LABORATORY
9700 S.CASSAVE..BLDG335
ARGONNEIL 60439
USA

J. R. LEHNER
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

A. P. MALINAUSKAS
OAKRIDGENATIONAL
LABORATORY
P.O. BOX2008
OAKRIDGE TN 37831-6135
USA

F.B. KAM
OAKRIDGENATIONAL
LABORATORY
POBOX2008
OAKRIDGETN 37831
USA

0. S KRAMER
BATTELLE
COLUMBUS
505 KINOAVE.
COLUMBUS
OH 43201
USA

K. M. LEIGH
UKAEA/SRD
WIGSHAWLANE,CULCHETH
WARRINGTON WA34NE
UK

R. M. MANDL
SIEMENS
12
HAMMERBACHERSTR.
ERLANGEN 852
FRO

H KAMATA
JAPANATOMICRESEARCH
INST.
TOKAI-MURA.
NAKA-GUN
IBARAKI-KEN
319-I1
JAPAN

T. S. KRESS
OAKRIDGENATIONAL
LABORATORY
P.O, BOX2009
OAKRIDGE TN 37831-8063
USA

S. J. LEVINSON
BABCOCK
& WILCOXCO.
33 15 OLDFORESTRD
LYNCHBURG
VA 24506
USA

C F MARKUS
WESTINGHOUSE
ELECTRIC
CORP.
P.O. BOX79
W MIFFLIN PA 15122-0079
USA

O 0. KANA
SOUTHWEST
RESEARCH
INSTITUTE
6220 CULEBRA
ROAD
SANANTONIO
TX 78284
USA

C A. KROPP
ENEA/DISP
VIAANGUILLARESE
K 1300
ROME 00060
ITALY

P M. LEWIS
PACIFICNORTHWEST
LABORATORY
P'O 80X 999
RICHLANDWA 99352
USA

C W. MARSCHALL
BATTELLE
COLUMBUS
505 KINGAVE,
COLUMBUSOH 43201
USA

L D. KANNBERG
PACIFICNORTHWEST
LABORATORY
RICHLAND
WA , 99352
USA

G. A. KRUEGER
PHILADELPHIA
ELECTRIC
2301 MARKET
ST., N2-I
PHILADELPHIA
PA 19101
USA

K. LIESCH
GESELLSCHAFT
FUR REAKTORSICHERHEIT
FORSCHUNGSGELANDE
.D-8046 SARCHING
FRO

P. MARSILI
ENEA/DISP
VIAVITALIANO
BRANCATI,
48
ROME 00144
ITALY

S KARIMIAN
LABORATORY
BROOKHAVEN
NATIONAL
BLDG.130
UPTONNY 11973
USA

R. C. KRYTER
OAKRIDGENATIONAL
LABORATORY
P.O. BOX2008
OAKRIDGE TN 37831-6010
USA

J. N. LILLINGTON
UKAEA/AEE
WINFRITH
DOERCHESTER
DORSET DT280H
UK

J.STEFANINSTITUTE
JAMOVA39

W Y KATO
BROOKHAVEN
NATIONAL
LABORATORY
BLDG197C
UPTONNY 11973
USA

P. KUBOTA
HITACHI
SAIWAICHO
3- I -. I
IBARAKI-KEN
JAPAN

C. L. LIN
ELECTRICPOWERRESEARCH
INSTITUTE
3412 HILLVIEW
AVE
PALOALTOCA 94303
USA

K. V KATSMA
EG&G
IDAHOINC.
P.O.
B0X 1625
IDAHOFALLS ID 83415
USA

C.A. KUKIELKA
PENNSYLVANIA
POWER& LIGHTCO.
2 N, NINTHSTREET
ALLENTOWN
PA 18101
USA

L LINDSTROM
SWEDISH NUCLEAR
POWERINSPECTORATE
BOX27016
STOCKHOLM
SW 5- 10252
SWEDEN

L, D. MCCANN
WESTINGHOUSE
ELECTRICCORP.
P.O. BOX79
W.MIFFLIN PA 15122-0079
USA

0 KATZENMEIER
KERNFOR.SCHUNGSZENTRUM.
PHDR
POSTFACH
3640
7500 KARLSRUHE I
FRG

O 5 KUPPERMAN
ARGONNE
NATIONAL
LABORATORY
9700 S. CASSAVE,
ARGONNEtL 60439
USA

Y Y. LIU
ARGONNE
NATIONAL
LABORATORY
9700 S. CASSAVE.
ARGONNEIL 60439
USA

P, K. McCARDELL
EG&GIDAHO
INC.
P.O. BOX1625
IDAHOFALLS
ID 83415
USA

W. P KEANEY
GENERAL
ASSOCIATES
CORP.
1314 OAKVIEW
DR.
WORTHINGTON
OH '43085
USA

K F KUSSMAUL
UNIVERSITY
OF STUTTGART
PFAFFENWALDRING
32
STUTTGART
80
7000
FRO

R LOFARO
BROOKHAVEN
NATIONAL
LABORATORY
BLDG 130 .
UPTONNY 11973
USA

D. J MCCLOSKEY
SANDIA
NATIONAL
LABS.
P.O. BOX5800
ALBUOUERQUE
NM 87122
USA

J. E. KELLY
SANDIANATIONAL
LABS.DIV 6418
P 0 BOX5800
ALBUGUERQUE
NM 87185
USA

P. S. LACY
URA
51 MONROESTREET
ROCKVILLEMD 20854
USA

J P LONOWORTH
CENTRAL
ELECTRICITY
GENERATING
B.
COURTNEY
HSE.. WARWICKLA
LONDON
UK

K. P. McKAY
WESTINGHOUSE
ELECTRIC
CORP,
P.O. 80X 79
W MIFFLIN PA 15228
USA

C P. KEMPF
BROOKHAVEN
NATIONAL
LABORATORY
BLDG 197-C
UPTONNY 11973
USA

T. K LARSON
EG&GIDAHOINC.
PO. BOX1625
IDAHOFALLSID 83415
USA

F. J LOSS
MATERIALS
ENGINEERINGA5SOC)ATES
9700-B M. L. KINGHIGHWAY
LANHAMMO 20706
USA

N, R.H. McMILLAN
UKAEAISPD
WIGSHAW
LANE,CULCHETH
WARRINGTON WA34NE
UK

W L. KIRK
LOSALAMOS
NATIONAL
LA8ORATORY
PO BOX1663, N-DO. MS E561
LOSVLAMOSNM 87545
USA

0 LEAVER
TANERA
1340 SARATOGA-SUNNYSIDE
ROAD,SUITE2
Y5AN
JOSE CA 95129
USA

A. L. LOWE.JR,
BABCOCK
& WILCOXCO.

C. MEDICH
SIET
VIANINOBXIOX27
PlACENZAITALY 29100
ITALY

P.O. BOX 999

317'.

PO BOX 10935

LYNCHBURG
VA 24506
USA

B. MAVKO

LJUB LJANA

6 1000

YUGOSLAVIA
0. E. MCCABE
MATERIALS
ENGINEERING
ASSOCIATES
9700-B M.L. KINGHIGHWAY
LANHAMMD 20706
USA

H. B. MEIERAN
H B MEIERAN ASSOCIATES
458 SOUTH DALLAS AVENUE
PITTSBURGH PA
IS20A
USA

S. A. NAFF
SIEMENS AG.UB.KWU.U8S
POSTFACH 3220
ERLANGEN
8520
FRG

C. F. OBENCHAIN
EG&G IDAHO INC
P.O. BOX 1625
IDAHOFALLS ID 83415
USA

M. Z. POOOWSKI
RENSSELEAR
POLYTECHNIC
INSTITUTE
TROYNY 12180-3590
USA

M, MEIOILO
ELECTRIC POWER RESEARCH INSTITUTE
3412 HILLVIEW AVE.
PALOALTO CA 94303
USA

C. NAKAMURA
JAPAN ATOMIC RESEARCH INST.
TOKAI - MURA, NAKA-GUN
IBARAKI-KEN
319-11
JAPAN

T
OHNO
NUCLEAR POWER ENG'G TEST CTR
BLDG. 4-3-13. TORANOMON, MINATO-KU
TOKYO
105
JAPAN

A. Y. PORRACCHIA
CEAFRENCHATOMICENERGY
COMMISSION
CEN CADARACHE-DERS/SEMAR BP NO. I
SAINTPAULLEZDURANCE 13108
FRANCE

J. G. MERKLE
OAK RIDGE NATIONAL LABORATORY
P.O. BOX 2009
OAK RIDGE TN 37831-8049
USA

R. K. NANSTAD
OAK RIDGE NATIONAL LABORATORY
PO BOX 2008. MS 6151
OAK RIDGE TN 37831
USA

M. OHUCHI
JAPAN SYSTEMS CORP.
NOMURA BLDG., 4-8 YOMBANCHO.CHIYODA.
TOKYO
102
JAPAN

D. A. POWERS
SANDIANATIONAL
LABS.
P.O. BOX5800
ALBUQUERQUE
NM 87185
USA

.
F. MEYER
SCIENTECH
11821 PARKLAWN DRIVE
ROCKVILLE MD 20852
USA

A. NATLIZIO
ATOMIC ENERGY OF CANADA
SHERIDAN PARK RSCH. COMM.
MISSISSAUGA ONTARIO LSKIB2
CANADA

T. OKUBO
JAPAN ATOMIC RESEARCH INST.
TOKAI- MURA, NAKA-GUN
IBARAKI-KEN
319-11
JAPAN

N. PRASAD
WESTINGHOUSE
POWERSYSTEMSDIVISION
P.O. BOX2728
PITTSBURGH
PA 15230-2728
USA

A. MEYER-HEINE
CEA FRENCH ATOMIC ENERGY COMMISSION
CEN CADARACHE-DERS/SEMAR BP NO. I
13108
SAINT PAUL LEZ DURANCE
FRANCE

D. J. NAUS
OAK RIDGE NATIONAL LABORATORY
P.O. BOX 2009. BLDG 9204-I
OAK RIDGE TN 37831-8056
USA

R. C. OLSON
BALTIMORE GAS& ELECTRICCO.
CCNPP-NGF P0 BOX 1535
LUSBY MD 20657
USA

T. PRATT
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

S, M MIHAIU
YANKEEATOMIC ELECT. CO.
508 MAIN ST.
BOLTON MA 01740
USA

E. NEGRENTI
ENEA/DISP
V. ANGUILLARESE. 301
ROME
00060
ITALY

A. OMOTO
TOKYOELECTRIC POWER
1901 L ST.. NW. STE. 720
WASHINGTON DC 20036
USA

D. A. PRELEWICZ
ENSA.INC.
15825 SHADY.GROVE
RD.(SUITE 170)
ROCKVILLEMD 20850
USA

J. S. MILLER
GULGSTATES UTILITIES
P.O. BOX 220
ST.FRANCISVILLE LA 70775
USA

0. B. NEWLAND
NATIONAL NUCLEAR CORP.
BOOTHS HALL. CHELFORD ROAD
KNUTSFORD ENGLAND
UK

N. R. ORTIZ
SANDIA NATIONAL LABS.. DIV. 6410
P.O. BOX 5800
ALBUQUERQUE NM 87185
USA

J. 0. PRUETT
OAKRIDGENATIONAL
LABORATORY
P O.BOX2008
OAKRIDGETN 37831-6135
USA

A. MINATO
ENERGY RESEARCH LAB.. HITACHI LTD.
1 168 MORIYAMA-CHO
HITACHI-SHI IBARAKI-KEN
316
JAPAN

L. Y. NEYMOTIN
BROOKHAVENNATIONAL LABORATORY
BLDG 4758
UPTON NY 11973
USA

J. PAN
UNIVERSITY OF MICHIGAN
2250 G.0. BROWN BLDG.. MECH. ENG.
ANN ARBOR MI 48108
USA

J. PUGA
UNITEDELECTRICIA.
S. A.(UNESA)
FRANCISCO
GERVAS,
3
MADRID 28020
SPAIN

S M. MODRO
FZS-AUSTRIA C/O EG&f
P.O. BOX 1625
IDAHOFALLS ID 83415
USA

Y. NOGUCHI
CHUBU ELECTRIC POWER CO. INC
900 I7TH ST. N.W.. SUITE 714
WASHINGTON DC 20006
USA

R. K. PAPESCH
BECHTEL-KWU ALLIANCE
15740 SHADYGROVE RD.
GAITHERSBURG MO 20877
USA

C. E. PUGH
OAKRIDGENATIONAL
LABORATORY
P.O. BOX2009
OAKRIDGE TN 37831
USA

T. MOMMA
JAERI C/O GENERAL ELECTRIC SAPS
RPT 168 5S
BEAVER PA
15077
USA

P.
NORTH
EG&G IDAHO INC.
P.O. BOX 1625
IDAHOFALLS ID
USA

C
PARK
BROOKHAVENNATIONAL LABORATORY
BLDG. 130
UPTON NY 11973
USA

W. J. QUAPP
WESTINGHOUSE
HANFORD
CO.
PDBOX 1970
RICHLANDWA 99352
USA

F J. MOODY
GE NUCLEAR ENERGY
175 CURTNER AVE. MAIL CODE-769
SAN JOSE CA 95125
USA

H. NOURBAKHSH
BROOKHAVENNATIONAL LABORATORY
BLDG. 130
UPTON NY 11973
USA

W. R. PEARCE
CONSULTANT
6846 GLENBROOK ROAD
BETHESDA MD 20814
USA

P. J. QUATTRO
MBZ. INC.
1 175 HERNOON
PKWY.,STE. ISO
HERNDONVA 22070
USA

P J MOORE
SAVANNAHRIVER LABORATORY
BLDG. 707C
AIKEN SC 29808
USA

S. P. NOWLEN
SANDIA NATIONAL LABS.
PO BOX 5800. DIV. 6447
ALBUQUERQUE NM 87185
USA

0. A. PERTMER
UNIVERSITY OF MARYLAND
DEPT. OF CHEMISTRY & NUCLEAR ENGR.
COLLEGE PARK MD 20742
USA

Z. H. OURESHI
SAVANNAH
RIVERLABORAORY
786-BA
AIKEN SC 29808
USA

F. I MOPSIK
NAT'L INST. OF 5TD5. & TECH.
GAITHERSBURG MD 20899
USA

E. I. NOWSTRUP
CONSULTANT
17605 PARK MILL DR
ROCKVILLE MD 20855
USA

G. PETRANGELI
ENEA/DISP
VIA VITALIANOBRANCATI, 48
ROME
00144
ITALY

H. J. REILLY

M.J. MOREAU
GENERAL ELECTRIC
P.O. BOX 1072
SCHENECTADY NY 12301
USA

A. NUHM
TECHNICATOME
CEN CADARACHE
CADARACHE
13115
FRANCE

J. L. PIERREY
CEA FRENCH ATOMIC ENERGYCOMMISSION
CEN/FAR. BP NO. 6
FONTENAT-AUX-ROSES
92265
FRANCE

L. RIB
LNRASSOCIATES
8605 GRIMSBYCT.
POTOMAC
MD 20854
USA

V
MUBAYI
BROOKHAVENNATIONAL LABORATORY
BLDG. 130
UPTON NY
11973
USA

J. O'HARA
BROOKHAVENNATIONAL LABORATORY
BLDG. 130
UPTON NY 11973
USA

A. PINI
ENEA/DISP
VIA VITALIANO BRANCATI, 48
ROME
00144
ITALY

B. RIEGEL
GESELLSCHAFT
FUR REAKTORSICHERHEIT
FORSOHUNGSGELANDE
D-8046 GARCHING
FRG

Y. MURAO
JAPAN ATOMIC RESEARCH INST.
TOKAI-MURA. NAKA-GUN
IBARAKI-KEN
319-I1
JAPAN

K. R. O'KULA
SAVANNAH RIVER LABORATORY
BLDG. 773-41A
AIKEN SC 29808
USA

M. G. PLYS
FAUSKE & ASSOCIATES
16W070 WEST 83RD STREET
BURR RIDGE IL 60521
USA

D. E. ROBERTSON
PACIFICNORTHWEST
LABORATORY
P.O. BOX999
RICHLANDWA 99352
USA

83415

-x i-

IDAHO
NATIONAL
ENGINEERING
LAB
P0 BOX1625
IDAHO
FALLS ID 83402
USA

S. B. RODRIGUEZ
EG&G IDAHOINC.
1646 GRANDVIEW
- I
IDAHOFALLSID 83402
USA

S. SETH
MITRECORP.
7525 COLSHIRE
DR.
MCLEAN VA 22102
USA

D A. SIEBE
LABORATORY
LOSALAMOS
NATIONAL
PO. BOX1663, MS K555
NM 87545
LOSALAMOS
USA

T. SUZUKI

U. S. ROHATOI
LABORATORY
NATIONAL
BROOKHAVEN
BLDG4758
UPTONNY 11973
USA

W. J. SHACK
ARGONNE
NATIONAL
LABORATORY
BLDG.212
ARGONNEIL 60439
USA

E. 0 SILVER
OAKRIDGENATIONAL
LABORATORY
P.O.
BOX2009, BLDG920 1-3
OAKRIDGETN 37831-8065
USA

1, SZABO
C.E.A.
C.E.N CADARACHE
ST. PAUL LES DURAN
FRANCE

B. ROSENSTROXH
SERVICESINC.
EBASCO
2 WORLDTRADECENTER89E
NEWYORKNY 10048
USA

V. N. SHAH
EO&GIDAHOINC.
P.O. BOX1625
IDAHOFALLSID 83415
USA

F. A. SIMONEN
PACIFICNORTHWEST
LABORATORY
P.O. BOX999
RICHLANDWA 99352
USA

A. TAKAGI
TOSHIBA
4921 NORWALK DR.,APT V202
SANJOSE CA 95125
USA

S. T. ROSINSKI
LABS,DIV.6513
SANDIANATIONAL
P.O. BOX5800
ALBUOUEROUE
NM 87185
USA

R. H. SHANNON
ENGINEER
CONSULTING
P.O. BOX2264
ROCKVILLEMD 20852
USA

F. B. SIMPSON
EG&GIDAHO
INC.
P.O. BOX1625
IDAHOFALLSID 83415
USA

K, - TASAKA
JAPAN ATOMIC RESEARCH INST.
TOKAI-MURA, NAKA-GUN
IBARAKI-KEN
319-I1
JAPAN

J. C. ROUSSEAU
COMMISSION
CEA FRENCHATOMICENERGY
CEN/GRENOBLE
GRENODLE 38000
FRANCE

R. S. SHARMA
AMERICAN
ELECTRIC
POWER
ONERIVERSIDEPLAZA
COLUMBUSOH 43017
USA

L. SLEGERS
SIEMENS KWU
BERLINER
STR295-303
OFFENBACH 6000
FRO

J. H. TAYLOR
BROOKHAVENNATIONAL LABORATORY
BLDG 130
UPTON NY 11973
USA

D. RUBIO
ELECTRIC
POWERRESEARCH
INSTITUTE
3412 HILLYIEW
AVE.
PALOALTOCA 94303
USA

D. A. SHARP
SAVANNAH
RIVERLABORATORY
AIKEN SC 29801
USA

G. L. SMITH
WESTINGHOUSE
HANFORD
CO.
P.O. BOX1970 X0-44
RICHLANDWA 99352
USA

B. J TOLLEY
COMM. OF TrI.EUROPEAN COMMUNITIES (CI
200 RUE DE LA L01
BRUSSELS
1049
BELGIUM

A. W. SNYDER
SANDIANATIONAL
LABS..ORG.6500
P.O. BOX5800
ALBUQUERQUE
NM 87185
USA

J 5, TONG
ATOMIC ENERGYCONTROL BOARD
PICKERING NGS OPERATIONS
PICKERING ONTARIO LIV2R5
CANADA

P. S00
BROOKHAVEN
NATIONAL
LABORATORY
BLDG830
UPTONNY 11973
USA

L. S, TONG
TAI
9733 LOOKOUTPLACE
GAITHERSBURG MD 20879
USA

K. A. RUSSELL
EG&G
IDAHOINC.
1520 SAWTELLE
IDAHOFALLSID 83415
USA

D. L. SHAW
BALTIMORE
GAS& ELECTRIC
COMPANY
CALVERT
CLIFFS NPP. P.O. BOX1535
LUSBYMD 20657
USA

TOSHIBA
SHINSUGITA 1500-KU
YOKOHAMA
JAPAN

43

J. RUTHERFORD
CENTRAL
ELECTRICITY
GENERATING
BD,
BOOTHSHALL,CHELFORD
ROAD
KNUTSFORDCHESHIRE WAI6 806
UK

L. SHEN
ATOMICENERGY
COUNCIL.
ROC
NO67, LANE144, KEELUNG
RD.SEC.4
TAIPEI TAIWAN 107

B. F. SAFFELL
BATTELLE
COLUMBUS
DIVISION
505 KINGAVENUE
OH 43201
COLUMBUS
USA

0. L. SHERWOOD
U.S.DEPT.OF ENERGY
GERMANTOWN
MD 21701
USA

H. SPECTER
NEWYORKPOWERAUTHORITY
123 MAINSTREET
NEWYORKNY 10601
USA

F. M. TOUBOUL
CEA FRENCH ATOMIC ENERGY COMMISSION
CEN-SACLAY DEMT/SMTS/RDMS
GIF-SUR-YVETTE
91191
FRANCE

R. T. SAIRANEN
TECHNICAL
RSCHCTROF FINLAND
POO169
HELSINKI
SF-00181
FINLAND

P. SHEWMON
ACRS
2477 LYTHAM
ROAD
COLUMBUS
OH 43220
USA

J. E. SPEELMAN
ECN
3 WESTERDUINWEG,
P.O.
BOXI
PETTENNEW HOLLAND 1755 ZG
THENETHERLANDS

H. E. TRAMMELL
OAK RIDGE NATIONAL LABORATORY
104 OGLETHORPE PL.
OAK RIDGE TN 37830
USA

K. SAKANA
JAPAN INST.OF NUCLEAR
SAFETY
FUIITA KANKOU
TORANOMON
MINATO
TOKYO
105
JAPAN

K. SHIBATA
JAPAN ATOMICRESEARCH
INST.
TOKAI-MURA,NAKA-GUN
IBARAKI-KEN
319-Il
JAPAN

K. E. ST.JOHN
YANKEE
ATOMICELECTRIC
CO.
1671 WORCESTER
RD
FRAMINFHAM
MA 01701
USA

J. 0. TROTTER
GROVEENGINEERING
15215 SHADYGROVERD.
ROCKVILLE MD 20878
USA

K. SAKANO
JAPANINSTITUTE
OF NUCLEAR
SAFETY
FUJITA KANKON
TOR.BLDG.3-17-I
TOKYO 105
JAPAN

K. SHIMIZU
HITACHI,LTD.
I- I SAIWAI-MACHI
HITACHI
JAPAN

H. STADTKE
JOINT RESEARCH
CENTRE-ISPRA ESTABLISH
ISPRA 21020
ITALY

C-K
TSAI
WESTINGHOUSE POWER SYSTEMS DIVISION
P 0 B0X 355
PITTSBURGH PA
15 2 3 0 - 2 7 2 8
USA

A. SALA
HIDROELECTRICO
ESPANOLA
HERMOSILLA
3
MADRID 28001
SPAIN

A. SHIMIZU
OHBAYASHI
CORP.
777 RIVERVIEW
DR., APT.9
ROCHESTER
PA 15074
USA

0 D0 STEPNEWSKl
WESTINGHOUSE
HANFORD
CO.
P.O. BOX1970 NI-31
RICHLANDWA 99352
USA

T. TSUJINO
JAPAN ATOMIC RESEARCH INST.
TOKAIBMURA, NAKA-GUN
IBARAKI-KEN
319-I1
JAPAN

J. SALILJA
VIKINGSYSTEMSINTERNATIONAL
2070 WMPITT WAY
PITTSBURGH
PA 15238
USA

J. J. SHIN
EBASCO
SERVICES.INC.
2 WORLDTRADECENTER
NEWYORKNY 10048
USA

E. J. STUBBE
TRACTABEL
3 1 RUEDELASCIENCE
BRUSSELS
1040
BELGIUM

B, D. TURLAND
UKAEA CULHAM
CULHAM LABORATORY
ABINGDON
UK

L, SCHOR
YANKEE
ATOMICELECT.CO.
508 MAINST.
BOLTONMA 01740
USA

M. S. SHINKO
EMERGENCY
RESPONSETEAM
PO BOX129
WASHINGTON
GROVEMD 20880
USA

R, K SUNDARAM
YANKEE
ATOMICELECT.CO.
508 MAINST.
BOLTONMA 01740
USA

G. TYROR, DIRECTOR
UKAEA/SRD
WIGSHAW LANE. KNUTSFORD
WARRINGOTON WA34NE
UK

D. 0. SCHRAMMEL
UFK
WEBERSTR.5
KARLSRUHE
FRO

B. S. SHIRALKAR
GENERAL
ELECTRIC
CO.
I75CURTNER AVE (M/C 186)
SANJOSE CA 95125
USA

J, D, SUTTON
YANKEE
ATOMICELECTRIC
CO.
580 MAINST.
BOLTONMA 01740
USA

R E. UHRIG
OAK RIDGE NATIONAL LABORATORY
:13 CONNORS DRIVE
OAK RIDGE TN 37830
USA

ROC:
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A. A. VALENTIN
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MEETING EVOLVING REACTOR SAFETY REQUIREMENTS
A. Rubio and R. C. Vogel
Electric Power Research Insti Lute

ABSTRACT
This paper gives an overview of the work being conducted by the
Electric Power Research Institute (EPRI) in the reactor safety
field.
Topics covered include nuclear seismic research, nuclear reload
mangement,
systems
reliability
analysis,
severe
accident
management,
safety margins and testing (i.e., water hammer),
source term investigations and control and diagnostics.
The general philosophy behind the work is to be of help to the
utilities which support EPRI in such a way that safety is
enhanced, firstly, in protecting the public and, secondly, in
protecting the very large investment represented by a nuclear
power plant.
1.0

INTRODUCTION

This paper reviews the work of the Safety and Technology Departm( it of the
Electric Power Research Institute (EPRI).
The space is too limited to cover
all the work.
Here, we will cover some of the work in the areas of nuclear
seismic studies, reload management, accident management, systems reliability
analyses, severe accident studies, safety margins, control and diagnostics.
It is the general approach in our-work to be of help to the utilities which
support EPRI in such a way that safety is enhanced, firstly, in protecting the
public, and secondly, in protecting the very large investment represented by a
nuclear power plant.
NRC issued a Severe Accident Policy Statement (50 FR-32138) on August 8, 1985,
whose objectives were:
(1) to reduce the probability of a severe accident;
and (2) should a severe accident occur, to mitigate its consequences to the
public.
The policy statement provides for a generic letter requiring
individual plant evaluations (IPEs).
During the past year, we have all been
waiting for the issuance of the generic letter which will give guidance to the
utilities for the individual plant- evaluations.
At the tii;ie this paper is
being written the generic letter has not been issued.
Therefore, at this
point, it is too early to comment in any detail on the generic letter.
Another important activity this year has been the NRC's efforts in reworking
NUREG-1150.
EPRI has participated in this effort.
We are impressed with the
effort which NRC has put into this difficult task and await final publication
of this document.
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2.0

NUCLEAR SEISMIC STUDIES

The goals of the seismic research conducted at the Electric Power Research
Institute (EPRI) are to reduce costs and provide the technological bases for
safe operation of nuclear power plants with respect to seismic phenomena.
With no new plants on order, the current principal focus -of EPRI's seismic
research is to support the needs of operating plants.
In the long term,
however, the program addresses the major strategic need to stabilize the
regulatory
process, and
reduce
costs of
licensing
delays
and
plant
reevaluations.
2.1

Probabilistic Seismic Hazard

The purpose of EPRI's probabilistic seismic hazard research is to provide a
documented basis for informed decision making about ground motions appropriate
for seismic design at a given site.
Seismic, hazard is.represented by probabilities that given levels of ground shaking will be exceeded at a site in a
given time (usually annually).
Uncertainty on the hazard at any site may be
large; therefore,
procedures are required to quantify uncertainty that
reflects uncertain input parameters and computational models.
Recently, a probabilistic seismic hazard methodology has been compJeted
specifically to characterize seismic hazard at low probabilities (<10per
year) at locations in the central. and eastern United States, using multiple
input interpretations (1).
The probabilistic computational structure permits expression' of alternative,
scientifically supported interpretations of earthquake causes and observed
seismicity (figure 1).
The interpretation procedure provides a step-by-step,
structured approach leading to. seismic source. representations that are fully
trackable and amenable to scientific peer review.
The methodology incorporates rigorous statistical analyses of an earthquake
catalog to maximize its use in estimating the sizes and rates of occurrence of
future earthquakes in any given seismic source.
Flexibility has been retained
for the user to express alternative interpretations.
The main features of the
assessment are:
a.

An evaluation of the internal consistency of earthquake size
assessments and the establishment of a uniform measure of
earthquake size, with error estimate;

b.

Discrimination of independent main. shocks from dependent events
(foreshocks and aftershocks);

c.

Analysis of the historic earthquake database
in time, space and magnitude;

d.

Methods to estimate seismicity parameters to account for error
in magnitude estimates and to permit spatially nonhomogeneous
reoccurrence rates within a source; and,
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e.

Flexibility to allow prior (in a Bayesian sense) estimates of
seismicity parameters to be specified by the user.

It can be applied to
The methodology is believed to be completely general.
any site by any team of researchers knowledgeable in earth sciences and
probability analysis.
2.2

Seismic Design Ground 'lotion

The main objective of the research on seismic design ground motion is to
reduce conservatism in seismic design standards for the development of
(OBE/SSE)
earthquake
shutdown
basis earthquake/safe
operating
reliable
guidelines for nuclear power plants.
The resolution of these issues requires the development of procedures to
reliably determine ground-motion time histories and associated response
This requires a fundamental understanding of all elements conspectra.
earthquake source properties, propatributing to ground motion at a site:
Present and planned research may
gation of seismic energy and site response.
(1) field and laboratory experiments to collect
be divided into three areas:
data; (2) data analysis and model synthesis; and (3) integration of results
into topical reports or technical positions as bases for modifying regulatory
practice.
Currently, EPRI's largest effort toward collecting free-field ground-motion
and soil-response data is ac Parkfield, California, the site of a predicted
EPRI is particimagnitude 5.5-6.0 earthquake in 1988 ±5 years (figure 2).
(1) a
pating in installing and maintaining two arrays installed at Parkfield:
dense 3-dimensional seismic engineering array (figure 3); and (2) a vertical
The seismic engineering array is located
soil liquefaction array (figure 4).
6 km east of the San Andreas Fault and is designed to study dynamics of
seismic wave
of near-field
coherence
and
spatial
rupture
earthquake
The soil liquefaction array is located on soft sediments less
propagation.
than 1 km from the fault and is designed to study the effects of strong ground
shaking on saturated, cohesionless soils.
Data analysis and model synthesis can be broken down into investigations of
In terms
earthquake source processes, the propagation path and site response.
of sources, EPRI is looking very hard at scaling relationships, with a special
emphasis on characterizing similarities and differences between intra- and
Reliable seismic hazard prediction in the eastern
interplate earthquakes.
United States depends on an understanding of intraplate earthquakes; however,
because intraplate events are relatively rare, it is important to understand
when it is appropriate to apply data from the more common interplate events to
hazard estimation for potential eastern United States sources.
The investigations of path properties have been focused on developing models
Regional investigations have
of attenuation in the eastern United States.
looked at attenuation of Lg waves (crustal Love wave) at distances greater
than 100 km from earthquake sources and at models for ground motion attenu-
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Effort has also been aimed at
ation of body-wave phases at closer ranges.
over sources of high-frequency attenuation and
resolving controversies
appropriate models for ground motion estimation.
Site response is the least understood contributor to ground motion and the
EPRI is now initiating
least developed aspect of the analysis program.
projects to investigate nonlinear soil response (from arrays at Parkfield and
Lotung), the effects of shall-ow crustal structure, and the spatial cohereice
of ground motion of dimensions of a typical nuclear plant embedment.
In terms of integration of results of ground motion studies, EPRI held a
symposium in April 1987 on the subject of "Earthquake Ground Motion Estimation
Investigators from a variety of disciplines and
in Eastern North America."
organizations were invited to make presentations, the results of which are
published in an EPRI technical report (2).
2.3

Piping Design Improvement

Overly conservative and inefficient piping seismic design has often led to
The EPRI research
overstiffened systems with excessive numbers of snubbers.
(1) reducing
strategy is aimed at achieving the following two objectives:
snubbers by relaxation of design criteria, and (2) replacing snubbers by using
alternative support design.
EPRI and NRC have cosponsored a piping and fitting dynamic reliability program
(PDFDRP) aimed at developing a set of defensible and improved criteria for
To provide the
more realistic piping designs with fewer snubbers (3, 4).
necessary experimental database that would support design rule changes, the
systems, and
project conducted an extensive test program on components,
The component test program consisted of 41 tests on
material specimens.
Each component was
elbows, tees, reducers, nozzles and welded attachments.
pressurized and dynamically tested to leakage failure under extreme high
A typical, seismic test setup for
seismic, hydrodynamic or water hammer loads.
The piping system test program
an elbow element is shown in figure 5.
consisted of four system tests: two seismic/hydrodynamic tests, and two water
hammer load tests. The test results from both component and system tests have
demonstrated that nuclear piping has excessive dynamic capacity and the major
failure mode is fatigue ratcheting rather than collapse.
Some typical results from component tests are summarized in table 1. It can
be seen that the dynamic load level could reach as high as 15 to 25 times of
the level D load before through-wall cracks developed from fatigue ratcheting.
Also, the results have shown that the recorded dynamic moments always exceed
Based on the test evidence, two code cases on
the static limit moments.
removal of OBE from the equation in the ASME code have been approved by
Additional code rule changes will be proposed to allow higher code
ASME.
stress limits and to permit the use of simpler analysis methods.
Research on alternative support design includes the development of simplified
piping support systems using limit-stops (5) and the application of an energyEPRI has participated in the NRC program to
.absorbing support device (6).
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Table 1
PIPING AND FITTING DYNAMIC RELIABILITY PROGRAM - COMPONENT TEST SUMMARY
(6 in. Components - Seismic Input.)

No.

Type

Mat

Sch

Press

Load
Dir

DYN MON
LIM MON

Input X No
Level D TH

Fail
Mode

Residual
Strain

1

Elbow
(Retest)

CS

80
80

1500
2600

I-P
IP

1.21
1.21

15
15

5
0.5

NF
FR

No data
No data

2

Elbow
(Retest)

CS

80
80

1500
2600

O-P
O-P

1.04
1.04

15
15

5
4.5

NF
FR

No data
No data

3

Elbow

SS

10

400

I-P

2.36

21

3.5

FR

7.0%

4

Elbow

CS

40

1000

I-P

1.83

18

2.5

FR

No data

5

Elbow

CS

40

1700

I-P

2.06

21

3.5

FR

27%

6

Elbow

SS

40

1700

I-P

2.00

19

3.5

FR

32%

7

Elbow

SS

40

1000

I-P

1.80

23

4.5

FR

18%

8

Elbow

SS

40

0

I-P

1.80

24

5

NF

3%

9

Tee Fix-2

SS

40

1700

O-P

2.50

21

1.5

FR

8%

10

Tee Fix-2

SS

40

1000

O-P

2.40

21

2.5

FR

6.5%

11

Tee Fix-2

SS

10

400

O-P

1.00

16

0.5

FR

5%

12

Tee Fix-2

SS

40

1700

I-P

2.30

27

2.5

FR

11%

13

Short Elb.

CS

40

1000

I-P

2.30

22

2.5

FR

6%

14

Tee Fix-2

CS

40

1700

O-P

2.46

18

1.5

FR

10%

15

Reducer

SS

40

1700

N/A

1.18

13

5

FR

18%

23

Strut

CS

40

1000

I-P

2.0

N/A

5

NF

1.5%

25

Elb-Mid

SS

10

800

MIX

6.0

27

7

NF

4%

35

Elb High

CS

40

1700

I-P

1.65

18

5

FR

No data

37

Elb 1.4 Hz

SS

10

0

I-P

1.03(4)

10

2

RB

4.0%

38

Tee Fix-1

CS

40

1700

O-P

1.92

20

3.6

FR

20%

39

Tee Fix-1

SS

40

0

O-P

1.84

21

4

NF

10%

40

Reducer

SS

40

0

N/A

1.2

22

2

RB

9%

I-P
= In-Plane
O-P
= Out-of-Plane
NO TH = No. of high-level input test runs to cause failure.
FR
= Fatigue ratcheting failure.
NF
= No failure.
Residual strain = measured by 2-inch scratch marks.
Input x Level D = calculated stress using linear response spectrum analysis,
2% damping, ±15% broadening and actual sled input.
Use the calculated stress,
(B M/Z), divided by Level D allowable, 3 5 m to determine multiple of Level D
allowable.
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test these alternative passive designs on actual piping systems at the HDR
plant in West Germany (7).
Such passive piping support systems could help
reduce or eliminate widely used snubbers and thus, help achieve substantial
Further software
cost savings in power plant construction and, operation.
development and hardware design of the limit stop support is underway for
product commercialization.
The piping system damping reevaluation is aimed in critically evaluating the
available damping data to form a technical basis for recommending piping
system damping values for formal ASME code (Appendix N) adoption.
The study
was motivated by some concerns surrounding the ASME Code Case N-411.
Based on engineering insights and judgment, using regression judiciously and
factoring the practicality of application into consideration, the following
damping recommendations have been submitted to ASME (8):
2.3.1

For LWR Piping.
(A)

0 + 0.24 D + 1.66 (RL)
where
D =
=

pipe diameter (in.)
.
1.43 first mode without on-line equipment

-

0.53

=

-0.47** first mode with on-line equipment

-

-1.37

RL =

higher modes without on-line equipment

higher modes with on-line equipment

response level--extreme fiber stress normalized against yield stress

*Applicable also to small bore piping with on-line
equipment.
**Applicable only when no special equipment supports are provided and
to only those modes that have a dominant equipment response.
Maximum diameter dependent damping are determined by the intersection
Eq. (B) below with the above equation for a similar LMR configuration.
2.3.2

For LMR Piping.
(B)

B= o - 0.31 D + 4.0 (SR)
where
D=

pipe diameter (in.)

-9-

of

ratio of snubber supports to total supports in terms of pipe support
density (PSD)

SR

Bo :8.09 first mode
-

5.89 higher modes

One key point to be observed here is that damping increases as response level
increases.
Another key point is that the damping for first mode is larger
Although the definition of first mode and
than the one for higher modes..
higher modes is a much more rigorous one than frequency in terms of assessing
the physical response of the piping system, the results presentedhere do not
conflict with Code Case N-411.
Other ongoing and planned research activities in support of overall piping
inelastic
analysis
development
of
simplified
improvement
include
method (9, 10), analysis of NRC/EPRI/NUPEC (Nuclear Power Engineering Test
Center) high-amplitude piping tests at Tadotsu, dynamic testing of eroded and
EPRI
corroded piping, and development of improved support design criteria.
has also sponsored studies on relaxing snubber testing specifications to
reduce snubber maintenance costs.
2.4

Concrete Containment Integrity

The goal of EPRI's research is to provide industry with a test-verified
analytic tool for evaluation of concrete containment integrity under various
The approach of the EPRI research
postulated severe accident scenarios.
To avoid uncertainties
program is to conduct tests and analysis in parallel.
associated with using small-scale models to study detailed structural response
of prototypical structures, the test program focuses on te:,ting of large- and
full-scale segments, starting with simple uniaxial and biaxial tension tests
on square structural elements to define material behavior and then following
up with more systematic testing of prototypical containment segments with
penetrations and structural discontinuities to produce a database on leakage
A 50-million pound multiaxial reaction rig, as
through local liner tearing.
shown in figure 6, was fabricated at Construction Technology Laboratory (CTL)
for testing.
As shown in figure 7, a leakage moritoring fixture.was also
installed to obtain information )n leakage through liner and concrete crack.
The results have been
Seven specimens of various configurations were tested.
reported (11, 12). and have demonstrated that:
The liner will develop cracks in the discontinuity region such
as around penetrations where highý strain concentration is
induced;
The liner crack will not develop
strain concentration is expected;

in

regions

where

no

high

A preexisting liner crack or a crack initiated at the strain
concentration region will arrest (instead of propagating in an
unstable manner) due to concrete-liner interaction; and,
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Figure 7. Cross-Section of Air Leak Rate Test Fixture
and Multiaxial Test Frame.
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Liner anchorage plays a critical role in liner crack initiation
and arrest.
findings have also been observed in the NRC/Sandia
These experimental
1/6-scale reinforced concrete containment model testing where about 10 cracks
One, therefore,
developed in the liner in the strain concentration regions.
can conclude that the ultimate "failure" mode of a concrete containment under
internal overpressurization will most likely be "leak" instead of catastrophic
"break."
The analytical development has resulted in capabilities in ABAQUS-EPGEN (13)
These capabilities
for nonlinear concrete containment integrity evaluation.
have been qualified by correlating analysis with test (14-16).
The qualified capabilities were applied to performing pretest analysis of the
overpressurization
containment
concrete
1/6-scale reinforced
NRC/Sandia
The ABAQUS results correctly predicted the failure mode (liner tear at
test.
strain concentration regions rather than catastrophic unstable sudden failure)
and failure pressure level (-145 psi, the level the liner tear occurred)
observed in the test (17).
The
With the release of the test data, posttest correlations were performed.
8-inch constrained penetration gage measurements are plotted with an analysis
In general,
liner strain profile at the 145-psi pressure reading in figure 8.
and
analysis.
test
very good agreement is observed between the
The best profile of gages that is available on the model is a closely spaced
The comparison between analysis and
line of gages near equipment hatch A.
experiment given in figure 9 shows the same strain concentration trend.
The EPRI concrete containment integrity program has yielded significant
results for concrete containment evaluation under beyond design basis severe
core loading conditions.
3.0

NUCLEAR RELOAD MANAGEMENT

3.1

Evaluation of Differences Between Current Lattice Physics Codes

Utility reactor analysis staffs utilize a variety of cross-section generator
Intercodes' and libraries with nodal codes to perform core analysis.
circumstances,
in
some
yielded,
have
comparisons of some of these codes
The accuracy of these
differences in results that were larger than expected.
and plant operations
analysis
core
reload
impact
can
potentially
methods
support.
The computer codes used in reactor analysis are usually developed for specific
This
applications and benchmarked for a range of relevant parameters.
this
in
involved
approach has been used for the cross-section generator codes
Fuel enrichment and burnable poison loadings are being extended
study.
outside the range of earlier designs, upon which much of the benchmarking has
been based.
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As applications were being made to the wider range of parameters, larger
differences in the results given by the various codes were observed.
It was
not known whether the differences were systematic, the result of different
cross-section libraries, the code methodology, or how the codes had been
applied by the user.
EPRI was encouraged by various utilities to help sort
out the source of the differences.
The evaluation of cross-section generator codes, includes the identification
of differences in results from the EPRI-CELL, CELL2, CPM1, CPM2, CASM02,
CASM03, and LATTICE codes.
The differences in code results crused by the use
*of the ENDF/V library in CELL2 and the CPM library in CASM02 were also
evaluated.
This investigation of cross-section generators is based on six different
utility companies running BWR and PWR pin cell and multipin cell calculations
with controlled input specification options.
Fuel enrichment, burnable
poison, Gd or burnable poison rods (BPRs), control rod and soluble poison
effects were evaluated over a range of moderator temperatures, moderator void,
fuel burnup, power level, and xenon conditions.
Significantly, different results were obtained from the codes/libraries for Kvs. enrichment, cold (68°F) K_, K_ vs. fuel burnup and reactivity worths for
Doppler, burnable poison vs. burnup, and control rods.
Examples of some of
those differences are shown in figure 10.
Results obtained for reactivity
worths for soluble boron, xenon, void, and temperature history effect were in
good agreement.
3.2

Analytical Methods for Transient Fuel [ehavior

Established procedures for licensing fuel reloads require that each licensee
demonstrate that the new fuel reload or proposed operating procedure will not
violate previously established limits.
In some cases, such as reactor plant
changes that affect the fuel limits, the transient fuel analysis of the design
basis accidents (DBAs), for which acceptable fuel limits have been specified,
becomes a necessary part of the total reload licensing analyses.
The FREY
code ha- been developed to address this need.
In addition to fuel licensing analysis, the need of fuel integrity evaluation
under plant operation conditions has also been the incentive of FREY development.
FREY employs two-dimensional finite formulation with fully coupled
thermal-mechanical modeling which is especially suitable for fuel diagnostic
analyses as in the case of pellet-clad interaction (PCI).
FREY's application
in plant operation Support is in the ramp rate evaluation, fuel procurement
evaluation, and post transient fuel integrity evaluation areas.
An extensive FREY V&V effort covering both steady-state and transient
validations is now ongoing.
Code predictions are compared with plant irradiation test data, the Halden reactor test data, the power ramp test data, and
the severe transient test data obtained in the, Power Burst Facility (PBF) and
the Transient Reactor Test Facility (TREAT).
The scope of this V&V effort is
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intended to cover all of the application areas of FREY.
Preliminary results
The V&V
show good comparison between FREY calculated values and test data.
effort is planned to be completed in the near future.
A utility FREY working group has been formed to participate in the V&V
Commonwealth Edison Company is taking the lead in
effort.
Currently,
establishing a FREY UGRA (Utility Group' for Regulatory Application).
A code
design review followed by submittal of FREY to the NRC by FREY UGRA for a
safety evaluation report (SER) are planned.
Even though FREY has not been
formally released, ithas already been used by one utility in fuel procurement
Recently, the localized cladding corrosion has caused some BWR
evaluation.
plants to reduce power ramp rate and operating power level.
A BWR utility,
using the unique characteristics of FREY, was able to model this asymmetric
phenomenon and has analyzed fuel clad integrity under various ramp rates and
operating conditions.
Their FREY results, shown in figure 11, have provided
them confidence in their power ascension maneuvering during the plant startup
process.
3.3

A Qualified Core Thermal Hydraulics Code for Utility Applications

EPRI developed the VIPRE code in response to the utility industry's need for a
publicly available, detailed thermal hydraulics code for the analysis of PWR
and BWR cores.
The code, based on specifications developed by a utility
safety analysis working group drew from the stren' 2 ths of the COBRA series of
codes.
After extensive prerelease testing, the utility group decided to use
VIPRE for licensing submittals.
EPRI set up a Design Review Committee of
experts to review VIPRE code and documentation to ensure that it performed
according to the original design spei:;ifications.
The code was revised to
incorporate the Design Review' Committee's recommendations.
Improvements
include treatment of supercritical flows and iterations on the radial peaking
factor for a specified minimum departure from nucleate boiling ratio.
The
VIPRE code has been extensively validated against data from rod bundle experiments, boiling heat transfer data, and critical heat flux tests.
The code
designated as VIPRE-Ol, MOD-01 is maintained under a quality assurance program
in conformity with NRC regulations 10 CFR 50, App. B.
VIPRE-01, MOD-01 is widely used for the calculations of core safety. limits
such as minimum departure from nucleate boiling ratio, critical power ratio,
fuel and clad tenperatures and the coolant thermal-hydraulic state.
Several
utilities have prepared topical reports on thermal hydraulics analysis using
VIPRE and two utilities (Northern States Power and Northeast Utilities Service
Co.) have received safety evaluation reports frcm the NRC on their topicals.
Because of its large selection of two-phase correlations,
VIPRE-01 can
calculate flow behavior over a wide range of two-phase flow conditions in
steady-state applications.
In transient calculations, this empirical modeling
of slip between phases and void quality r! 'ations can result in calculational
instabilities in some applications.
To overcome this shortcoming, a drift
flux model option has been developed for VIPRE.
In this drift flux, a fourth
conservation equation for vapor mass continuity has been added, and the
mixture momentum and energy equations have been modified to include drift

-16-

90

so

S70

~60
UUj

050o

40
35

0.3

0.4

0.5

0.6

0.7

RAUP RATE (W/cfmnmnm

Figure 11.
Defect Compared With Ramp Rate
for Various Failure Powers.

ONE-O BWR TRANSIENT - TIME STEP - 0.1 SEC

ONE-D BWR TRANSIENT - TIME STEP - 0.1 SEC
55 0
46 0
35 0

0

X
LU

-150
-5 0

-3&0

ONIFTFLUXMODEL

-4&0
-550
00

'0

02

0.40

TIME. SEC

(b)
Figure 12.
VIPRE Calculated Exit Flow Rate With (a)
the EPRI Slip Model, (b) the Drift Flux(Model.
-i7-

Homogeneous Model Using

Two additional constitutive relations are needed to calculate the
terms (18).
The constitutive relations that
drift velocity and the vapor generation rate.
have been selected in VIPRE are based on the work of Lellouche and
Zolotar (19).

A test problem has been selectd to demonstrate the effectiveness of the drift
It consists of a one-dimensional
flux model in transient calculations.
The
representation of a BWR channel subjected to a loss of flow transient.
inlet flow is ramped down from 9.2 lbm/s to 0.92 Ibm/s in 0.5 sec and the
The results are
power does dow.n by a factor of ten in a corresponding manner.
shown in the form of exit flow vs. time in figure 12 for the VIPRE homogeneous
The homcjeneous model with
model with slip and the VIPRE drift flux model.
slip predicts an unphysical oscillation, whereas the drift flux model shows
The drift flux option in
the expected behavior of flow decrease with time.
will
be
available as VIPRE-01,
data
and
against
test
validated
has
been
VIPRE
MOD-02.
Further work in core thermal hydraulics is in the development of VIPRE-02
A first version of the code capable of
based on two-fluid modeling.
simulating PWR and BWR cores with a PWR vessel model will be available to the
utility industry early next year.
3.4

Reactor Analysis Support Package (RASP); Validation for Simulator
Qualification

The objective of the Reactor Analysis Support Package (RASP) was to give
utilities an in-house calculationJl capability for doing fuel rranagement
RASP consists of computer
calculations and plant transient/accident analysis.
codes for neutronic and thermal-hydraulic analysis of core and plant behavior
as well as a series of guidelines for the application of these codes, or
The major applications are the safety analysis for reload
similar codes.
plant
support analysis.
and
licensing
The availability of the RASP codes and linkage software makes it possible for
utility users to perform their own analyses of nuclear steam supply system
However, before embarking on a project to
behavior and fuel performance.
utilize these tools for plant support and/or reload licensing analysis, the
utility should be aware of how these tools can be used to do event analysis,
what requirei.ents there are in terms of quality assurance and documentation,
and what the procedure is for getting approval from the NRC to use the
"Introduction and
Volume 1 of RASP,
methodology for licensing analysis.
Overview," and Volume 10, "Guidelines for Developing a Reload Licensing
Capability," give the utility analyst and manager the background needed to
The technical details, or how to apply the
understand what must be done.
Taken
codes to do specific analysis, is explained in Volumes 2-9 of RASP.
together, they are invaluable to the analyst beginning to do analysis and a
useful reference for the more experienced engineer.
Following the
One specific application of RASP is in simulator qualification.
TMI-2 accident, utilities have made increasing use of full-scope control-room
Most simulators purchased by utilities
simulators to train plant operators.

since then have possessed the technical capability required to represent
abnormal events.
EPRI and the nuclear utility industry continue to work to
EPRI.
develop improved methods for qualifying nuclear control-room simulators.
report NP-4243 presents guidelines for developing simulator evaluation
criteria based on operator training objectives.
Under RASP the development
and testing of the engineering code RETRAN, which provides best-estiMate
response information to satisfy the NRC requirement for qualifying simulators,
was documented.
The objective of the report (NP-5840) was to demonstrate the ability of the
RETRAN code to provide best-estimate reference information for qualifying
full-scope nuclear power plant training simulators.
The transient selection matrix documented in report NP-4243 shows the dynamic
states important to the training environment.
Existing RETRAN code transient
analyses of 31 BWR and 50 PWR events were evaluated to determine the extent to
which the RETRAN code experienced these dynamic states.
A unique rating
system, developed from an operator's point of view, noted when the RETRAN code
predicted correct, incorrect, and incorrect but nonessential information,
allowing investigators to measure the overall accuracy of RETRAN code
predictions.
Evaluations of the 81 transient analyses cover essentially all the dynamic
states, such as valve openings and control system actions, required for
qualification of nuclear power plant full-scope simulators.
Transient
predictions made using the RETRAN code proved the code's ability to predict
important
system
parameters--including
reactor
power,
flow,
and
pressure--corresponding to plant instrumentation readings, with the fidelity
required to qualify power plant training simulators.
The material in EPRI report NP-5840, along with the simulator qualification
plan presented in EPRI report NP-5504, can help utilities qualify full-scope
nuclear power plant control-room simulators.
Composite ratings for the
magnitude, timing, and trend measures indicate that utility engineers can use
RETRAN event analysis with confidence.
3.5

ARROTIA Code Development

ARROTTA (20) is an advanced, state-of-the-art nodal code which performs threedimensional calculations for steady-state and transient applications.
It
solves the two-group neutron diffusion equations with a coarse-mesh nodalization based on the QUANDRY methodology (21) and permits up to six families of
delayed neutrons.
Its thermal-hydraulic model, originally derived from the
BEGAL-Ol code (22), uses a single core pressure during a time step and is
based on a three-equation model.
Unlike most nodal codes, ARROTTA can perform
calculations in which the core pressure changes from time step to time step.
It permits two-phase flow, and its thermal-hydraulic model recently has been
enhanced to perform calculations above the critical pressure based upon
routines taken from the RETRAN-02 systems transient code (23).
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.The ARROTTA code has been well-exercised and validated against a variety of
It -has been
PWR static and slow transient calculations and experiments.
released for such slow transient analysis in IBM and CDC Versions together
with a substantially upgraded User's Manual and a preview of a Validation and
Besides comparisons with standard advanced nodal
Verification (V&V) document.
the following core representations have been
benchmarks,
transient
and
static
used for this V&V: Zion Unit 2, Catawba Unit 1, a generic CE core, and three
The following V&V has been performed:
Westinghouse three-loop plants.
ITCs,

and

control

rod

worths

have

been

A.

Power distribution,
compared with PDQ.

B.

ITCs, and peak
Power distributions, including gamma scans,
xenon calculation have been compared with assorted reactor
measurements.

C.

A PWR natural circulation transient has been analyzed using
static ARROTTA and RETRAN calculations in tandem and then was
reanalyzed using ARROTTA in the transient mode driven by
The results of the
forcing functions edited -from RETRAN.
(ARROTTA) RETRAN analysis and the ARROTTA reanalysis are shown
in figure 13 (derived from reference 24).

Furthermo,2, ARROTTA, with other codes, is being applied in a design basis
accident project for both rod ejection accident and also steam line break
transient studies in cooperative efforts with two utilities.
as part of the "below bank rod test," Duke
During its BoL testing (25),
Power's Catawaba-1 plant had a single asymmetric control rod inserted into the
Due to
core long enough to excite upon removal a full-core xenon oscillation.
the placement of the external detectors on the diagonals in the Catawaba
plant, it is most accurate to use the two assemblies straddling the diagonal
which are closest to the detector location as a measure• of the normalized
The analytic equivalent of the
detector response to this spatial transient.
detector normalization is obtained by dividing the two edge assembly powers in
the maximum power quadrant by the core average of these edge powers, thus the
Maximum Edge Tilt (MET).
The ARROTTA-generated MET reproduced both the period and the amplitude of the
Not only do these calculations demondata quite well as shown in figure 14.
strate the ARROTTA spatial xenon transient capability, but dramatically show
the consistent correlation between edge assembly powers and ex-core detector
response.
A standard PWR nodal code, NODE-P2 (26), was also used to calculate a MET for
NODE-P2 reproduced the time scale of this oscillation well, but
this event.
The
did a poor job at matching experimental MET as. shown in figure 14.
NODE-P2 does accurate core
NODE-P2 predictions of MET were consistently low.
follow analyses, including equilibrium xenon, upon proper normalization to
this type of extreme asymmetric
However,
higher order calculations.
oscillation is beyond its basic core-follow capability.
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The superiority of the advanced nodal methodology of ARROTTA versus the
standard nodal methodology of NODE-P2 is based on the difference in the
ARROTTA has a true two-group
neutronic modeling inherent in the two programs.
flux solution and an explicit spatial representation of the reflector regions
while NODE-P2 simply uses leakage factors (albedo-like quantities) that are
This approximation for the reflector tends to
constant throughout the event.
damp out the amplitude of such radial oscillations, that is, the reflector
boundary conditions tend to enforce symmetry over the full core even when it
is not appropriate.
3.6

LWR Set Point Methodolog; Demon,

rations

Reactor instrument settings or set points are those instrument limits at which
a system automatic or operator manual operation must take place to preserve
The specific process used to
the assumptions of the plant safety analysis.
establish the set points is important because it is necessary to satisfy the
applicable plant safety and licensing requirements without restricting plant
capacity and operation flexibility.
The output of set point methodology
demonstrations is a set of verified instrument settings that optimally satisfy
This is accomplished by identifying
the plant safety analysis requirements.
the uncertainties in key variables which affect the particular instrument
setting, and combining these uncertainties by use of a statistical combination
of uncertainties methodology to evaluate the optimal safety margin.
The primary objective of this effort is to document specific applications of
the generic set point methodology guidelines developed under the Reactor
The use of different plant designs and
Analysis Support Program (RASP).
utility participation are key factors in the selection of the demonstration
projects.
The emphasis in the demonstrations will be the use of statistical
It is expected these applications will
combinations of uncertainties (SCU).
extend the existing capability to show how gains in operating margin,
extensions in surveillance intervals, etc., can be made.
One of the initial applications of the RASP set-point methodology was in the
modification of the high-pressure set points of GPUN's Oyster Creek plant to
gain margin to compensate for the set-point drift experienced during plant
operation.
Concern was expressed over the plant's inability to accommodate
instrument tolerances and drift without violating technical specifications or
In addition, there is a lack of
overlapping the high-pressure set points.
Two potendocumentation for the basis of existing high-pressure set points.
(i) replace existing oressure switches with
tial approaches considered were:
justify a modification of the current
costly analog instrumentation, and (ii)
GPUN chose the second alternative.
set points by doing a set-point analysis.
The
The generic set-point modification process is indicated in figure 15.
first task was to identify all set points that would be affected by a change
in the high-pressure set point. The next main task was to identify all events
that would be affected by the set-point change and develop event acceptance
criteria.
This process will establish all those events which are potentially
A baseline analysis performed by using RETRAN with variation in the
limiting.
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Figure 15.

Set Point Modification Process.
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The-most important task is
input parameters identified the key parameters.
the uncertainty analysis which determines the total uncertainty in the setThe treatpoint value by combining the uncertainties in the key parameters.
ment of the uncertainties can be performed by deterministic, statistical or a
The final steps are
In this case, a mixed approach was used.
mixed approach.
to verify the acceptability of the proposed set-point changes from theplant
operation viewpoint by means of a statistical assessment, and to verify the
adequacy of the set-point changes from a regulatory standpoint by performing
an analysis of the license base events.
This work is

at the final stages of completion and a detailed report will be

published in the near future.
4.0

SYSTEMS RELIABILITY ANALYSIS AND ACCIDENT MANAGEMENT

4.1

Operator Reliability Experiments

The importance of including operating crew actions in estimates of plant risk
However,
has become increasingly clear in the years since the TMI-2 accident.
almost no data specific to nuclear plant accident situations was available.
It appeared that plant simulators, with crews undergoing requalification
training using realistic accident sequences, could bffer a significant source
Such data would enable a model or at least a correof cost-effective data.
lation to be structured that could account for many of the ways operators
could either cause accidents or recover from them.
Early research in previous EPRI projects produced ideas for correlating
success of operating crew actions to the time taken and to the complexity of
Support for this human cognitive relithe cognitive processing required.
ability correlation (HCR) was obtained in 1984 from small-scale tests and
Greatly expanded simulator experiments using EPRI
fragmentary simulator data.
member utility facilities and crews during requalification training was
expected to provide the necessary refinement of the approach and validation.
(1) To develop models of
The objectives of this project were therefore:
operator reliability for control room decisions and actions, (2) to obtain
data to validate the models mainly using plant simulators, and (3) to assist
the evaluation of training, procedures and of other post-TMI benefits such as
changes to control-room design.
The main thrust is
Six U.S. utilities are cosponsoring the experimental work.
to use simulator data to validate a model or correlation of crew success
It was recogprobability as a function of time for use in risk assessment.
that
might be of
be
obtained
also
nized that qualitative information would
The
to
EOPs).
improvements
(e.g.,
programs
other
utility
or
to
training
value
data
(>1,000
database
a
large
current program has succeeded in acquiring
Most of the
points) of relevant quantitative performance information.
have
hypotheses underlying the EPRI human reliability model (HCR model)
to
according
refined
being
are
data;
others
the
using
already been verified
HCR
and
acquisition
of
data
status
The
current
the experimental results.
It is already clear,
shown in tables 2 and 3.
hypothesis testing is
nine months before the end of project date, that the original objectives of
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Table 2
STATUS OF SIMULATOR DATA STATISTICS

Simulator

Number of
Scenarios

Number
of Crews

Nof. of
HIs

Total No. of
Qualified Data Points

PWR1

3

10

10

95

BWR1

2

18

10

137

BWR2

7

3-10*

13

125

PWR2

7

30

167

BWR3

8

6
5-7*

12

130

BWR3 II

6

9

15

125

PWR1 II

6

15

15**

200**

HI means "Human Interaction."
*Scenario-dependent.
**Estimates.

Table 3
STATUS OF HCR HYPOTHESES TESTING ANALYSES

Status

Hypothesis

Time dependence

Valid

Single parameter does normalization

Valid

Median performs well

Valid

Discrete correlation groups appear

Valid
2

S,R,K characterize groups

Valid
Invalid thus far

Weibull and/or lognormal
PSFs impact quantifiable

S,R,K mean 'skill', 'rule', and 'knowledge',
PFSFs mean 'performance shaping factors'.
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respectively.

the project will be attained.
Feedback of interim results, both quantitative
and qualitative, to participating utilities has drawn strong support from
training managers and PRA groups.
The project is not far off its original
schedule, a delay of three or four months being experienced due to the much
larger quantity of data assembled than anticipated, a change of contracting
organization by the key personnel and a burgeoning of the non-PRA uses, of the
qualitative information that has been developed so far from the data.
Figures 16 and- 17 show the
respectively.
Note that the
order 10-

aggregated data from PWR and BWR plants
ordinate scale reaches to probabilities of

The data and its comprehensive qualitative and statistical analysis has been
issued, in proprietary form, for international peer review.
It is expected to
have a large impact on the quantification of human actions in a PRA or an IPE
(individual plant evaluation).
Beyond the objectives of the original PRA, qualitative insights have been
obtained that (1) identify crews with much larger than average variability in
response, (2) identify sequences with much larger than average variability in
crew response that may require more training or attention to procedures,
(3) identify the
existence of different
strategies
in interpreting a
procedure, the degree of difference in performance between the strategies and
which crews are following which strategy, and (4) identify where specific
parts of an EOP are consistently causing performance problems, and by how
much.
These are just a few of the specific trainirg uses already revealed.
They have not yet been rigorously investigated using all the data available.
Similarly, no work has yet been done on the numtar of operator errors, their
types, causes, corrections and effects on performance.
There is a good chance
that additional planned work on these topics will reveal considerable
benefits.
During 1988 and 1989 the project will focus on completing this analysis with
only modest effort on increasing the amount of experimental data.
4.2

Aid to Plar~t Operations

The project, entitled "Use of SRA Methods for Enhancing Plant Safety and
Availability," is an important R&D endeavor at EPRI.
It is intended to
develop a practical software tool which combines key features of plant
information management
systems with applications of system reliability
techniques and modern computer technology to relieve the work burden on plant
personnel and engineering staff and assist plant management to make more
accurate and timely decisions regarding plant safety and productivity.
Specifically, this software, Reliability Assessment Program with Integral Data
(RAPID) will:
(1) resolve many technical difficulties of maintaining an upto-date probabilistic risk assessment (PRA); (2) aid operators in complying
with
technical
specifications;
(3) provide
equipment
outage
tags
in
consultation with technical specification requirements; and (4) reduce the
numbe of unplanned scrams and, ultimately enhance availability.
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The RAPID software performs a broad range of functions which include on-line
activities for addressing plant O&M assistance and off-line for performing
basic reliability engineering and data compilation tasks.
Two major applications modules,
plant status monitoring (PSM)
and reliability assessment/
utility modules (RAM/UM), are being demonstrated.
The RAPID/PSM is a tool to
aid plant management, operations and maintenance personnel in monitoring and
assessing the operational status of their nuclear power plant.
The reliability assessment module (RAM) has been developed to provide a computerized
environment for performing a broad range of basic probabilistic system
analysis functions.
The utility module (UM)
provides the interface between
RAPID and automated or manual plant information management systems.
The UM
software acquires data from the plant. information system, if any, and converts
it, when necessary, for use in RAPID.
The emphasis is to demonstrate that a
"living" level I PRA study can be a reality without imposing an undue burden
on the PRA staff.
The core RAPID software has been operational since 1987.
The transfer of RAPID technology to EPRI member utilities has been conducted
using a phased approach.
Each phase has produced software with additional
capabilities, and features, as well as enhanced maturity.
The first phase, or
demonstration phase, was conducted at two host utility sites to install the
first working versions of RAPID modules.
The Plant Status Module was
developed as a stand-alone system and installed' at GPUN's Oyster Creek Nuclear
Generating Station.
The RAM, UM and DBM modules were installed at Arizona
Nuclear Power Project (ANPP).
Following the demonstration phase of the RAM/UM/DBM modules,
a two-day
workshop was held in April 1987 at ANPP for EPRI utility members.
The second
phase for these RAPID modules was then initiated from interest developed
during the workshop.
Southern California Edison, Carolina Power and Light,
and Duke Power are hosting second round demonstrations of the RAM/UM/DBM
modules.
In addition to technology transfer, RAPID has been converted for use
with state-of-the-art database management systems (DBMSs):
IBM's DB2 and
ORACLE's ORACLE.
During this period, PSM has also been modified to run with
DB2.
It has been installed in a production mode at Oyster Creek.
In addition, new' features have been incorporated, including a tagging system and an
interactive graphics interface for displaying system schematics.
Presently,
about a dozen additional EPRI member utility companies as well as foreign
establishments such as EDF have requested RAPID software.
The mainframe
version of RAPID is ready to be released and will become available from EPRI's
Electric Power Software Center in 1988.
Technical enhancements are still
being made to expand RAPID application modules.
Most noticeable effort has
been the activity to migrate the mainframe RAPID to IBM PS2/System 80 with
AUTOCAD features activity. The microcomputer version of RAPID is scheduled to
complete its Beta testing by 1989.
4.3

PRA Software Development

Since the recognition by the utility industry of the potential value of PRA
following the TMI accident, EPRI has taken leadership in developing analysis
software and training for utility engineers.
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The WAM-E and CAFTA software packages are available to solve, quantify, and
use large fault tree and event tree models for nuclear plant systems
analysis (27, 28).
The WAM-E package is an enhancement to the established WAM family of fault
tree analysis codes.
This mainframe suite of 7 codes (WAi.3AM, WAMTAP, WAMCUT,
WAMMRG,
AND SPASM) provides accurate top-event failure
WAMCUT II, WAMFM,
sequence
analyses,
and
accident
cutsets,
uncerta'nty
probabilities,
quantification by iterative use of the various codes.
The CAFTA code is PC workstation software that aids utility engineers to
The code
build, modify, quantify, and edit the cutset results of fault trees.
was carefully designed to overcome the most serious inefficiencies encountered
The code helps eliminate rework, modeling errors,
in previous PRA analyses.
data inconsistencies, and model inconsistencies that have previously plagued
Most importantly, CAFTA provides a structured environment
large PRA projects.
The latest
for managing all the steps in the fault tree analysis process.
CAFTA version uses the power of the "386" PCs to solve large fault trees.
CAFTA also prepares input and accepts output from the WAM-E codes.
4.4

Accident Managc •ent

In addition to the above work on traditional elements of systems reliability
and risk analysis, we have initiated the development of a strategy, and of
both industry and related program objectives, in the subject of accident
This issue has a high priority during 1988 and 1989 as a NUMARC
management.
undertaking and as a result of NRC's forthcoming requirements on accident
management as an adjunct to utility disposition of IPE findings.
NUMARC's Severe Accident Working Group (SAWG) is defining an industry policy
The SAWG
and position on Accident Management for presentation to the'NRC.
initiative is anticipated to ensure a realistic approach for the industry
program.
EPRI's role, through the Systems Reliability Program, is to provide
Our initial strategy is to propose
technical support to the SAWG effort.
definitions and concepts as the basis for an Industry Accident Management
Program.
Feedback from the SAWG, the Safety Technology Task Force, and from
EPRI member utilities will help to revise and sharpen the focus of the
An EPRI utility and a contractor are currently evaluating the
framework.
elements that will make up an operational
technical and organizational
At. the same time,
definition of the industry's Accident Management Program.
EPRI is initiating work to review and compile results of previous industry
technical work that can be useful to utilities in setting up their programs.
Coping
This will also include guidelines for the development of coping plans.
plans will address the processes by which a utility, faced with a core
threatening situation, will take action during and after the execution of
Emergency Operating Procedures to prevent vessel and containment failure and
Clearly,
to minimize the total release of radioactivity to the atmosphere.
coping plans will include activities of the Technical Support Center and must
interface with existing Emergency Management. actions.
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The industry program is expected to reach the end of its definition phase by
EPRI anticipates the need for increasing R&D support to the
early in 1989.
NUMARC initiative in this area during the next three years.
5.0

SEVERE ACCIDENT STUDIES

During the past year the Source Term Program has been active (1) in completing
the LACE Program and in formulating the ACE Program, (2) in studying the PWR
upper internal and primary system flow distribution and (3) in a number of
These activities are reported on below.
activities related to the MAAP code.
5.1

F. P. Behavior in RCB and PCS

Extensive efforts have been made in recent years
5.1.1 Marviken/DEMONA/LACE.
to understand aerosol behavior in nuclear reactors during severe accidents.
In particular, there have been three large-scale experiments to study aerosol
behavior in the primary systems and reactor containment buildings associated
with water reactors.
Formation, transport, and deposition of aerosols which
simulate radioactive ones were studied in the Marviken-V Aerosol Transport
in Sweden, the Demonstration of Nuclear Aerosol (DEMONA)
Tests (MARVIKEN-V)
Behavior Program in the Federal Republic of Germany, and the LWR Aerosol
Containment Experiments (LACE)
in the United States of America.
Data were
These experiments,
obtained for use in computer code development and testing.
representing an investment of more than $30 million, were performed between
1981 and 1988 and were sponsored by three consortia consisting of up to 16
research organizations from countries in Europe, North America, and Asia,
including EPRI (and NRC) who were cosponsores of each of these programs.
The cosponsoring parties recognized that further benefits could be gained by a
The
workshop to review the results of the three projects collectively.
from
the
experiobjectives of the workshop were to examine the main results
ments and the associated computer modeling and support studies and to compare
the data from all three programs so that the state of knowledge of the
The workshop took place from June 28
relevant phenomena could be determined.
About 90 experts from the sponsoring parties
to July 1, 1988, at Montreux.
which was organized by the Paul Scherrer
participated in the meeting,
Institute, Villigen-Wurenlingen, Switzerland.
A full report on the findings made during the workshop will be issued in the
The major conclusions of the workshop were as follows:
first part of 1989.
Significant progress has been made in the last eight years and
a sound technical basis now exists for understanding aerosol
transport in the primary systems and reactor containment
major
nuclear
reactors during
of water-cooled
buildings
accidents.
The MARVIKEN-V, DEMONA, and LACE projects were successful in
establishing a technical basis on aerosol behavior and thermal
hydraulics.
As a result of these projects extensive databases
on aerosol removal and related thermal hydraulics are now
available.
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Many aspects of aerosol processes are much better understood
today than they were even a few years ago.
The programs greatly improved our ability to perform largescale aerosol experiments and to analyze the results from such
experiments.
The experts at the workshop discussed many aspects of aerosol physics,
A consensus was achieved among the experts
chemistry, and thermal hydraulics.
on the following four technical points:
Processes leading to aerosol removal from the atmosphere of
Sedimentation is
containment buildings are well understood.
Condensation of steam
mechanism.
removal
the dominant
significantly enhances aerosol deposition in water reactors.
volumes
other
and
in
pipes
aerosols
of
Deposition
characteristic of the primary system (such as pressurizers) was
Although we believe that processes leading to
investigated.
deposition in pipes appear to be adequately understood, they
An
have not yet been adequately modeled in all instances.
extensive amount of experimental data now exists which can
serve as the basis of future modeling activities and the
development of correlations.
Major process has also been made in the development of computer
codes capable of predicting aerosol transport and removal.
Computer codes have now been extensively tested over a broad
In the LACE program, these efforts
range of conditions.
included the testing of the codes under so-called "blind"
In ,particular, the aerosol code comparisons for
conditions.
the containment tests illustrated that the codes that included
steam condensation effects gave reasonable representation of
the results from the tests.
*

The workshop identified that knowledge of thermal-hydraulic
It
conditions is important in calculating aerosol transport.
appears that the major constraint is the ability to specify the
An important result
details of the scenario to be calculated.
in the skill
improvement
of the code comparison efforts was an
users.
code
-of the

In summary, the workshop concluded that the MARVIKEN/DEMONA/LACE experimental
programs were high successful and resulted in an improved understanding of the
behavior of radioactive particles during severe nuclear reactor accidents.
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5.1.2
ACE Program.
A new seires of Advanced Containment Experiments (ACE)
has been started at Argonne National Laboratory and in the Containment Systems
Test Facility
(CSTF)
at Battelle-PNWL,
Hanford Engineering Development
Laboraotry.
Technical support and related experiments are being provided by
the cosponsoring organizations.
The ACE program will complement the recently
completed LWR Aerosol Containment Experiments (LACE) Program by investigating
additional fission-product production and deposition phenomena involved in
degraded reactor containment
building
(RCB)
conditions and means of
controlling fission-product release using passive filtering devices.
The
objectives of the ACE program are:
(1) to provide a comparative experimental
basis for filtration techniques (e.g., submerged gravel bends, water pools,
sand beds, etc.), (2) to provide data for modeling radioactive iodine species
transport,
(3) to determine fission-product releases from molten corium
concrete reactions, and (4) to develop and validate the applicable computer
codes and models.
The work is being cosponsored by 16 organizations:
VTT
(Finland), CEA (France), PSI (Switzerland), ENEA (Italy), JAERI (Japan), AEA
(UK), OH (Canada), GRS (FRG), UNESA (Spain), JEMA (The Netherlands), Kurchateo
Inst. (USSR), ABBA (Sweden), and Westinghouse, NRC, DOE, and EPRI (USA).
The ACE Program is divided into three phases.
Phase A seeks to compare
filtration techniques for aerosol removal as in containment environment
scrubbing systems.
Six types of filtration systems (pools, submerged venturi,
submerged gravel scrubber, fiber metal, heat sink gravel bend, and sand bed)
are being studied in 18 separate tests.
The tests study decontamination
factors and other key parameters
(spectrum size,
etc.)
for a mixed
CsOH/CsI/MnO aerosol system.
Ten experiments have been performed to date.
Phase B, still it its planning stage, will consist of large-scale experiments
on iodine behavior to be perfo-,.•d at Hanford with related small-scale experiments planned at Whiteshell Laboratories and ORNL.
The key issues being
studied are:
Behavior of CsI aerosol mixtures in moist atmospheres.
Interaction of vapor species with aerosols.
Effects of H2 burning on iodine speciation.
Accident control and recovery measures.
The experimental program has just been started and is scheduled to run through
1990.
Phase C is studying the interaction of molten corium with concrete.
These
tests involve -300 kg of molten corium with simulated fission products and
varying amounts of structural materials (e.g., Zr) and control materials
(e.g., B4 C, AgInCd).
The objectives of these experiments are:
0

To measure the release of
(species of Ba, La, Sr, etc.).

semivolatile
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fission

products

To characterize aerosols produced.
To determine concrete ablation rates.
*

,To coordinate computer code validation efforts.

Recently, the first of the eight experiments in the test matrix
(along with experimental validation of the test apparatus).
Ten
tests involving -30 kg of molten corium were complted in March
data are currently being analyzed.
About one large-scale (300
quarter will be performed tirough 1990.
5.2

was completed
smaller-scale
1988.
These
kg) test per

PWR Upper Internal and Primary System Flo,- Distribution Testing

The general objective of the experimental part of this program is to provide
pertinent data on flow patterns and velocity and temperature distributions for
natural circulation flows in a PWR PCS during postulated high-pressure severe
accidents.
5.2.1
Approach.
A 1/7-scale model of a Westinghouse four-loop reactor
system, shown in figure 18, was used to perform the experiments.
The model is
comprised of a one-half section of the reactor vessel (sliced through a
vertical, nearly diametral plane), hot legs and two steam generators.
The
slice place is covered with a transparent wirdow to permit flow visualization
and use of a laser-doppler anemon..ter to measure velocities.
The core is
simulated with electrically heated rods placed in an "egg-crate" type
structure,
containing slots,
that models the flow resistance of fuel
assemblies.
Water and sulfur hexaflouride (SF6) were used as analog fluids.
Water tests enabled visualization of flow patterns through injection of a
dye.
Complete thermal-hydraulic similarity between the model and the prototype, for high-pressure severe accident conditions, can be achieved with
moderately pressurized SF6 gas.
However, in the initial phase of the program
reported here, all tests were performed at 1 atm pressure.
To accomplish the
objectives, a number of steady-state tests with water and SF 6 gas, and a few
transient tests with SF6 gas, were perfor..ed.
Fluid temperatures were
measured at 132 locations in all tests.
In several steady-state water tests,
recirculation flow patterns were observed visually.
Heat deposited by the
recirculation flow in the cooler regions above the core was also measured.
Based on the measured temperatures and rates of heat deposition in the cooler
regions, recirculation flow rates and velocities were calculated.
In some
water and SF6 tests, flow velocities were also measured directly at several
locations using a laser-doppler anemometer.
By using the data from these
atmospheric pressure tests and scaling laws, flow patterns, velocities and
temperatures expected in the future high-pressure tests have been predicted.
A forty-nine tube model acrylic (transparent) steam generator was constrcuted
and substituted for one of the simulation steam generators.
It provided
visual evidence of the natural recirculation in some tubes from the inlet to
outlet plenas and return flow in the remainder of the tubes.
Flow initiation
from an unstable equilibrium was observed.
The fluid dynamics of stratified
hot leg flow, mixing in the inlet plenum and tube bundle of flow were
correlated using simple models and the experimental results.
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Front View of the Experimental Reactor Model.
Figure 18.
Inset Shows Core Construction.
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5.2.2 Some Results.
Water recirculation flows were observed visually in the
vessel and the hot legs.
The hot flow ascended in the middle and cold flow
descended at the core periphery and moved across the heater rods to the middle
of the core.
The upper plenum was found to be quite well mixed.
The upper
plenum hot fluid was found to flow to the steam generators in the upper half
of the hot legs.
The lower half of the hot legs was occupied by the cold
fluid returning from the simulated steam generators.
A characteristic
inclined separation plane was observed between the hot and cold flow streams.
This configuration was found to maxinize the flow to the steam generators.
The measured temperature distribution in one of the water tests is shown in
figure 19.
The measured temperatures conform to the visual flow observations.
The corresponding velocities measured with L[A are shown in figure 20.
Very
similar results are obtained in the SF6 steady-state experiments.
The 49-tube acrylic steam generator was connected to one of the hot legs and
the flow patterns observed by adding a dye.
A most interesting flow field was
observed, namely, the hot flow entering the steam generator inlet plenum mixed
with some of the cold fluid resident there; however, a thermal front was
established in the tubes and some of the tubes (approximately one-third)
carried the buoyant fluid to the cold plenum of the steam generator.
Continuity considerations prompted cold plenum fluid to return to the hot plenum
as a cold stream through the rest (approximately two-third) of the tubes.
Thus, the steam generator mass participated in the heat exchange process that
the hot fluid from the core undergoes with the the PCS.
The measured temperature distributions in the steam generator plena and tubes are shown in
figure 21.
Tests with the 49-tube steam generator were also performed with
SF6 as the simulant fluid.
The safety relief valve venting tests were performed with the 49-tube steam
generator connected to the right hot leg in which the SF6 venting took
place.
Changes in the themocouple temperatures were observed.
In the case of
single vent tests (8% of SF6 withdrawn rapidly; then vent closed), hot upflow,
instead of cold downflow, resulted in the core periphery-next to the right hot
leg for the duration of the vent flow.
The original flow patterns were
reestablished soon after the vent was closed.
The vessel temperatures showed
very little change in regions away from the hot leg.
In the case of periodic venting, the steam generators transferred 50 to 75%
more heat, since they were receiving a forced alternating flow through the
tube bundle and the plena.
In the tests with He addition and SF6 withdrawal, heated (to same temperature
as SF6 at injection location), a large amount of He was introduced in approximately 40 seconds.
The He concentration in the upper plenum was measured as a
function of time.
A temporary stratification was found to occur and the hot
leg flow was disturbed.
It was found, however, that He mixed reasonably fast
and the natural circulation flow fields were reestablished.
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Three tests were conducted with blockages of various porosities to restrict
Measured temperature distributions
axial flow in 41 out of 104 fuel bundles.
showed that the effect of blockages was quite local; the buoyant flow fields,
a little distance from the blockage, were not affected significantly.
Future work on this subject is to be cofunded by EPRI and NRC.
5.3

MAAP Development and Application

This topic has been discussed at each of the last two WSRI meetings,
especially at the 1987 meeting when it was the subject of a separate
The present discussion will summarize developments
comprehensive paper (29).
which have occurred since that time.
During the past year the ownership of MAAP (Modular Accident Analysis Program)
was transferred from IDCOR to EPRI, which manages the activities related to
The objective of the work is to provide
its continued enhancement and use.
all MAAP licensees with an efficient, stable, and q;jalified tool for performing necessary severe accident progression and management analysis of
Current work has included installation
current generation LWR power plants.
of further code enhancements, continuation of the independent verification and
The
validation studies, and an updating of the TMI-2 benc'mark calculations.
results of each of these efforts are described in the following paragraphs.
Two major modeling enhancements have been
Enhanct~ient of MAAP.
5.3.1
The first of these is the METOXA
installed in the. code during the past year.
model.
This is an equilibrium model for calculating fission-product releases
It was developed to permit
during core-concrete interaction processes.
analysis of reactive vaporization of core debris components as well as simple
The METOXA model assumes the metal and oxide phases
congruent vaporization.
are in equilibrium, which is determined by a Gibbs free energy minimization
A hard-wired compound list is used to maintain computational
technique.
efficiency, and chemical equilibrium is calculated by solving the algebraic
The data required for the
relations for mass action and element balances.
METOXA model are defined in terms of the fundamental chemical thermodynamic
The six fission-product
data available for individual elements and compounds.
groups previously used in MAAP have also been expanded to twelve to
accommodate the capabilities of the METOXA model.
The other major modeling improvement added to MAAP is the generalized
A node-and-junction approach is used,
auxiliary/ reactor building model.
enabling the user to construct a geometric representation appropriate for his
This model is signifiauxiliary building (PWR) or reactor building (BWR).
More compucantly more sophisticated than those in previous MAAP versions.
tational volumes are allowed, which can either connect directly to each other
or with a junction that has a specific failure pressure differential (Ap).
The new model also allows two kinds of flows to occur in a volume; normal flow
between volumes through junctions (unidirectional flow) and a circulating flow
This counterinside a volume and through junctions (countercurrent flow).
current flow can be an important driving force for fission-product deposition
onto building surfaces in some accident scenarios.
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In addition to the above, several other modifications were made in the code to
improve computational stability and efficiency and to upgrade selected models
(steam generator analysis for PWRs) or subroutines (pool decontamination
The current version which contains all these
factor calculations for BWRs).
additions is identified as the MAAP 3.OB version.
The purpose of this effort
Independent Verification and Validation.
5.3.2
is to enhance the credibility of MAAP by independently carrying out formal
verification of the coding and by validating key models against relevant
The verification procedure involves a line-by-line inspection of
experiments.
A continuous record is
the coding as illustrated in previous reports (29).
generated with potential errors or questions highlighted by numbered comments.
Resolution of the comments either leads to correcting the code, educating the
Comments regarding the MAAP 3.0 version have
indepeident verifier, or both.
The PWR
now been resolved and verification work is underway on MAAP 3.OB.
code is about 90% verified at this time while the BWR code is about 60%
complete.
The recent model validation work has focused on comparison of MAAP predictions
against the measured results from several large-scale experiments, specifiThe models
cally, the LAl, LA2, and LA4 tests from the LACE program (30).
involved in the validation were those that calculate containnwent thermalhydraulic conditions (pressure, gas and structure temperatures, species mass
fraction, and steam condensation) and containment aerosol behavior characterPrelimiistics (settling, wall deposition, and particle size distribution).
nary results show that MAAP is quite capable of predicting the proper thermalThe principal uncertainty involves the
hydraulic conditions in these tests.
analyst's ability to correctly represent the performance of the insulation as
The aerosol behavior predictions are still
installed on the LACE test vessel.
being evaluated, but it appears that the MAAP correlations tend to predict
somewhat broader particle size distributions than those recorded during the
The LACE comparison effort should be completed by the end of the
experiments.
Further model validation work is planned for the coming year.
calendar year.
The objective of this work is to
Simulation of the TMI-2 Accident.
5.3.3
the TMI-2 accident using the
of
analysis
benchmarking
provide an updated
.
The
analysis used parameter and
3.OB).
latest version of MAAP (i.e., MAAP
control card files based on optimum parameter files composed of both the EPRIdeveloped MAAP 2.0 and the OECD TMI-2 Analysis Exercise parameter files.
Results from the analysis through Phases 1 and 2 (up to 174 minutes into the
accident) showed that MAAP 3.0B could follow the TMI-2 primary system pressure
MAAP 3.OB predicted peak core temperatures that
history quite closely.
closely matched the four time-temperature windows that have been identified in
The resulting production of
the OECD TMI-2 Analysis, Package data package.
hydrogen (about 155 kg) was also consistent with what should have occurred in
Finally, the core slumping predicted by MAAP 3.0B closely matched
this time.
the approximate end state lower crust boundary that has been defined from
TMI-2 core examination activities.
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These results were presented to the OECD TMI-2 Analysis Exercise participants
last May and a final report of the work should be issued soon.
SAFETY MARGINS AVO TESTING

6.0

The objective of the Safety Margins and Testing Program are, on the one hand,
to help utilities reduce operating and maintenance costs and, on the other
hand, to help resolve safety concerns.
Section 6.1 is an example of a project
achieving the first objective while sections 6.2 and 6.3 address the second
objective.
6.1

Water Ha,ffner in Nuclear Power Plants

Water hammer damages plant safety components and impacts plant operations and
availability due to forced outages of plants.
Even though water hammer events
have been investigated for years, they continue to be one of the main causes
of costly financial losses in nuclear power plants. EPRI has initiated an R&D
project to prevent water hammer events and to help utilities mitigate and
accommodate their impact.
For instance, the well-publicized water hammer
event of Southern California Edison's SONGS-I (31, 32) resulted in a multimillion dollar financial loss. Water hammer can happen in either single-phase
or two-phase conditions although most of the severest water hammer events in
nuclear power plants are largely due to two-phase mechanisms (33, 34).
In a
recent study, the following seven major potential mechanisms leading to water
hammer have been identified (35):
1.

Water Cannoi:
vertical pipe.

Sulicooled

water

in

Steam

and

condensing

2.

Steam-Water Counterflow:
horizontal pipe.

3.

Steam Bubble Collapse:
steam-filled pipe.

4.

Flashing-Collapsing
pressure line.

5.

Steam-propelled water slug.

6.

Shock/pressure wave due to rapid valve actuation.

7.

Water column separation and rejoining.

water

steam

counterflow

in

a

in a

Pressurized water entering a vertical

Steam

Bubble:

Hot water

entering

lower

As an illustration, the steam-water counterflow mechanism, which is
to have caused the SONGS-i event (31), is depicted in figure 22.

believed

The
identification
of these physical
mechanisms
is
essential
in the
development of improved design and operational procedures in nuclear power
plants for prevention, mitigation, and accommodation of water hammer.
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Figure 22.
Refilling of a Horizontal Line With
Auxiliary Feedwater (AFW) Leading to Water Hammer.

-43-

Various other tasks are also being performed whose results will be integrated
into a handbook that can be routinely used by plant operators and engineers.
6.2

Steam Generator Tube Rupture Analysis Method

Steam generator tube rupture (SGTR) events which may occur in pressurized
water reactors can lead to the release of radioactive species, such as iodine,
to the environment.
A fraction of the primary side coolant and radioactive
species, which flow into the secondary side through the ruptured tubes, will
be retained in the secondary side and the rest will be released in the form of
vapor and entrained aerosols.
The Secondary-Side Transport and Retention of Radioactive Species (STARRS)
computer code was developed to quantify the amount and composition of material
released during an SGTR event.
The STARRS code simulate a U-tube steam
generator, and contains a reactivity transport/retention module, and while
accepts the transient thermal-hydraulic parameters from general purpose
thermal-hydraulic system codes, such as RETRAN and TRACE.
This version of the
code is called STARRS-TR.
STARRS-TR calculates the radionuclide transport and depostion phenomena on the
secondary side of a U-tube steam generator provided that boundary conditions,
such as the break flow and its thermodynamic conditions, system pressure,
swell level height in the secondary side, etc., are known.
To perform a
transient analysis, the required. thermal-hydraulic boundary conditions are
input to the STARRS-TR code.
Figure 23 depicts a schematic of a U-tube steam generator.
The, important
components of the system that participates significantly in the removal of
radionuclides are the swollen pool (if
it exists),
the dryer, and the
separator.
Following a tube rupture, the primary liquid partially flashes, creating
bubbles, and partially mixes with the secondary-side fluid.
A fraction of
primary liquid forms liquid aerosols which are entrained by the rising
bubbles.
The rising bubbles, therefore, contain volatile radionuclides which
are in the form of gas mixed with steam, or dissolved in the entrained liquid
aerosols.
The rising bubbles transfer mass and energy with the surrounding
water pool continuously including scrubbing of the aerosols.
As the bubbles reach the pool surface, they shatter, release their vapor and
aerosol contents into the steam volume on top of the water pool, and give rise
to the entrainment of droplets of the water pool.
The latter droplets also
contain radionuclides as the scrubbed radionuclides gradually build up in the
secondary-side coolant.
The liquid aerosols originating from the atomization of the primary coolant
flowing through the break, as well as those originating from the entrainment
of the secondary-side water, undergo further scrubbing in the separator and
dryer.
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Figure 23.
Schematic of the Secondary Side of a
U-Tube Steam Generator in a Tube Rupture Incident.
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If the break location is exposed during the transient, i.e., when the water
level on the secondary side drops below the break location, the primary
coolant partially atomizes.
The liquid aerosols, which are too large to be
carried over by the steam, fall back into the liquid pool, and the smaller
droplets are carried over by the steam flow.
Scrubbing mechanisms during the
bubble rise do not exist in this case.
The STARRS-TR code includes detailed modeling of all of the phenomena:
(i) flashing,
atomization
of bubble
formation,
(ii)
transportation
at d
deposition during bubble rise, and (iii) aerosol deposition in the stream
volume separator and dryers, etc.
6.3

Stability Analysis Mo'el for BWR Applications (SI.IBA)

BWR core designers and operators must ensure that the plant has adequate
operating margins so that its operating range (for example, flow-to-power
ratio) does not approach a sustained oscillation mode or an instability
mode.
An understanding of the instability behavior resulting from perturbations in operating parameters,
such as coolant flow rate, core inlet
subcooling, or axial power distributions,
is important for proper plant
design, operations, and controls.
Therefore, the objective is to develop
stability models for predicting time-domain-coupled neutronics and thermalhydraulic instabilities for BWRs and to validate the models using BWR plant
and other simulation data.
A one-dimensional time domain analysis methodology to evaluate BWR stability
has been developed.
Modeled BWR systems include flow paths through heated
core and bypass channels, recirculation and jet pumps, steam separators, and
downcomers.
The analytic approach uses four equations with slip hydrodynamic
behavior, space-dependent neutron kinetics, and options for appropriate void
and heat transfer correlations.
The stability prediction models were
validated with plant tests at four commc-cial reactors:
The Pennsylvania
Power and Light Peach Bottom-2 facility, the TVO-I and -II
internal pump
reactors in Finland, and the Forsmark-1 internal pump reactor in Sweden.
The
validation 2fforts also included separate hydrodynamic stability test data
from the FRIGG test loop facility in Sweden.
The EPRI report (NP-5620-CCML,
Vols. 1-4) describes the development and
validation of BWR system behavior models (the SAMBA code) for predicting BWR
stability.
Predicted decay ratios agreed well with data from stability tests
performed at the Peach Bottom-2 facility.
At TVO-J and -II and at Forsmark-1,
analysis of the limit cycle oscillation and stability tests revealed that the
SAMBA code overestimated the stability of a high flow-to-power ratio at
minimum pump speed and natural circulation.
Evaluation of the hydrodynamic
stability tests in the FRIGG loop revealed the accuracy of decay ratio and
period-of-oscillation predictions at low pressure (30 bar).
As pressure
increased to 50 bar, the code underpredicted both values, although above
50 bar the code predictions reflected test data much more accurately.
Overall, predictions agreed well with the extensive database of 31 tests used
to qualify the SAMBA code.
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The detailed documentation referenced above describes the equations and
numerics used in developing the SAMBA methodology (vol. 1); user's manual
(vol. 2); programming details (vol. 3); and all application and qualification
efforts (vol. 4).
predictions of
The examples of 'SAMBA'
results are shown in figure 24a and 24b.
7.0

CONTROL AND DIAGNOSTICS

7.1

Goals and Near-Term Objectives

Peach

Bottom

stability

tests

and

The mission of Control and Diagnostics Program R&D is to develop and deploy
technology of control information systems for utility plant performance and
The key goals are outlined as follows:
safety enhancement.
1.

To increase production of electricity.
This includes
increase of availability and reduction of forced outages.

the

2.

This includes the
To reduce operations and maintenance costs.
increase of productivity of utility personnel.

3.

To improve safety and to meet regulatory challenges.

The near-term objectives of the program are:
1.

To improve control and monitor system reliability and enhance
human reliability of calibration and testing.

2.

of operating
To improve diagnostics
operations and maintenance costs.

3.

To enhance emergency decision-making
operation burden in control room.

4.

To comply with NRC regulations
simulator qualifications.

on

events
capability
safety

to

decrease
to

reduce

monitoring

and

The tasks undertaken to achieve these goals and objectives are shown in
Table 5 lists the industry strategic issues and needs in the control
table 4.
and diagnostics area and the corresponding EPRI R&D projects to address the
industry needs.
The following are descriptions of two representative projects which are
technological breakthroughs in the nuclear utility industry; one is the first
Fault-Tolerant Digital Feedwater Control System for the BWRs in the United
States and the other is an Advanced PWR Steam Generation Level Control System.
Feedwater control
7.1.1 BWR Fault-Tolerant Digital Feedwater Control System.
system (FCS)
problems are the largest contributor to control-related plant
Current FCSs consist of analog control loops
outages in light water reactors.

-47-

0.981
/

0.

CALC
DECAY RATIO
3PT2
PT3

0.4

0.3
,PT3
V4APT2

( PT2

0.2

0.1

0
0.2

0.1

CALC

0.3

0.5

0.4

EXP

NATURAL FREQUENCY
I

/
0.4

PT1.PT2

f)0 PT3/PT4
R IPTI. IPT2

•/

0.3

A
T
1

2PT2. 2PT3
3PT2. 3PT3
4PTI. 4PT2. 4PT3

0.2

0.1

0
o.1

Figure 24.

0.2

0.3

Calculated vs.

0.4

0.5

Experimental

EXP

Decay Ratio and

Natural Frequency for Drift Velocity Model I (ISLIP=7).

-48-

Table 4
CONTROL & INFORMATION SYSTEMS

Tasks/Needs

Goals
.

Increase Production of Electricity
*

Increase Availability

•
*
*
*
*
*

Reduction of Plant Trips
Tech Spec Management
Control Upgrade
Instrument Calibration
On-Line Testability
Core Shuffler Advisor

0

Reduce Operations and Maintenance
Cost
* Increase Personnel Productivity

*
•
*
*

0

Improve Safety and Meet Regulatory
Challenges

* Emergency Decision Aid
* Simulator Qualification
• Alarm Processing

Expert System Tools
Systems Simplification
Plant Communications
Station Information System
Diagnostics Aid
* Maintenance and Repair Advisor
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Table 5
CONTROL & DIAGNOSTICS INDUSTRY STRATEGIC ISSUES

Issues
Increase production of
electricity by reduction
of forced outages and by
increase availability.

Strateqic Needs

Technical Objectives

" Reduction of plant trips.

* Provide digital feedwater controller for
replacement of old analog controllers.

* Improvement of plant
control and monitoring.
" Increase reliability of
on-line calibration and
testing.
• Improve outage management
with core shuffler
advisor.

" Provide technology justification for
reduction of calibration for
identification of faulty signals.
" Provide automation for on-line testing to
reduce human error related trips.
" Provide core monitoring system for
improving fuel utilization.
" Provide fuel insert shuffler expert
system for reduction of refueling time.

I
0

* Decrease operation and
maintenance cost.

* Productivity increase.

" Provide software tools for building
application expert systems.

" Guidelines and methods
for diagnostics, troubleshooting; and repairs.

" Develop moderate temperature coefficients
using reactor noise diagnostics.

" Ease of system
maintenance.

" Provide methods to ease calibration
burden.

" Integrated communications
to facilitate transmission and management of
data and information.

" Provide information on computer
networking to reduce data management and
maintenance cost.
" Provide tagout expert system for
streamlining maintenance work.
" Provide on-line diagnostics of emergency
diesel generators.
• Provide method for development and
maintenance of procedures.

Table 5 (cont'd.)

Issues
* Improvie safety and meet
regulatory challenges.

Strateqic Needs
* Enhanced emergency
decision making.
- Simplification of systems
to ease control-room
operator's burden.
* Utility compliance with
NRC regulation.

Technical Objectives
• Provide emergency action level monitor
expert system for reduction of errors in
emergency classification.
" Provide expert systems to automate
tracking of emergency operating
procedures.
" Provide methodology for utilities to meet
NRC regulations on qualification of
training simulators.
• Provide alarm processing and diagnostics
capability for control-room operators.

cIl

using 20-year old technology.
Electrical component and sensor failures
typically cause FCS failures, and utilities have difficulty obtaining analog
controller spare parts.
Northern States Power Company (NSP) engineers determined that analog controller component failures were a major cause of FCSrelated outages at Monticello Nuclear Power Station.
Given the recent development in microprocessors and applications of faulttolerant computer systems in other industries, NSP realized that digital technology could improve FCS reliability and operation.
Under EPRI projects, EPRI, NSP, and Science Applications International Corp.
jointly funded the design, implementation, and testing of a prototype highreliability digital FCS.
This system replaced and upgraded the main and
startup analog controllers at Monticello in 1986.
It features automatic
control, on-line signal validation, controller self-diagnostics, and fault
tolerance.
The dual-redundant hardware configuration minimizes spare parts
availability problems.
At a control room panel, operators select each feedwater valve's operating mode (one or three element control, manual, and so on)
or set bias inputs for individual feedwater-valve demand.
These and other
features permit more exact FSC tuning, improving' feedwater control in all
modes of plant operation.
During a recent recirculation pump trip at
Monticello, the system precisely controled the vessel water level.
Parity
space and analytic redundancy techniques isolate failed sensors and permit
system switching to accurate sensors, thus avoid outages.
The digital design
also facilitates operator training.
This micrcprocessor-based design improves
the reliability of the old FCS by at least a factor of three.
7.1.2
Advanced PWR Steam Generator Level Control System.
The objective of
this project is to develop a steam generator feedwater control system
prototype and demonstrate it on a utility simulator.
This control system
includes signal validation, single fault-tolerant hardware design and a color
graphics man-machine interface.
The work consists of three phases.
Phase I produced a preliminary design and
algorithms which improved steam generator level response, detect sensor
failures and equipment failures in the feedwater systems and the control
system itself.
Phase II finalized the design system.
Phase III built the
prototype system and produced system validation test specifications.
The
system then underwent factory testing and utility simulator testing.
Two
final reports will be written.
The first will summarize the overall program
and focus on guidelines which the utilities can use for design and installation of digital steam generator feedwater control system.
The second will
describe the software developed for signal validation and the man-machine
interface.
The system has been completed and tested by operation personnel at
TVA Sequoyah plant simulator in June 1988.
8.0
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SCRUBBING OF AEROSOLS BY WATER POOLS
M. Merilo, Electric Power Research Institute
J. A. Gieseke, Battelle Columbus Laboratories
A.T. Wassel, Science Applications International Corporation

ABSTRACT
During a severe core damage accident, the BWR suppression pool
provides an important barrier to the release of radioactive fission
product aerosols.
The experimental components of this program consisted of small,
intermediate, and large scale tests which were performed at Battelle
Columbus Laboratories under a variety of conditions representative of
those expected to occur during severe accidents. The analysis work
culminated in the development of the SUPRA (SUppression Pool
Retention Analysis) Code. This code is based on an engineering
approach in that, wherever possible, correlations were used to describe
individual phenomena, rather than mathematical models based on
first principles.The results of an extensive comparison effort between
the calculated and the experimental results are described, as well as,
indications of the implications of these results to severe accident
analysis.
INTRODUCTION
During reactor accidents involving severe core damage, gaseous fission
products are released from the core and subsequently condense during
transport through the reactor coolant system ( RCS ) to form aerosols. In
boiling water reactors the steam-gas mixture which carries these fission
products is constrained to pass through the suppression pool which is
designed to condense steam released during a design basis accident.
Depending on the details of the accident sequence, and the type of
containment, injection into the suppression -pool can occur through
quenchers, downcomers, or side vents.
It has been known for some time that aerosols and vapors can be removed
from a carrier gas by bubbling through water, though the extent to which this
happens could not be accurately quantified. EPRI consequently initiated a
research program on pool scrubbing to experimentally determine the fraction
of aerosols retained in a water pool, and to develop a predictive capability
which could describe this data and which could be used to determine pool
scrubbing effectiveness for selected severe accident sequences.
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HYDRODYNAMIC EXPERIMENTS
The experimental program consisted of both hydrodynamic, and aerosol
removal tests. The purpose of the hydrodynamic tests was to determine
parameters required for the mathematical modeling of the aerosol deposition.
In particular, the gas-liquid interfacial area and the aerosol residence time in
the pool are vital since they control the mass transfer effectiveness. This
means that the bubble sizes and shapes are required, along with the absolute
bubble rise velocity. This information was obtained photographically in the
facilities shown in Figure 1.
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Figure 1.

DIMENSIONS
IN METERS

Scrubbing Test Facilities

Two tank sizes were used, one 1.8 m in diameter and 2.4 m high, and the
other 3.0 m in diameter and 4.9 m high. In general, the smaller tank was used
for the low flow rate tests and the larger one for the high flow rates.
Hydrodynamic tests were performed for each injection configuration;
representing spargers, for releases through the SRV discharge line,
downcomers, for the Mark I and II containments, and side vents for the Mark
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III . Both steam and non-condensible gases were injected. The type of
phenomena observed is illustrated in Figure 2.
Even though the gas is injected at a constant flow rate, large gas bubbles are
formed intermittently at the injector. The formation, growth and ultimate
detachment of these large bubbles was studied photographically. The volume
of the bubble at time of detachment was determined by measuring the major
and minor axes, and assuming that the shape was an oblate spheroid. It was
found possible to express the dimensionless bubble diameter at detachment
uniquely as a function only of the injector Weber Number.

ENTRAINMENT ZONE
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00

0

0

0 0
00
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0

BUBBLE RISE ZONE

0
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BREAKUP ZONE

INJECTION ZONE

Figure 2. Hydrodynamic Phenomena
The large gas bubbles become unstable almost immediately after detachment
and start to break up into smaller bubbles. Based on the flow visualization,
the distance required for the bubbles to reach an equilibrium distribution
corresponded to approximately 10 initial bubble diameters.The bubble size
distribution and rise velocity in the bubble rise zone were studied
photographically.
The equilibrium bubble size distribution turned out to be essentially
independent of all the injector variables such as orientation, diameter, and
gas flow rate. There was a slight dependence on the steam mass fraction when
the steam mass fraction was over 90%, indicating that most of the
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condensation occurred before the equilibrium bubble size was reached. This
observation is consistent with previous studies appearing in the literature.
When the bubbles reach the surface, liquid droplets are formed, the smaller of
which are carried away as entrainment, whereas the larger ones fall back into
the pool.

POOL SCRUBBING EXPERIMENTS
The major experimental objective of these tests was to determine the aerosol
retention in the water pool over a range of conditions simulating those
expected to occur during postulated severe core damage accidents. The most
commonly used figure of merit is the Decontamination Factor, DF, which is
defined as the ratio of the injected mass to the mass escaped.To measure this
it is necessary to characterize the gas/aerosol mixture injected into the pool,
and that leaving the pool. Figure 3 shows a schematic diagram of the test
layout.

AEROSOL

MIXR

GENERATOR

WATER TANK

Figure 3. Scrubbing Test Layout
Depending on the type of aerosol and the quantities required, several
different aerosol generation techniques were used. To generate aerosols of CsI,
and TeO2, both of which are expected to be present during severe accidents, an
evaporation-recondensation method was used. In this device, the aerosol
material is vaporized by an RF field and is transported by a carrier gas into
the mixing chamber. This method produces aerosols in the size range where
the DF is expected to be a minimum, however, the quantity produced is low,
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resulting in inadequate measurement sensitivity when used with a large
facility.
Tin powder was selected for an aerosol in the larger size range because it is a
constituent of structural materials in the reactor. The generation of the tin
aerosol was accomplished by the mechanical dispersal of preformed powder
into a gas stream. This method is suitable for producing large quantities of
aerosols.
Another aerosol generation system that was used consisted of a 80 kW plasma
torch and associated equipment. In this system a metered powder flow is
carried by an inert carrier gas through a plasma generated by the torch. In the
plasma both the carrier gas and the powder are heated rapidly, with
vaporization of the material occurring in the plasma torch mixing chamber.
Upon exiting the chamber the vapors are cooled and condense to form the
desired aerosol. This method is good for generating large quantities of
aerosols, however, the size distribution is quite broad and is hard to control.
To generate monodisperse polystyrene latex (PSL) aerosols, which were
utilized in the separate effects, laboratory scale experiments, a Collision
nebulizer was used. In this device a very fine mist of droplets of a liquid
suspension carrying the solid particles is generated. The droplets are
subsequently carried through a drying column where the water surrounding
the particles is evaporated. The aerosol is then mixed with the main injection
stream.
An accurate characterization of both the injected and escaping aerosols is
required to determine the decontamination factor. The inlet aerosol was
sampled by periodically diverting the total injected aerosol-gas mixture
through a sampler. The stability of the aerosol generation is shown in Fig.
4,which gives the size distribution at three different times during a particular
test. The exit flow did, of course, not have to be diverted but could be sampled
at any time throughout the test.
The aerosol size distributions were measured by several techniques. This
included cascade impactors, an Active Scattering Aerosol Spectrometer, and
an Aerodynamic Particle Sizer. For aerosol mass concentration
measurements the gas stream was sampled using Millipore filters. The size
dependent DFs were obtained from the inlet and effluent size distributions,
whereas the inlet and effluent mass concentrations were sufficient to
determine the overall DF.
Table I provides a summary of all the scrubbing tests which were performed.
As can readily be seen the majority of tests were performed with a single
orifice injector in either the small tank or the bench scale facility. Only sixteen
tests were performed in the large scale tank. This was primarily due to the
difficulty and concomitant expense associated with the large scale tests.
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Figure 4. Typical Mass Distributions for Injected aerosols

Table I. Pool Scrubbing Test Summary

GAS

SUBMERG

AEROSOLS

64

STEAM/AIR

0.3 - 2.8m

CsI,TeO2, SnO

48

AIR

.15 - 1.8m

PSL

MULTIPLE ORIFICE LARGE TANK

5

AIR

1.7 - 3.4m

CsI

DOWNCOMER

LARGE TANK

6

STEAM/AIR

0.9 - 3.4m

CsI

HORIZONTAL VENT LARGE TANK

6

AIR

1.2 - 2.4m

CsI, Sn02

INJECTOR

FACILITY

SINGLE ORIFICE

SMALL TANK

SINGLE ORIFICE

BENCH TOP

Typical inlet and outlet size distributions are shown in Figure 5. The
decontamination factor for a particular particle size can be obtained simply by
evaluating the ratio of the inlet to outlet mass concentration for that
diameter. This is appropriate when the aerosol particles do not grow while
passing through the pool.
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Figure 5.

Typical Inlet and Outlet Size Distributions

In general, it was seen that particles larger than one micron are scrubbed very
effectively and consequently do not escape from the pool.
SUPPRESSION POOL RETENTION ANALYSIS
To analyze the scrubbing experiments and to be able to apply the results to
severe accident sequences it is necessary to use mathematical models which
account for all the important phenomena. The SUPRA code was developed
for this purpose. The approach that was used was to develop models for the
appropriate physical phenomena by utilizing data available in the open
literature, and to only use the experimental scrubbing data for validation of
the code.
Conceptually, the water pool is divided into three sequential zones, each of
which has different heat and mass transfer characteristics. These zones are
shown in Figure 6.
The injection zone is characterized by transfer that occurs during the
formation of large bubbles or vapor jets at the injector. The bubble rise zone
starts after the breakup of the large bubbles which leave the injector. The
bubbles are assumed to be monodisperse and no interaction, such as
coalescence, is assumed to occur. The bubbles can however grow due to the
decrease in pressure during bubble rise, and due to evaporation of water into
the bubbles. Breakup can subsequently occur if these bubbles reach a critical
size.
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ENTERING GAS
STREAM
(STEAM, NONCONDENSIBLE GAS
AND FISSION PRODUCT MIXTURE)

Figure 6. Pool Scrubbing Conceptual Model

The surface zone is characterized by transfer that can occur due to desorption
of dissolved gases, or due to liquid entrainment. Gas bubbles which penetrate
the pool surface can cause liquid droplets, which contain previously scrubbed
material,to be entrained into the gas stream.
In addition to these three zones, it is necessary to account for the
compartment above the pool to be able to interpret the experimental data.
The aerosol removal from the gas is calculated by including the well known
mechanisms of sedimentation, inertial impaction, convective deposition,
diffusiophoresis, thermophoresis, and Brownian diffusion. The hindering
effect of evaporation into the bubble must also be accounted for. In the
SUPRA code these removal mechanisms are calculated by using deposition
velocities along with the appropriate interfacial areas, based on the two-phase
flow conditions.
Extensive validation calculations have been performed to compare
experimentally obtained, data with computed results. In addition to data
available in the open literature, numerous comparisons were made with the
experimental scrubbing data obtained in the present experiments. Figure 7
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illustrates the extent of agreement between calculated and experimental
results for single orifice experiments utilizing steam/air mixtures and a
subcooled pool. It is seen that the calculated DFs are generally within a factor
of two of the experimental ones. This is generally considered to be good
agreement.
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Figure 7. Single Orifice Scrubbing Comparison

Figure 8 provides a similar comparison, only this time the pool is nominally
saturated. In fact, the pool is saturated only at the top surface since the
increased hydrodynamic head at any location below the surface increases the
local boiling temperature and renders the injection point subcooled. The
agreement is similar to the subcooled pool, though there appears to be some
underprediction of the DF.
'To determine if single orifice data is applicable to the multiple orifice
situation encountered in BWR suppression pools, experiments with multiple
orifice injection were performed. As seen from the results in Figure 9, the
agreement between experimental and calculated results is consistent with the
single orifice results once the interaction of the bubble swarms is properly
accounted for.
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Multiple Orifice Injection Comparison

Similar results are shown for the downcomer injection and the side vent
injection experiments in Figures 10 and 11 respectively.
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Figure 11. Side Vent Injection
Sensitivity studies and parametric calculations were also performed to
determine the key parameters which affect the decontamination factors. The

-67-

results of a set of such calculations for a five meter deep pool are shown in
Figure 12. It is clear that the two most important parameters are the aerosol
particle size and the steam content of the carrier gas.
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Figure 12. Effect of Particle Size and Steam Fraction on DF

POOL SCRUBBING FOR A MARK I BWR TC SEQUENCE
In the BWR TC sequence chosen for this analysis, it is assumed that the
control rods fail to insert during a reactor transient, but that the emergency
core cooling systems function. The reactor power drops as a result of increased
voidage , and heat is rejected from the reactor by the release of steam through
the safety relief valves to the suppression pool. Makeup water is provided by
the ECCS systems. Since the power level of the reactor exceeds, for the case
considered, the heat removal capability from the suppression pool, the pool
temperature rises, thereby pressurizing the containment. Before failure can
occur, however, the wetwell is vented to relieve the containment pressure.
At this point the water in the suppression pool boils and all injection systems
are assumed to be lost. Since the core is no longer being adequately cooled it
will heat up, melt, and ultimately lead to vessel failure.
Before vessel failure, fission product vapors and aerosols which are released
from the core are transported to the suppression pool through the SRV lines
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and injected through the quenchers. After vessel failure the path to the
suppression pool leads through the downcomers.
Calculations for the fission product release and the thermalhydraulic
conditions were performed with the MAAP code. The inlet conditions to the
suppression pool included the gas mass flow rate, temperature, steam
fraction, aerosol mass composition and size distribution. Other information
provided by MAAP included the initial conditions in the pool and wetwell.
The main results of this illustrative calculation are shown in figure 13.
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Figure 13. Injected and Escaped Aerosol Mass During the TC Sequence

This figure shows the integrated and escaped aerosol mass as a function of
time.The material consists of tin-manganese,cesium iodide, tellurium oxide,
and cesium hydroxide.Before vessel failure which occurs at about 2 hours,
less than 100 kg of aerosol is injected into the pool through the spargers. By
the end of the accident about 1500 kg has been injected, most of it through the
downcomers. The overall decontamination factor for this calculation is 688. If
we look at similar curves for the individual aerosol constituents we find that

-69-

each material has a different integral decontamination factor.These results are
summarized in Table II.

Table II

Integral Decontamination Factors for the TC Sequence.

Aerosol Material
Sn-Mn
CsI
TeO2
CsOH
Total

Quencher Inj.

Downcomer Inj.

41,800
5,860

Total

5750

649
909
1935
853

652
1455
1935
1601

6780

657

688

The decontamination factors differ for each material because they are released
from the core at different times and under different thermalhydraulic
conditions. It is clear from this table that the DFs during quencher injection
are substantially higher than during downcomer injection. The total DF does
not provide an accurate indication of the fission product aerosol behavior
because it is dominated by the structural, Sn-Mn, aerosol during downcomer
injection. One should, therefore, differentiate between fission product DFs
and structural material DFs in evaluating the results of particular accident
sequences.
SUMMARY AND CONCLUSIONS
The experimental program has shown that water pools can be very effective
in separating aerosols from aerosol-gas mixtures. In particular, when the
carrier gas steam fraction is high, or when the particle size is greater than one
micron, the scrubbing effectiveness is very high.
The SUPRA code has been validated against an extensive set of scrubbing data
and is capable of determining the decontamination factors within a factor of
two to three. When applied to severe accident sequences the uncertainties in
*the knowledge of the particle size distribution dominate the uncertainties of
the retention calculations.
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Validation of FREY for the Safety Analysis of LWR Fuel
Using Transient Fuel Rod Experiments
R. 0. Montgomery and Y.R. Rashid - ANATECH Research Corp.
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C. L. Lin - Electric Power Research Institute

ABSTRACT
The analysis and comparison of severe light water reactor transient experiments are
presented from the FREY verification and validation effort. The methods used to model
the fuel, cladding, and coolant geometry are discussed in addition to experimental data
comparisons. The purpose of this study was to validate the predictive capabilities of the
code for severe transient analysis. The FREY code has been developed, under the
sponsorship of the Electric Power Research Institute, for the thermomechanical analysis
of LWR fuel rods under steady state and transient conditions. A two-dimensional finiteelement computational method is used to represent both symmetric (r-z) and plane (r-o)
fuel geometries. The code can be used for both licensing and best estimate analyses.
A total of 10 test fuel rods from experimental programs conducted in both the Power
Burst Facility (PBF) and the Transient Reactor Test Facility (TREAT) have been used in
this study. The fuel rods were selected from the following test programs: Power
Cooling Mismatch Tests, PCM-2 and PCM-4: Reactivity Initiated Accident Test, RIA 12; Loss-of-Coolant Accident Test, LOC-3; First Fuel Rod Failure Test, FRF-1; and
Irradiation Effects Test, IE-3. The test programs used in this study cover a large range
of code applications for severe transient analysis.
The results of the PCM-2, RIA 1-2, and FRF-1 analyses are presented to highlight
the full two-dimensional modeling capabilities of FREY and to compare the thermal and
mechanical measurements with FREY's prediction. The comparisons show good general
agreement, with a tendency for FREY to overpredict the peak cladding surface
temperature for a few cases where strong three-dimensional effects have been identified.

INTRODUCTION
Under certain operational transients, fuel rods may be subjected to the film boiling heat
transfer regime during which cladding surface temperatures could rise above the beta phase
transformation temperature. An analysis of the fuel rod transient behavior in the post-DNB heat
transfer regime requires the modeling of several interacting complex processes, namely, heat
conduction in the fuel rod, heat flow to the coolant, thermal hydraulics of the flow channel,
cladding deformations and possible cladding failure. Computer codes intended for this class of
transients vary widely in their modeling approaches. For example, transient reactor simulation
codes place much greater emphasis on thermal hydraulics modeling than on fuel rod
thermal/mechanical modeling, utilizing thermal limits as evaluation criteria rather than mechanical
limits [1,2]. Several fuel behavior codes, on the other hand, model the fuel and cladding behavior
in detail, relying on input heat transfer coefficients obtained from separate thermal hydraulics
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analysis [3]. This provides only passive coupling between the coolant and fuel models,
introducing areas of uncertainty in the analysis. Full active coupling between the two types of
models would be computationally prohibitive, particularly in multichannel or three-dimensional
thermal hydraulics codes. An acceptable alternative would be to integrate a 1-dimensional coolant
channel model with a fuel behavior code and then establish acceptance by validating the code
against well characterized transient experiments. This approach was adopted for the FREY code
[4]

CODE DESCRIPTION
The FREY code has been developed as a Fuel Rod Evaluation sYstem for the transient and
steady state analysis of light water reactor fuel. The code computes both the detailed thermal and
mechanical behavior of the fuel rod during normal operation and transient events. The thermal
boundary conditions are either calculated by the code using a closed channel coolant model to
calculate the cladding surface-to-coolant heat transfer coefficient or the user can specify heat
transfer coefficients and bulk temperatures as functions of spatial position and time. The later
method extends the codes utility to a wide range of transients for which one-way coupling of
thermal hydraulic and thermomechanical responses is valid. The computational structure of FREY
is based on the two-dimensional finite element method combined with variable time and power
stepping procedures. The two-dimensional finite element method is utilized to treat axi-symmetric
(r-z) or plane (r-0) fuel rod geometries. A single compatible grid is used for both the thermal and
deformation solution. The finite element models utilized by FREY incorporate all the necessary
features required for the detailed representation of the fuel, cladding, gap, plenum, coolant
channel, and pellet-cladding and pellet-pellet interface [4]
MATPRO- 11 is used to determine the thermal and mechanical properties of the fuel, cladding,
and internal gas [5]. In addition, the ANS5.4 fission gas release model is included for steady state
fission gas release and the EPRI/CE model is used for transient gas release. Deterministic models
for cladding integrity evaluation are available for design basis events as well as normal operation.
In the operational range, the code uses a cladding failure criterion based on stress-corrosion
cracking; for operational transients, the code produces all the necessary parameters needed for
comparison with the specified acceptable fuel design limits and thermal margins. For safety
evaluation under accident conditions, a cladding rupture and oxidation criteria are applied to the
large deformation ballooning-type failures at high temperatures.
The temperature and deformation solutions are consistent in the time stepping iteration
procedures. In each step, the heat transfer and deformation problems are solved in tandem with
provisions for performing multiple iterations in both solutions independently and combined. The
material constitutive relations rigorously account for the elastic-plastic-creep behavior of the fuel
and cladding, fuel swelling, densification, relocation, and cracking. The Ross and Stoute gap
conductance model is used to couple the fuel and cladding thermal response. The coolant flow
model, which utilizes widely used heat transfer and critical heat flux correlations, is complemented
by user-input of heat transfer coefficient and bulk temperature as functions of spatial position and
time. An additional feature includes the option to specify the time and location at which specific
axial positions depart from nucleate boiling and pass into post-DNB heat transfer.
The code's restart capabilities are versatile and highly user-oriented. Extensive pre- and postprocessing features are provided for input simplification, data reduction and plotting. Prepared
model libraries containing grid and geometric boundary conditions data for standard fuel rod
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designs are incorporated into the code's pre-processor. This data can be easily retrieved and
modified at will using only a few input parameters, which results in great time saving and
convenience for the user. Typical models are modest in size and a large number of time steps can
be economically computed.

VERIFICATION AND VALIDATION
FREY is currently undergoing an extensive verification and validation effort for application to
transient analysis of light water reactor fuel. The purpose of this study is to verify and validate the
predictive capabilities of the code for severe transient analysis by evaluating fuel rods from
different transient tests. In this study, both the predicted thermal and mechanical responses of the
code were compared to in-reactor measurements and post-irradiation examinations to assess the
applicability of the code.
Several accident conditions must be considered in the design and analysis of LWRs. The
traditional loss-of-coolant accident (LOCA) and the reactivity initiated accident (RIA) are the two
worst case conditions for the analysis of reactor transients. Complete or partial loss of coolant
from the reactor core during a LOCA represents the extreme in loss of cooling capability. The
severe power increase as a result of a control rod ejection from the core during an RIA represents
the most critical overpower condition possible for a LWR transient. Resident between these two
extreme transient conditions are several off-normal power or cooling conditions, normally referred
to as power-cooling mismatch (PCM) transients. PCM type operational transients represent the
less severe off-normal conditions which occur when the coolant cannot adequately remove the
energy from the fuel rod. Numerous possible scenarios can be envisioned which are classified as
PCM type transients, such as a loss of a primary coolant pump, flow blockage, or overpower
condition during operation. In a majority of these transients, departure from nucleate boiling can
take place, resulting in increased cladding surface temperatures and possible fuel rod failure.
Experimental data used in this verification and validation study encompassed a wide range of
FREY applications. The tests selected include, LOCA, PCM, and RIA type of transient
experiments to provide a comprehensive assessment of the capabilities of FREY. A total of 10 test
fuel rods from experimental programs conducted in both the Power Burst Facility (PBF) and the
Transient Reactor Test Facility (TREAT) have been used in this study. They were selected from the
following test programs: Power Cooling Mismatch Tests, PCM-2 and PCM-4: Reactivity Initiated
Accident Test, RIA 1-2; Loss-of-Coolant Accident Test, LOC-3; First Fuel Rod Failure Test, FRF1; and Irradiation Effects Test,' IE-3 [6-11]. The fuel rods used in this study are presented in Table
1.
The PCM and IE-3 tests utilized power increases and flow decreases to evaluate the effects of
post-DNB operation on the fuel rod integrity. This type of behavior would be expected during
either a loss-of-coolant flow event such as a locked rotor or loss of primary coolant pump transient
or an overpower condition such as anomalous control rod movement. The large overpower effects
of a control rod ejection accident were investigated in the RIA 1-2 test. Finally, the influence of the
blowdown and heatup phase of a loss-of-coolant accident (LOCA) on the cladding behavior was
studied in the LOC-3 and FRF- 1 experiments conducted in the PBF and TREAT facilities.
All of the above test programs, except for the FRF- 1 test, were conducted in the PBF reactor
using the in-pile-tube (IPT). A schematic of the IPT geometry is shown in Figure 1. The test
geometry consists of four fuel rods positioned radially in the IPT device. A separate flow shroud
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Table 1
Fuel Rods Used in the FREY
Validation Study for Severe Transients
Rod

Experiment

UTA-008
UTA-015
IE-017, IE-018
802-1, 802-2, 802-3
840, 932
Rod L

PCM-2
PCM-4
IE-3
RIA 1-2
LOC-3
FRF-1

Table 2
Coolant and Geometry Parameters for Rod UTA-008
13.53 MPa (1960 psia)
1361 kg/sec-m 2 (1.0 Mlbm/hr-ft 2 )
601 K (622 TF)
5.6 mm (.22 in)
93%
20%
9.3 mm (.366 in)
0.2 mm (7.9 mils)
10.72 mm (.422 in)
2.58 MPa (374 psia)
294 K (70 -F)
100% He
50%

Coolant Pressure
Inlet Mass Flux
Inlet Temperature
Hydraulic Diameter
Fractional Density
Enrichment
Fuel Pellet Diameter
Fuel-Cladding Dia. Gap
Outer Cladding Diameter
Initial Fill Pressure
Initial Fill Temperature
Initial Fill Gas Comp.
Initial Fuel Relocation
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was used to contain each test fuel rod, providing for thermal and hydraulic isolation. The coolant
conditions in each of the flow shrouds were monitored during the test. These parameters included
coolant pressure, coolant flow rate, inlet and outlet temperatures, axial neutron flux profiles, and
fuel rod length changes. In-pile instrumentation was also carried out for a majority of the fuel rod
parameters. Cladding thermocouples positioned at different axial and azimuthal locations, fuel
centerline thermocouples, and bellows type pressure transducers were used to monitor the fuel rod
behavior during the test.
The FRF-l test was conducted in the TREAT facility using a seven-rod bundle of zircaloyclad U0 2 fuel rods in a flowing steam atmosphere. The bundle was contained in a zircaloy flow
shroud. An equilateral triangular spacing was used to position the rods in the bundle. A schematic
of the rod bundle used in TREAT is shown in Figure 2. Cladding surface temperature, fuel rod
internal pressure, system pressure and steam flow rate were monitored during the duration of the
test.
Extensive post-irradiation examinations (PIE) were conducted to characterize the mechanical
and thermal performance of all the fuel rods. Diametral measurements were used to determine the
cladding collapse or swelling during high temperature operation. Visual inspections were used to
locate the regions of post-DNB operation and cladding oxide formation. Metallographic and
meturallurgical examinations were carried out on the cladding and fuel, respectively, to determine
the thermal performance and to assess the interaction between fuel and cladding and between
cladding and coolant.
The large amount of experimental data available from these tests provided for an extensive
comparison between predicted and measured responses. However, a major effort and engineering
judgement was required to interpret and apply the experimental data as a result of the 2-dimensional
modeling of a 3-dimensional system. Several factors such as the stochastic nature of film boiling
and the geometry changes caused by rod bowing lead to significant circumferentially varying
effects not modeled in an r-z representation. Even with the amount of experimental data, either
global parameters were monitored such as fuel rod internal pressure or a few local parameters were
monitored at select positions, such as fuel centerline and cladding surface temperatures. PIE
results yield a description of the fuel rod after the test has been completed and removed from the
reactor. Therefore, some uncertainties exist in how accurate the experimental data illustrates the
behavior of the fuel rod during the test. Secondly, limitations exist as to the ability of current stateof-the-art methods and correlations to account for all the phenomena occurring during severe fuel
rod transients. These factors have an important impact on the comparison of code predictions to
experimental results and must be acknowledged when assessments are made.
To highlight the results of the verification and validation study, a brief description of the
PCM-2, RIA 1-2, and FRF-1 analyzes will be presented in the following sections. Each section
will contain a review of the experimental test, the modeling procedures used, and a comparison of
the predicted and experimental results.

Power Cooling Mismatch Test 2 (PCM-2)
PCM-2 was simulated in the PBF reactor to characterize the behavior of unirradiated PWR
type fuel rods under various normal and post departure from nucleate boiling (DNB) conditions.
The test was performed using four unirradiated U0 2 -fueled, zircaloy clad fuel rods. Departure
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from nucleate boiling (DNB) was achieved by decreasing the coolant flow rate while maintaining a
constant fuel rod power. The specific parameters of interest during the test were: 1) the fuel rod
power and coolant flow rate at which DNB occurred on the test fuel rods, and 2) the thermal and
mechanical behavior of the test fuel rods following DNB.
The four fuel rods used in the PCM-2 test had a fueled length of .914 m (35.98 in) and a total
length of .990 m (38.97 in). The U0 2 fuel pellets were 93% TD and 20% enriched. The nominal
pellet diameter was 9.3 mm (.366 in). The pellets were contained in Zircaloy-4 cladding with a
nominal 0.61 mm (24 mil) thickness and a nominal outside diameter of 10.7 mm (.421 in). Three
of the rods were internally pressurized with He fill gas to 2.58 MPa (374 psia). The fourth rod
was internally pressurized with He to 3.88 MPa (563 psia).
The PCM-2 experiment consisted of 4 phases; 1) power calibration, 2) preconditioning, 3)
fuel rod aging, and 4) eight DNB cycles. The first three phases were used to calibrate the
instrumentation and to prepare the fuel rods for DNB operation. The first 7 DNB cycles were used
to determine the mass fluxes at which DNB was initiated. During the first set of DNB cycles, the
fuel rod powers were reduced after DNB was indicated to prevent high cladding temperatures and
possible fuel rod failure. Only during the eighth DNB cycle were the fuel rods left in post-DNB
operation.
Rod UTA-008 during DNB cycle 8 was selected for examination and comparison with FREY.
The coolant conditions during cycle 8 for rod UTA-008 consisted of a coolant flow reduction from
1361 kg/s-m 2 (1.00 Mlbm/hr-ft 2 ) to 750 kg/s-m 2 (.55 Mlbm/hr-ft2 ) at a rate of 3 %/sec at a
constant average fuel rod power of 46 kW/m (14 kW/ft). The axial peaking factor for this rod was
Film boiling conditions were terminated after 145 seconds of post-DNB operation by
1.35.
decreasing the average fuel rod power to 30 kW/m (9.1 kW/ft) and increasing the coolant mass
flux. The measured peak cladding temperature was 1315 K (1908 'F). The measured fuel
centerline temperature increased from 1685 to 2290 K (2574 to 3663 °F) after DNB occurred.
No fuel rod failures occurred as a result of 145 seconds of high temperature post-DNB
operation. PIE conducted on the test fuel rods revealed cladding outer surface oxide formation on
all the fuel rods. A region of cladding collapse was observed in the high temperature zone.
Cladding temperatures were determined by metallographic examination of the cladding
microstructures. The measured cladding temperature responses agreed well with the temperatures
determined metallographically.

FREY Analysis of PCM-2
Test PCM-2 rod UTA-008 was selected for analysis with FREY to determined the ability of
the code to predict the cladding temperature, fuel centerline temperature, fuel rod internal pressure,
and the mechanical response of the fuel rod. The behavior of rod UTA-008 was modeled during
DNB cycle 8 when extended operation in high temperature film boiling occurred.
The finite element grid used to represent the rod UTA-008 is shown in Figure 3. An axisymmetric r-z representation was used to model the fuel, cladding, gap, upper and lower plena,
and upper and lower end caps. A list of the important coolant and geometrical parameters are
shown in Table 2. These values were determined from both test reports [6] and the EPRI/Utility
Transient Fuel Behavior Data Information Source (ERUDITE) [13]. The Westinghouse (W-3)
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critical heat flux correlation was used to determine the time and location of DNB. Adequate results
were achieved with the W-3 correlation for this analysis. However, it is recognized that the
prediction of DN-B is strongly a statistical problem and it is recommended that the measured time
and location of DNB be used to initiate DNB in future analysis.
The results of the PCM-2 analysis are shown in Figures 4 thru 7. Comparisons are made to
the extent of film boiling along the cladding surface, the magnitude and response of the cladding
surface temperature at the 0.686 m (27 in) axial location, the fuel centerline temperature, and the
fuel rod internal pressure. Figure 4 shows the predicted axial profile of film boiling and the
maximum achieved cladding surface temperatures for rod UTA-008. Both the metallographically
determined temperatures and the maximum thermocouple readings are included for comparison.
FREY slightly over predicts both the peak temperature and the extent of film boiling. Figure 5
shows the cladding surface temperature response at the 0.686 m (27 in) axial location for the
thermocouple position. Using the W-3 critical heat flux correlation, FREY predicts DNB to occur
approximately 10 seconds before the temperature excursions were indicated by the thermocouple
responses. Good agreement is seen for the peak cladding temperatures and the trends between
FREY and the thermocouple data. The slight overprediction of the peak cladding temperatures
could be caused by the inability of a 2-dimensional representation of the fuel rod and coolant
channel to account for the 3-dimensional effects associated with film boiling flow conditions and
geometry changes due to rod bowing. Preliminary analysis indicates that these factors reduce the
peak cladding temperatures. The calculated post-DNB heat transfer coefficients may also cause the
high predicted temperatures. The correlations used were limited in their range of application and
by applying these correlations near the limits of their range could lead to lower than actual heat
transfer coefficients.
The fuel centerline temperature comparison at the location of the fuel thermocouple for rod
UTA-008 is presented in Figure 6. FREY predicts the centerline temperature to be 120 K (216 'F)
higher than the measured value. However, the predicted value resides within the uncertainty
associated with the measured value. The predicted response shows good agreement with the
measured response. FREY predicts the peak in the fuel temperature to be 150 K (270 'F) higher
than the measured value. Overall, the predicted fuel temperature response agrees well with the
measured values.
Lastly, the fuel rod internal pressure is shown in Figure 7 for rod UTA-008. The predicted
value is approximately 0.6 MIPa (87 psia) higher than the measured value. FREY also under
predicted the initial internal volume as compared to the measured pre-irradiated volume. This
difference could be attributed to the method used to model the external volume associated with the
pressure transducers. However, the pressure response is consistent with the modeled internal
volume. A slight increase in pressure is predicted when DNB occurs. The magnitude of the
pressure increase is less than the measured value.

Reactivity Initiated Accident Test 1-2 (RIA 1-2)
The RIA 1-2 test was conducted to simulate the overpower effects of a reactivity initiated
accident on fuel rod behavior. The main objectives of the test were to provide data on fuel rod
failure mechanisms for previously irradiated PWR type fuel rods and its consequences during an
RIA at enthalpy insertion values' of 185 cal/g for radially averaged peak fuel enthalpy.
Additionally, it was desired to study the effect of beginning-of-life (BOL) and end-of-life (EOL)
rod internal pressures on the response of pre-irradiated fuel rods.
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Figure 3. Finite Element Grid used in the PCM-2 Rod LTTA-008 Analysis
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The test consisted of subjecting four individually shrouded PWR-type fuel rods at BWR hotstartup coolant conditions to a 24,000 kW/m (7300 kW/ft) peak transient power burst. The
duration of the power burst was 60 ms. The four fuel rods had been previously irradiated in the
Saxton reactor to bumups of approximately 4800 MWd/tU. Two of the fuel rods were backfilled
to 2.41 MPa (350 psia) to represent end-of-life (EOL) conditions and a third rod was backfilled to
0.105 MPa (15 psia) to represent beginning-of-life (BOL) conditions to study the effects of
different internal pressures.
The four fuel rods used in RIA 1-2 had a fueled length of .914 m (35.98 in) and a total length
of 1.0 m (39.37 in). The U0 2 fuel pellets were 94% TD and 5.7% enriched. The nominal pellet
diameter was 8.5 mm (.335 in). The pellets were contained in Zircaloy-4 cladding with a nominal
0.62 mm (24 mil) thickness and a nominal outside diameter of 9.9 mm (.39 in).
The RIA 1-2 experiment consisted of three phases: 1) power calibration, 2) preconditioning,
and 3) power burst. Phases 1 and 2 were used to calibrate the instrumentation and to prepare the
fuel rods for the test procedure. Phase 3 consisted of a single power burst of about 60 ms
duration. This resulted in a peak fuel rod power of about 24,000 kW/m (7300 kW/ft) and the
deposition of 185 cal/gm of energy for the radially averaged fuel enthalpy at the peak axial location.
One of the low pressure fuel rods failed as a result of the large deposition of energy during the
power burst phase. The fuel rods operated in post-DNB heat transfer for 17 seconds after the
power burst. Indicated peak cladding temperatures were above 1500 K (2240 'F) as determined
from thermocouple response. Cladding collapse occurred due to the high temperature operation.

FREY Analysis of RIA 1-2
RIA 1-2 rod 802-2 was selected for examination and comparison with FREY results to assess
the capability of the code to calculate the thermal response of a fuel rod during a large power burst.
The finite element grid used to represent rod 802-2 is shown in Figure 8. An axi-symmetric r-z
representation was used to model the fuel, cladding, gap, upper and lower plena, and upper and
lower end caps. A list of the important input and geometrical parameters are shown in Table 3.
These values were determined from the test report [9]. The Babcock and Wilcox (B&W-2) critical
heat flux correlation was used in the analysis to determine the time and location of DNB.
However, the type of correlation used was not important in the analysis because DNB occurred at
0.1 second into the transient as a result of the large heat fluxes predicted to occur.
The results of the RIA 1-2 analysis are shown in Figures 9 thru 11 for rod 802-2.
Comparisons were made to the experimental results for the fuel rod internal pressure and the
magnitude and response of the cladding surface temperature at two axial locations. Figures 9 and
10 show the cladding surface temperature responses at 0.46 m (18.1 in), which is approximately
the peak power location, and at 0.79 m (31 in) above the bottom of the fuel rod. At 0.46 m (18.1
in), FREY predicts much higher temperatures than the measured response for the temperature
excursion associated with DNB. FREY predicts the decrease in temperature approximately 2
seconds after the initiation of the transient, however, the temperatures are still above the measured
values. FREY does not predict the rewet of the fuel rod at 17 seconds due to the fact that the
coolant channel analysis does not contain a rewet model. User specified boundary conditions can
be used to analyze the thermomechanical response of a fuel rod during rewet. FREY shows
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Table 3
Coolant and Geometry Parameters for Rod 802-2
Coolant Pressure
Inlet Mass Flux
Inlet Temperature
Hydraulic Diameter
Fractional Density
Enrichment
Fuel Pellet Diameter
Fuel-Cladding Dia. Gap
Outer Cladding Diameter
Initial Fill Pressure
Initial Fill Temperature
Initial Fill Gas Comp.
Initial Fuel Relocation

6.45 MiPa (935 psia)
2
882 kg/sec-m 2 (.65 Mlbm/hr-ft )
538 K (509 -F)
6.4 mm (.25 in)
94%
5.7%
8.58 mm (.337 in)
0.17 mm (6.7 mils)
9.99 mm (0.393 in)
2.41MPa (350 psia)
294 K (70 'F)
77.7% He, 22.3% Ar
50%

Table 4
Coolant and Geometry Parameters for Rod L
Coolant Pressure
Inlet Mass Flux
Inlet Temperature
Hydraulic Diameter
Fractional Density
Enrichment
Fuel Pellet Diameter
Fuel-Cladding Dia. Gap
Outer Cladding Diameter
Initial Fill Pressure
Initial Fill Temperature
Initial Fill Gas Comp
Initial Fuel Relocation

0.149 MPa (21.6 psia)
0.3408 kg/sec-m 2 (224 lbm/hr-ft 2 )
457 K (363 -F)
5.314 mm (.21 in)
94.4%
2.5%
12.49 mm (..49 in)
0.22 mm (9 mils)
14.38 mm (.57 in)
.979 MPa (142 psia)
298 K (77 -F)
100% He
0%
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excellent agreement with the measured cladding temperature response for Rod 802-2 at the 0.79 m
(31 in) location. Again, FREY does not show rewet at about 12 seconds.
The overprediction of the cladding surface temperatures for FREY in the peak power location
could. be related to the post-DNB heat transfer correlations used in the analysis. Also, the analysis
was carried out assuming all the energy generated was deposited in the fuel. Experimental
evidence suggests that a significant fraction of the prompt gamma energy was deposited in the
cladding, coolant, and structure. Coolant voiding was indicated at initiation of the power burst as a
result of the deposition of gamma energy.
The predicted and measured internal fuel rod pressure responses are shown in Figure 11.
FREY predicts a large pressure increase up to 7.8 MPa (1131 psia) during the first 0.5 seconds of
the transient. The predicted pressure response quickly decreases to about 6 MPa (870 psia) and
shows excellent agreement with the experimental data. The initial pressure increase for FREY is
consisted with the predicted increases in the fuel surface temperature and subsequent increase in the
average gas temperature. FREY assumes instant communication of the gas pressure from the gap
to the upper plenum during the calculation. This communication may not have taken place in the
experiment due to fuel-cladding mechanical interaction isolating the gap from the plenum or the
instrumentation was not sensitive enough to measure the quick peak in internal fuel rod pressure.
Both of these factors would tend to dampen the response measured by the pressure transducer. As
a result, the measured values only show a small peak in the first second and then stabilizes at about
6 MPa (870 psia).

First Fuel Rod Failure Test (FRF- 1)
The First Fuel Rod Failure Test (FRF-1) in the TREAT facility was performed to study the
effects of steam flow on the cladding behavior of LWR fuel immediately following the blowdown
portion of a LOCA. The test was conducted using a seven-rod bundle of 0.686 m (27 in) long
zircaloy-clad U0 2 fuel rods in a flowing steam atmosphere. The TREAT reactor was operated at a
constant power for 20 seconds resulting in a cladding surface temperature rise of 40 K/sec (72
°F/sec) to a maximum of 1255 K (1800 'F). The fuel rods were prepressurized with He which
simulated end-of-life fission gas accumulation.
A seven rod bundle of 0.686 m (27 in) long zircaloy-clad fuel rods was used in the test. The
fuel rods had a nominal fuel rod diameter of 14.33 mm (.564 in) and a wall thickness of .81 mm
(32 mil). The fuel pellet diameter was 12.49 mm (.492 in) and the fuel material was 94.4% TD
and enriched to 1.51% U235 . Four of the fuel rods were clad with Zircaloy-2 and three were clad
with Zircaloy-4. The rods were prepressurized with He at pressures ranging from 0.793 to 1.48
MPa (115 to 215 psia) to simulate end-of-life rod internal pressures. Two cladding surface
thermocouples and two pressure transducers were located on rods designated L and H to monitor
cladding surface temperature and fuel rod internal pressure responses. The seven rod bundle was
contained in a 5.55 cm (2.18 in) zircaloy flow shroud. An equilateral triangular spacing of 1.905
cm (0.75 in) was used. A schematic of the rod bundle is shown in Figure 2.
Steam flow of 34 1/min (9 gal/min) through the test assembly was initiated prior to reactor
startup. After equilibrium flow conditions were reached, the reactor power was increased in 8
seconds to 30 MW. The reactor power was held constant for 20 seconds, at which time the reactor
was shutdown. The steam flow was continued for an additional 30 minutes. Cladding heating

rates of 40 K/sec (72 °F/sec) were achieved during the test, leading to fuel rod failures at about 28
seconds into the transient.
After completion of the test, post-test examinations were carried out to characterize the
behavior of the cladding and fuel. PIE results showed that all seven rods experienced cladding
ballooning and rupture. All ruptures occurred within a 5.1 cm (2 in) axial distance along the
bundle. Rod-rod contact occurred as a result of the excessive cladding ballooning. Metallographic
examinations of the ruptures indicate that the ruptures were ductile in nature. Internal volume
increases were determined to be approximately 11 cm 3 (.67 in 3 )with initial internal volumes
approximately 2.5 cm 3 (0.153 in 3 ). The average rod maximum circumferential swelling was
determined to be 36%.

FREY Analysis of FRF-1
Rod L in test FRF-1 was analyzed with FREY to assess the capabilities of the code to
calculate the extensive cladding deformation observed during FRF-1. A pressure transducer and
cladding thermocouple were located on Rod L to monitor the fuel rod internal pressure and
cladding temperature responses during the test. These two devices allowed for comparisons of
both the thermal results (cladding temperature) and the mechanical results (volume increase) to
experimental data. A single channel analysis was conducted using the specified inlet coolant
conditions. The flow blockage and rod-rod contact were not modeled in this analysis. These two
factors could have a small influence on the predicted results.
The finite element grid used in this analysis is shown in Figure 8. An axi-symmetric r-z
analysis was conducted to accurately model the axial deformations obseryed in the test. The model
shown in Figure 8 is resident in the models library included with the code. As a result, the grid is
automatically generated from a single input parameter. The geometric parameters and inlet
conditions are shown in Table 4. The values were obtained from the test description report [ 10].
The coolant boundary conditions were calculated by the coolant enthalpy model in FREY from the
inlet conditions provided in the test report. Based on the cladding surface temperature predictions,
this method adequately modeled the heat transfer from the fuel rod to the coolant.
The results of the FRF-1 analysis for Rod L are shown in Figures 12 thru 15. Comparisons
are made between the predicted and measured results for cladding surface temperature, fuel rod
internal pressure, and cladding deformations. The cladding surface temperature response, shown
in Figure 12, indicates that the predicted heatup rate and peak temperature agree well with the
measured values.
The fuel rod internal pressure history is shown in Figure 13. FREY slightly overpredicts the
initial internal pressure. Again, this could be related to the method used to represent the pressure
transducer volume. The pressure increase due to fuel rod heatup shows excellent agreement with
the measured value. At approximately 23 seconds, extensive cladding ballooning occurs, causing
an increase in the internal volume. This is indicated by the termination in internal pressure increase
and the subsequent decrease in pressure. Fuel rod failure occurs at approximately 28 seconds as
indicated by the significant drop in internal pressure to the coolant pressure for the measured
response. The FREY prediction for cladding ballooning and subsequent volume increase agrees
well with the experimental data. However, the predicted time to failure is at 46 seconds after the
initiation of the test. This is 18 seconds after the indicated failure at 28 seconds.
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The diametral increase as a function of axial position at 30 seconds, 40 seconds, and at time of
predicted failure is shown in Figure 14. FREY overpredicts the amount of diametral expansion
near the ends of the fuel rod. At 30 seconds, the fuel rod was measured to have failed. At that
time, the FREY prediction shows only half of the localized deformations. However, the predicted
internal volume, represented by the area under the large dashed curve in Figure 14, is
approximately the same as the measured value as evident from the similar internal volumes shown
in Figure 13. The localized deformations at 12 in (30.48 cm) are not predicted to form until 40
seconds into the transient. At the time of predicted failure, the localized diametral increase is
similar for both the predicted and measured results. Lastly, Figure 15 depicts the cladding
ballooning from initiation of the transient until predicted failure. The experimental results (dashed
line) are also included for comparison. It is evident form this graph that the predicted mechanical
response of FREY agrees well with the measure values.

CONCLUSIONS
FREY is currently undergoing an extensive verification and validation effort for application to
transient analysis of light water reactor fuel. The purpose of this study is to validate and verify the
predictive capabilities of the code for severe transient analysis by evaluating fuel rods from
different transient tests. In this study, both the predicted thermal and mechanical responses of the
code were compared to in-reactor measurements and post-irradiation examinations to assess the
applicability of the code.
A total of 10 test fuel rods from experimental programs conducted in both the Power Burst
Facility (PBF) and the Transient Reactor Test Facility (TREAT) have been used in this study to
provide a comprehensive assessment of the capabilities of FREY. Axi-symmetric, r-z finite
element models were used to determine the cladding surface temperature, fuel centerline
temperature, and cladding deformation for the 10 fuel rods. Where applicable, comparisons were
made to in-pile test data measurements. PIE results for extent of film boiling, peak cladding
temperature, and fuel rod deformation were compared to the predicted results.
FREY tends to overpredict the peak cladding temperatures for post-DNB operation. The high
predicted cladding temperatures were located at the peak power position. However, the 2dimensional r-z model representation and the 1-dimensional coolant model does not account for 3dimensional effects associated with flow conditions during film boiling and geometry changes due
to rod bowing. Significant circumferential temperature gradients were observed in the
experimental data for several of the high temperature post-DNB tests. Preliminary analysis
indicates that these factors could result in lower predicted cladding temperatures. A second area of
uncertainty resides in the correlations used to calculate the post-DNB heat transfer coefficients. In
some instances, these correlations were applied outside or near the limits for their range of
application. The use of these correlations in this manner was manifested due to the lack of more
appropriate models in the industry at the time of this analysis.
The thermal response of the fuel centerline temperatures agreed well with both the measured
responses and PIE results. No significant differences were observed.
FREY predicted well both the cladding collapse associated with the high temperature PCM
tests and the cladding ballooning during the FRF-1 and LOC-3 tests. The cladding deformations
predicted by the code agreed well with the PIE determined values. Also, the internal pressure
responses predicted by FREY showed good agreement with the in-pile measurements. Some

-92-

discrepancies were seen in the predicted time of cladding failure. This may be related to the large
scatter in the failure strains characterizing zircaloy behavior in the alpha+beta phase during which
experimental failure occurred
Overall, the verification and validation study has demonstrated the ability of the code to predict
the thermal and mechanical response of fuel rods during severe transient tests. Several factors
such as the stochastic nature of film boiling and the geometry changes caused by rod bowing lead
to significant circumferentially varying effects not modeled in an r-z representation. Therefore,
some uncertainties exist in how accurate the experimental data illustrates the behavior of the fuel
rod during the test. Secondly, limitations exist as to the ability of current state-of-the-art methods
and correlations to account for all the phenomena occurring during severe fuel rod transients.
These factors have an important impact on the comparison of code predictions to experimental
results and must be acknowledged when assessments are made. Lastly, due to the severity of
several of the experiments used in this study, the results and conclusions can be extrapolated, in
some cases, to the application of the code to licensing analysis which contain less severe forcing
functions.
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ABSTRACT
The primary purpose of the EPRI Operator Reliability Experiments
(ORE) Program is to collect data for use in reliability and safety
studies of nuclear power plant operation to more realistically take
The two
credit for operator performance in preventing core damage.
objectives for fulfilling this purpose are: (1) to obtain quantitative/qualitative performance data on operating crew responses in the
control room for potential accident sequences by using plant simulators, and (2) to test the Human Cognitive Reliability (HCR) correlation.
This paper briefly discusses the background to this program, data
collection and analysis, the results and quantitative/qualitative
insights stemming from phase one which might be of interest to
simulator operators and trainers.
BACKGROUND AND INTRODUCTION
The comprehensive treatment of human interactions is deemed to be a key to the
adequate understanding of various accident sequences and their relative
There is an abundance of evidence
importance in public safety considerations.
to support the notion that humans play a dominant role in both causing and
Such evidence comes
terminating accidents at various industrial facilities.
in the form of actuarial data (e.g, Chernobyl, TMI 2, numerous precursors) or
results from various generic and plant-specific probabilistic risk assessment
(PRA) studies.

-95-

In view of this importance of human interactions, fPRI has sponsored a series
of research projects over the past six years to increase understanding and
improve techniques for analyzing them.
Although the principal aim of this
research was to support PRA, the results and insights derived therefrom have
proved to have applications in operator training, emergency operating procedures development and human factors considerations.
Human reliability analysis (HRA) is a complex subject that has not lent itself
to relatively straightforward models like those for component and system
reliability assessments.
In order for this complexity to be amenable to
modeling, EPRI perceived that a number of development steps were necessary:
1.

Classify human interactions (HIs) into a limited number of classes.
An HI covers the response of the crew from the detection of a
critical change in plant state (e.g., an alarm), through diagnosis
of that plant state, to the decision to take actions to return the
plant to an acceptable state.

2.

Introduce an acceptable framework to organize the application of HRA
to PRA studies.

3.

Survey available approaches to quantification..

4.

Develop-promising models.

5.

Conduct experiments to establish an appropriate data base to validate the model(s) with regard to specific applications.

The EPRI human reliability projects have followed these steps as previously
reported in the Nuclear Engineering International article (Joksimovich and
Worledge, 1988).
The latest project of the series is the principal topic of
this paper.
It should be pointed out that an NRC commissioner favorably
commented on the program (Rogers, 1988).
The paper describes the scope and
interim (Phase I) results in the form of time-reliability curves of crew
responses to key human interactions.
In addition, the paper discusses how the
use of complex scenarios and quantitative evaluation of crew responses can be
applied to operator training.
ORE PROGRAM
The current program is divided into two phases.
Phase. I is mainly concerned
with the testing of the human cognitive reliability (HCR)
correlation
(Spurgin, et. al., 1984).
The HCR correlation is intended to represent the
behavior of crews performing tasks in nuclear power plant control-rooms.
The
HCR correlation is a form of time-reliability curve which quantifies the
probability of non-response of a control room crew within a specified time.
Key features of the HCR correlation are reflected in the several hypotheses
listed in Table 1. The testing of the HCR correlation entails carrying out
experiments using large plant. simulators, developing data collection and
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analysis methodology and examining the analyses to see if the basic HCR
hypotheses are confirmed and to suggest modifications to HCR if necessary.
The status.of HCR hypotheses testing is seen in Table 1.
Phase II of the
program comprises more simulator experiments, refined testing of the HCR and
applications of the refined correlation.
Table 1
STATUS OF HCR HYPOTHESIS TESTING

Hypothesis

Status

1.

Time Dependence

Valid

2.

Single Parameter Does Normalization

Valid

3.

Median Performs Well

Valid

4.

Discrete Correlation Groups Appear

Valid ?

5.

S, R, K Characterize Groups

?

6.

Weibull and/or Lognormal

Valid

7.

PSFs impact quantifiable

Invalid Thus Far

Simulator Facilities Used For ORE

Modern control room training simulators provide a considerable potential

for

making measurement of operator performance to improve understanding of the
basic models and to provide support for human reliability estimates.
This was
fully recognized during development of the HCR model; the use of simulators
for validation purposes became an obvious choice.
Furthermore, experiments on
simulators can take advantage of requalification training sessions with only
minor perturbations to the utility.
Currently, six U.S. utilities are participating in the program:
Commonwealth Edison (La Salle), Pacific Gas and
Electric (Diablo Canyon), Wisconsin Public Service (Kewaunee),
Philadelphia
Electric (Limerick), Pennsylvania Power & Light (Susquehanna), and Duke Power
(Oconee).
Electricite de France (EDF)
(Bugey and Paluel) and EPRI are
collaborating closely in their respective programs of operator experiments
including the design of the experimental method, statistical analysis of data
and interepretation of qualitative observations.
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It should be pointed out that EDF has pioneered the use of simulator experiments for emergency procedure and safety panel validation. A large number of
experiments has been conducted since 1983 employing simulators at the three
This background of experience
training centers:
Bugey, Paluel and Caen.
The collaborative agreement
provided a stepping stone for the EPRI project.
The two programs, if
provides cross-fertilization between the two programs.
fully combined, would constitute the largest source of human reliability
simulator data in the world, from which numerous nuclear safety insights could
be derived.
The U.S. participants typically:
a) make the full-scale plant simulators,
with the associated equipment together with the operating crews, available for
the conduct of experiments (typically in conjunction with scheduled requalifications sessions); b) have close involvement in defining accident scenarios;
c) perform programming of scenarios and assist in the conduct of experiments;
d) share the information and insights being generated; and e) provide guidance
via a steering group. This process usually involves the close collaboration
of utility PRA groups and training staff.
ORE Status
The status of EPRI ORE data collection is summarized in Table 2. Two or more
scenarios were observed at each simulator with several crews being exposed to
Each scenario spans several
the same (or essentially the same) scenarios.
pre-defined "key" human interactions for which timing data is collected and
analyzed.
Preliminary data are reviewed (qualified) to assure that each HI
measurement is representative of the population of licensed control room
operators and is unaffected by simulator problems or trainer interference. To
date, nearly 1,000 qualified data points have been collected.
Data Collection . Data collected during simulator retraining sessions with
control room-crews is performed by observer teams collecting response times of
crews augmented by simulator records, such as data loggers, and video
recordings.
In addition to time data, post-transient interviews are also
carried out to help define insights into operator decisions, such as which
This
plant variables or alarms are used by the crews in given circumstances.
latter information is used along with information on operator experience and
education to determine the influence of various performance shaping factors
(PSFs).
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Table 2

STATUS OF SIMULATOR DATA COLLECTION

Simulator

Number Of
Scenarios

Number Of
Crews

Number Of
HIs

Total
Number Of
Qualified
Data Points

PWR 1

3

10

10

95

BWR 1

2

18

10

137

BWR 2

7

3-6*

13

125

PWR 2

7

6

30

167

PWR 3

8

5-7*

12

130

BWR 3 II

6

9

15-

125

PWR 1 II

6

15

15"*

200**

*
**

Scenario Dependent
Estimates

Total

-

1000

Data Analysis . Statistical measures are used to characterize crew responses
to key interactions.
Principal measures are; a central point estimate (mean
or median response time) and an estimate of spread or variability (variance or
standard deviation).
Voluminous raw response time data are reduced to a small
set of statistical measures and subjected to preliminary evaluation for
consistency and trend.
The data was further organized and analyzed to test the HCR correlation.
The
seven hypotheses listed in Table 1 were examined using various analysis
techniques.
Later, data was aggregated in several ways to develop interim
positions on the HCR correlation.
These aggregated curves are discussed
below.
-INTERIM RESULTS
Hypotheses
For the HCR correlation to be valid, the seven
confirmed.
Table 1 shows the current state of
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hypotheses have to be
investigation for each

hypothesis.
The majority of the key hypotheses are confirmed.
Hypotheses 1,
2, 3, and 6 are clearly confirmed.
Hypothesis 4 can be viewed as partially
confirmed.
The crew responses are clearly time dependant (Hypothesis 1) and are shown to
Hypotheses 2
fit either Weibull or lognormal distributions (Hypothesis 6).
and 3 relate to normalization by dividing actual response times of the crews
This produces a
by the median value (T 1/2) of response times for all crews.
This process can be illustrated by
set of dimensionless response times.
showing that very similar human interactions with different actual times can
Table 3 shows two
yield close standard deviations after normalization.
The corresponding curves for the PWR results are
examples from the results.
shown in Figure 1. These results indicate that underlying cognitive behavior
for these HIs is similar (i.e, the shape of the curves are very close) and
despite the existing plant-specific differences among the two PWRs, the
response curves moved closer together once normalized.
Table 3
COMPARISON OF RESPONSE TIME PARAMETERS FOR
SIMILAR HUMAN INTERACTIONS FOR DIFFERENT PLANTS

Plant

Median
Response+
(Seconds)

B ATWS:
Suppression

A

79

0.71

W Pool

B

145

0.74

Cooling
R Initiation

C

138

0.85

P

A

323

0.24

B

766.5

0.30

HI

W

MSLB/SGTR:
SG Isolation

Normalized
Sigma Value*

R

*

Median of measured response times for all crews at each plant.

*

Standard deviation of normalized response times for each plant where normalized times equal actual times divided by the median response.

-to0-

Actual Time
Lognormal
N
0
n
I

Normalized Time
Lognormal

i-

N
0

n
P

e

e
S

S
P

o
n

-

P
o 0.1

0.1

S

n
9
e

P
r
0
b 0.01I00

P
r
0
b 0.01
0.1

Figure 1.

0OO0
Actual Time

10000

Normal Ized TI1m

Time Reliability Curves of Non-Normalized and Normalized
Data For Isolation of Faulty Steam Generator in a SGTR for
Two PWRs.

Hypotheses 4 is partially verified because data do suggest the presence of
groups, but they overlap considerably.
It has been found that the preliminary
interpretation of skill(s), rule (R) and knowledge (K) based attributes for
the human interactions involved (hypothesis 5) do not map the interactions
unambiguously into one of the observed interaction groups.
Further work is
underway in Phase II of the project to find good labels for these interaction
groups.
Testing of hypothesis 6 is not complete and is continuing in Phase
II.
Aggregated Curves
Data aggregation in the ORE program means that operator response times for
individual HIs among various scenarios, various plants or types of plants are
combined (pooled) in various ways.
Data aggregation is performed to 1)
enhance the statistical database and 2) provide bases for comparison of
results, at different levels of aggregation, e.g., to compare results for all
BWRs to results for all PWRs.
Several forms of interim correlation curves
were formed for various types of data aggregation.
For example, aggregating
all the data irrespective of plant type similar to the original HCR curves.
Figure 2, for example, shows the respective aggregate curves for all-BWR and
all-PWR date.
It also shows the aggregate of these two as the "all-data"
curve.
The results indicate that aggregated curves correspond roughly to
"rule-based" behavior with the PWR curve to the left and the BWR curve to the
right of the "all-data" curve.
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It should be remembered that, first, the coincidence of the grand aggregate
curve with the original HCR "rule-based" curve is not surprising because in
the majority of instances the HIs included corresponded roughly to rule-based
situations.
Second, the connection between this curve and the "rule-based"
attribute is now considered tenuous as discussed above.
At least, the
decision framework for deciding what is rule-based needs to be revised.
This
is being done.
QUALITATIVE INSIGHTS
In the course of participating in the experiments, the observer teams made
qualitative observations relative to the responses of the crews.
Records
taken during the experiments provide not only information for use in the
program, but also provide a useful data base for trainers, operators, procedure developers and human factors personnel.
Observations below are grouped
into five categories; simulator validity, procedures, training, human factors,
and crew structure and communications.
Simulator Validity
Areas which appear need attention in PWRs are mainly associated with
thermal-hydraulic modeling.
These cover modeling of void formation, hot leg
behavior from "bubbly" flow to high void, and reflux cooling in the steam
generator.
Some generator models seem to be in need of improvement.
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One area that seemed to be particularly deficient in the' minds of the crews
was the modelling of auxiliary operators by the trainers.
There did not
appear to be consistent criteria applied to the time taken by the auxiliary
operators in performing tasks.
Also there were no criteria for when they
could be expected to be successful.
EPRI expects to examine the potential for
including actions of auxiliary operators and maintenance technicians outside
the main control room in the same quantitative framework as the HCR model.
Procedures
The emergency operating procedures (EOPs)
provide the backbone of crew
responses to accident scenarios.
The current vintage of both BWR and PWR EOPs
are considered to be "symptom based" so that crews may react as dictated by
the EOPs to various symptoms indicated by displays and instrumentation.
(It
is noted, however, that the PWR procedures tend to be a hybrid of symptomand-event based.)
In general, these procedures, which help diagnose and make
deci~sions, evoke "pure" rule-based cognitive behavior on the part of the
crews.
Preliminary, analysis of the. PSF influences on the data suggest the
existence and forced use of the EOPs are responsible for smoothing out or
leveling between crews the otherwise considerable influence on performance
that psychologists have hereto expected from PSFs.
If this is born out by
further analysis,
it
can be considered to be a singularly valuable
contribution by the industry to improving plant safety.
A number of problem areas surfaced with the procedures which affected the
crews' performance.
These areas, were. obscure logic, incorrect order of
instruction and separation of warning advice from those areas in which the
advice was required.
For example, in the case of obscure logic, it was not
quite clear what the crew should do, either go to the next step in the procedure or jump out of the procedure.
Simpler statements would have prevented
much confusion.
Another area of confusion was associated with interlocks.
During recovery actions it is necessary to defeat complicated interlocks.
The
order of how instructions are interpreted is important.
If the order is wrong
and the crew can not solve the logic quickly then they may have to forego the
Use of a crucial system which can terminate the accident progression.
The observer records'quite clearly show where the crews have difficulties and
how many of the crews suffer from these problems.
Training staff and the'
procedure developers can help resolve these problems.
Training Aspects
Use of Scenarios
The scenarios used in the operator experiments have been
designed so.as to pose varying levels of'complexity to the crews.
At some
simulators the experiments were the first PRA-oriented scenarios experienced
by the crews.
These crews were unused to dealing with the more complex
scenarios.
However,-the training staff noted that the crews became much more
comfortable with complex scenarios over the course of the experimental program.
On the whole, crews were generally favorable toward the challenges
afforded by such scenarios.

-103-

By and large, training staffs evaluate the crews
Training Program Evaluation
on qualitative performance measures such as application of correct procedures
It is believed that routine
and intra-crew and extra-plant communications.
timing of crews on key human interactions in simulator scenarios along with
commentary to characterize the crew response with respect to use of procedures, slip/errors made and recovered and other factors could provide a
means under utility control to evaluate training effectiveness.
Such records and trending of the crew's performance would enable objective
The training group
evaluations to be made of all of the crew's performance.
could then evaluate how to improve the training program or suggest what
improvements should be made to the procedures or control-room displays.
Human Factors
Control room design reviews and task analysis programs have, or seem to have,
During the EPRI experiments,
obviated most human factors deficiencies.
however, observers noted several items that seemed to affect the crew response
time and accuracy.
In the same vein, utilities should encourage training and
operating staffs to use simulator training as another means to identify
potential problems.
Typical human factor items identified by observers were
as follows:
o
o
o
o
o
o

Instrument Location
Instrument/Panel Design
Control Handle Loc~tion and Labelling
Display Characteristics and Design
Alarms/Annunciator Design
SPDS Validity and Reliability

Crew Structure and Communications
Organization . Training practices of augmenting crews and/or random personnel
absences resulted in variability in crew structure during the respective
experimental series, although the latter is viewed as representative of actual
Essentially constant across the plants is the use of at least
plant practice.
two licensed reactor operators (RO) who manipulate controls; one PWR uses
three RO's.
Also constant is the assigned responsibility of one licensed
Senior Reactor Operator (SRO) to be in charge of executing Emergency Operating
Procedures.
Beyond these two areas of responsibility, crew size and organization varies significantly from plant to plant.
The quality of the response seemed mainly to depend on the quality of the
procedure reader (SRO) and his ability to see where the plant is headed -and
It is not yet clear what crew size and organization
what the procedures say.
is optimal.

-104-

Communications . During training at all simulators, intra-crew communications
What
are emphasized and evaluated as part of the requalification exercises.
is observed, however, is that crews often do not communicate in the desired
fashion during the first time back on the simulator; after being reminded in
trainer critiques, most crews attempt to follow the desired style even while
noting that to do so is "acting" for them. Those who express some resistance
note that they know their crew members well and are able to communicate well
in their "normal" mode.
The human factors form used during scenario observations asks to characterize
the crew leadership style on a five-point scale ranging from "authoritarian"
Qualitatively, it appears that the most efficient crews, in
to "democratic".
terms of response times, tend to be more "authoritarian" so long as the true
leader understands the plant state and does not force the crew to make poor
decisions.
Most crews, however, are characterized as "participative" in which
the ultimate decision maker is clearly understood but crew members feel free
to challenge the SRO as a way of checking the diagnosis.
QUANTITATIVE INSIGHTS
In general, the responses of crews are grouped close to specific HCR curves
and large deviations from such a curve may indicate differences in the perFor example, crews may
formances of groups of crews or individual crews.
implement different strategies in response to an event and this shows in the
The differences in strategies could be due to diffeshape of the curves.
rences in cues/indications that criws act upon or the order of tasks that they
Often the trainers are only peripherally aware of these different
perform.
The operations
strategies and do not usually know the effects on performance.
group may wish to selectively modify how the crews carry out the tasks based
on this information.
(or median)
time spent by crews on various HIs differ
The average
This is usually principally due to differences in plant
significantly.
response to different transients although there are often marked differences
The
between median response times for similar transients at different plants.
latter may be due to familiarity with the actions, degree of complexity of
procedures, etc. The measured crew median response times on various HIs could
be a useful perspective to trainers, procedure developers and human factors
persons.
In general, a small number of operator errors (slips/mistakes) was observed.
This will be further examined in Phase II of the program. The results suggest
that various measures related to crew experience at a given plant do not have
This could. be due to the fact that all
a significant effect on crew response.
the operating crews undergo similar training/requalifications and use the same
procedures.
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SUMMARY
The combination of a quantitative method for collecting performance data
together with a systematic method for recording qualitative data relating to
aspects of crew performance, such as communications, can build an information
base to help utilities to refine plant operations.
It can provide information
on which parts of plant procedures cause difficulties and how they affect the
crews.
It can provide information on whether the training program is continuing to have an impact on crew.performance, also it can provide information
on the difficulties that individual crews have with some aspect of plant
operation.
We expect the results of these experiments to have far reaching effects, not
only on risk estimates, but also on how training is measured and monitored.
Already, EPRI's research program is turning to these issues.
It appears that
the area of operator training can benefit greatly from focused R&D that has
the goal of improving the operators ability to respond to accident situations.
Further, the qualitative steps forward that the industry-has taken in this
technical area since the TMI-2 accident are now yielding quantitatively
measurable performance improvements.
This development is a healthy sign that shows the continuing emphasis that the
industry attaches to excellence in plant operations.
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ABSTRACT
Steam generator tube rupture (SGTR)

events which may occur in pressurized water

reactors can lead to the release of radioactive species,
environment.

such as iodine, to the

A fraction of the primary-side coolant and radioactive species which

flow into the secondary-side through the ruptured tubes, will be. retained in the
secondary-side and the rest will be released in the form of vapor and entrained
aerosols.
A mechanistic approach was used to develop the Secondary-side Transport and
Retention of Radioactive Species (STARRS)

computer code to quantify the amount,

and composition of radioactive species released during an SGTR event.

The STARRS

code which simulates a U-tube steam generator contains a reactivity transport/retention module and thermal-hydraulic modules (which utilize the modular modeling
system (MMS)

routines).

A version of the code called STARRS-TR was also developed which contains only the
transport/retentionr

module and which accepts the transient thermal-hydraulic para-

meters from general-purpose thermal-hydraulic system codes,

such as RETRAN and

TRAC.
STARRS-TR calculates the radionuclide transport and deposition phenomena on the
secondary-side of a U-tube steam generator, provided that boundary conditions such
as the break flow and its thermodynamic conditions,
height in*the secondary side, etc.,

are known.

system pressure,

swell level

To perform a transient radioactive

transport 'analysis, the required thermal-hydraulic boundary conditions are input
to the STARRS-TR code.
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In addition the 'STARRS'
hydraulic MMS code,

code has been evaluated when coupled with a thermal-

which provides required transient T/H conditions.

Under this

format, no separate thermal-hydraulic boundary conditions are needed as input.
Both thermal-hydraulic aspects and radioactive retention aspects have been assessed using experimental data. The code predictions are in good agreement with the
data.

In addition, STARR's applications, have been extended for PWR plant

simulation and sensitivity analysis have been completed.
1. Introduction
PWR steam generator tubes can be damaged in a variety of ways (e.g.,
mechanical wear) during their normal operating life.

corrosion,

Tube degradation can cause

leaks or ruptures, which can result in venting of steam and direct release of
radioactive fission products to the atmosphere.

Therefore,

NRC considers a full

double-ended guillotine break of a single steam generator tube a design-basis
fault and specifies activity release limits in regulation IOCFR100.
In any steam generator tube rupture (SGTR)

fault, the amount of activity released

will depend on both the degree of active species retention in the steam generator
and the activity levels in the primary coolant.

Retention levels for primary

coolant that has mixed fully with the steam generator bulk water are assumed to be
similar to those for normal operating conditions:

no retention of noble gases,

i%

by mass carryover of iodine and 0.1% by mass carryover of cesium and similar
nonvolatile fission products.
In addition to the release of fission products from the bulk water,

there is also

the possibility of release of primary coolant that has not mixed with the bulk
water.

In such a case,

it

is postulated that the primary coolant will flash as it

leaves the tube break, forming very fine droplets that may be carried in steam
bubbles through thebulk water to the separators.

A fraction of these droplets

may be small enough to pass through the separators and be released to the atmosphere.'

Because of a lack of experiemental data,

quantifiable - and it

such uncertainties have not been

has been assumed that no active species retention occurs

during SGTR faults.
The Secondary-side Transport and Retention of Radioactive Species (STARRS)

com-

puter code was developed to quantify the amount and composition of radioactive
species released during an SGTR event. The STARRS-TR version simulates a U-tube

steam generator, and contains a transport/retention module,

that accepts the

transient thermal-hydraulic parameters from general purpose thermal-hydraulic
system codes (e.g., MMS RETRAN and TRAC).

In addition, simultaneous computation

of transient thermal-hydraulic conditions using MMS code has also been performed
to demonstrate coupled calculational capability of STARRS for SGTR event.
The details of the steam generator and thermal-hydraulic system codes are available in the open literature (e.g.,

See Ref.

1 and 2);

therefore,

this paper will

mainly focus on the transport and retention aspects.
2.

Analysis Approach
2.1

Radionuclide Transport/Removal Module

This module calculates the radionuclide transport and retention phenomena in the
secondary side of the steam generator, provided that boundary conditions, such as
the break flow and its thermodynamic conditions,
height in the secondary side, etc.,

are known.

system pressure,

swell level

In a transient analysis, the

radionuclide transport and retention module is coupled to the thermal-hydraulic
module and the required boundary conditions are calculated by the latter module.
A schematic of a U-tube steam generator for a SGTR event and associated physical
phenomena are shown in Figure 1. The important components of the system that
participates significantly in the removal of radionuclides are the two-phase pool,
the dryer and separator.
generator is dry),

However,

if rupture is

in the steam space (or steam

the removal process by the two-phase pool is absent.

A tube rupture can be of the guillotine-type or a fish-mouthed break.

Upon

rupture,

the primary coolant liquid (which is normally under 150 atm pressure)
flows into the secondary side. The primary liquid partially, flashes, creating
bubbles,

and partially mixes with the secondary side liquid. A fraction of the
primary liquid forms liquid aerosols which are entrained by the rising bubbles.
The rising bubbles, therefore, contain volatile species which are in the form of
gas mixed with steam, or liquid species which are dissolved in the entrained
liquid aerosols. The flashing phenomenon is fast and partitioning of the volatile
radionuclides between liquid and vapor phases is far from equilibrium.
The rising
bubbles transfer mass and energy with the surrounding water pool continuously.
In
addition, the liquid aerosols are scrubbed due to the many deposition mechanisms
involved.

As the bubbles reach the pool surface,
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they shatter, release'their

vapor and aerosol contents into the steam volume on top of the water pool,
give rise to the entrainment of droplets.

and

The latter droplets also contain

radionuclides,

as the scrubbed radionuclides gradually build up in the secondary

side coolant.

The liquid aerosols originating from atomization of the primary

coolant flowing through the break,

as well as those originating from entrainment

of the secondary side water, undergo further removal in the separator and dryer.
If the break location is exposed during the transient,
the secondary side drops below the break location),
atomizes.

(when the water level on

the primary coolant partially

The liquid aerosols which are too large to be entrained over by the

steam fall back into the liquid pool,
the steam flow.

and the smaller droplets are carried over by

Scrubbing mechanisms during the bubble rise do not exist in this

case.
The phenomena explained above are briefly described below:
2.1.1

Flashing,

Atomization and Bubble Formation at a Break

The flashing model assumes that the superheated vapor, originating from the primary side,

loses a fractioi of its superheating with respect to secondary side

pressure, before stable bubbles are formed.

The non-evaporated primary liquid is

assumed to be atomized and entrained in the bubbles.

The entrained aerosols are

assumed to have a log normal size distribution initially.

The log normal distri-

bution of droplets upon break-up of a jet is supported by the investigations of
Reference (3).

The mean droplet diameter is calculated from a critical Weber

number of 12.5 and a hydrodynamic break-up criterion is used in the analysis
(Ref.

4).

The radionuclides are assumed to distribute uniformly in the liquid aerosols and
the steam content of the bubbles.
flashing bubbles,

In other words,

upon the formation of stable

the initial mass fraction of trace species in the steam is

identical to that in the liquid aerosols suspended in the bubbles.
2.1.2

Transport and Deposition During Bubble Rise

The flashing bubbles, upon formation,

are assumed to be of uniform size and have

the maximum stable bubble size according to Lehrer (Ref.
velocity is calculated using Harmathy's correlation (Ref.

5).
6).

The bubble rise
The retarding

effect of the surrounding pipes on the bubble rise velocity is included by using
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correlations suggested by the same author.

As they rise,

the bubbles.exchange

The energy,

mass and radionuclide

energy and mass with the surrounding water.
species conservation equations are,

therefore,

solved for the bubbles.

equations are cast in the form of ordinary differential
rate of variation of gas enthalpy,
mass fraction,
differential

with respect to axial coordinate z.

equations representing the

and radionuclide species

The resulting coupled ordinary

equations are then numerically integrated up to the water. surface.

As bubbles rise in the liquid,
mechanisms.

bubble total mass,

These

the entrained aerosols undergo different deposition

Inertial deposition takes place because larger droplets cannot follow

the gas stream lines (due to their inertia).
goes circulatory motions (Hill's vortex),

The gas in

which results in inertial

the aerosols on the liquid boundary of the bubble.
tive for the removal of larger droplets.
effect of gravity.

deposition of

This mechanism is

most effec-

Sedimentation takes place due to the

During the bubble's rise in

retarding effect on the aeroscls.'

the rising .bubble under-

As a result,

the 'water pool,

gravity imposes a

some of the aerosols are deposited

onto the liquid boundary of the bubble.

Brownian deposition arises from the random motion of the aerosol particles in the
gas.

Particles diffuse down ther

diffusion is

own concentration gradient.

The Brownian

effective for smaller particles.

The convective flow of gas near the liquid-gas interface gives rise to the convective deposition mechanism.

In the case of a superheated bubble rising in a.

liquid environment where evaporation takes place at the interface,
flow in

the steam is

such a case,
sols.

the convective

away from the interface and towards the bubble center.

In

convection of gas has a retarding effect on the deposition of aero-

In case.of condensation at the interface,

and the deposition of aerosols is

however,

the opposite takes place

markedly augmented by the convective flow.

Thermophoretic deposition takes place because aerosols tend to move down the
temperature~gradient.

The aerosols are therefore deposited on the cold interface.

Two different flow streams reach the water surface -boiling,

and in

the steam produced by

the steam carried by the:bubbles formed at the break.

The

flashing bubbles entrain aerosols which have survived during bubble rise in
water.

the

The steam content of these bubbles also has radionuclides dissolved in
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it.

When the bubbles,

(whether produced by flashing or secondary side boiling),

rupture at the surface,

modeled following Kataoka and

The surface entrainment is

separator.

The semi-empirical

7).

droplets are formed and carried by the steam flow into the

the rate of entrainment,

Ishii (Ref.

are used for predicting

correlations of Kataoka and Ishii

size distribution of the entrained droplets,

and the

initial velocity of the droplets at the water surface.

2.1.3

Aerosol

When the water level

Separator and Dryer

the Steam Volume,

Deposition in

in the secondary side falls below the separator,

have to pass through a volume of steam before reaching the separator.
region,

Brownian deposition takes place on available solid surfaces.

when the tubes are partially covered,

bundle while being suspended

inertial deposition here is

For exam-

the aerosols pass through the tube

in the steam flow.

The dominant deposition mechanism in the separator in

is

In this

the aerosols undergo deposition due to sedimentation and Brownian dif-

fusion.
ple,

the aerosols

inertial deposition.

induced by the centrifugal

force.

The

Brownian diffusion

also significant because the steam flows through relatively narrow passages

where Brownian deposition on existing solid surfaces can take place.

Mechanistic models have been developed for the inertial deposition in the separator.

The curvilinear equation of motion of an aerosol
calculated.

in

the separator passages

The Brownian deposition rate

is

solved and the rate of deposition is

is

simulated by using analogy between aerosol deposition and heat and mass

transfer.

The dryer in

a PWR plant has the configuration of chevron plates.

mechanisms of significance are,

again,

inertia and Brownian motion.

anisms have been modeled and are incorporated
deposition there are two options.

The removal

in the code.

For the inertial

One option uses a mechanistic model which is

based on a solution of curvilinear equation of motion of aerosols in
chevron passages.

The other option uses a semi-empirical

The Brownian deposition is

Both mech-

correlation

modeled using analogy between aerosol

transfer processes.
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idealized
(Ref 8).

and heat and mass

2.1.4

Material Properties

The radionuclide transport and'deposition module includes a thermophysical and
.transport package.

Thermophysical

properties of liquid water and steam are

calculated using the curve fits of TRAC (Ref 9) and RETRAN (Ref 10).

Thermo-

physical and transport properties of iodine are also simulated in the module.

It

includes procedures for estimating the iodine partition coefficient based on the
data of (Ref.
2.2

11), and iodine mass diffusivity in water and steam.

Thermal-hydraulic Model

A schematic depicting the primary and secondary sides is shown in Figure 2.
primary side contains N U-tubes,

hot and cold plena.

two volumes representing the hot and cold legs.
istics --

Each tube is divided into

Each tube has its own character-

length, cross-sectional area (diameters),

resistance.

The

heated perimeter and flow

The user may specify the number of tubes in the model which would

then behave independently during a transient.

This approach differentiates

between the broken and unbroken tubes. The broken and unbroken tubes may have
different responses,

and long tubes may reach saturation conditions (i.e., phase

transition occurs) before short tubes.

The pressure and enthalpy rate equations

are derived from transient mass,.energy conservation and state equations using the
MMS two-phase flow model (Ref 12,13).

For two-phase flow conditions, the mixture

density depends on the void fraction and is calculated by the Zuber-Findlay correlation (Ref.

14).

A tube break capability is included in the model.

The user

can specify the size of the break at an appropriate time during an SGTR transient,
as well as, the break location, which can be in eitherthe-hot or cold leg.

The

break flow rate is determined'from the RETRAN/MMS critical flow model (Ref. 15,
16) (if a choked conditionexists) or quasi-steady state momentum equation (if a
choked condition does not exist).

Depending on the upstream flow conditions,

specific model is chosen as follows:
Henry-Fauske model is used;

when the upstream is subcooled,

when the upstream is Saturated,

used, and when the upstream is superheated,

a

the.extended

the Moody model is

the isoenthalpic model is selected to

evaluate the critical flow rate.
The secondary side of the steam generator is divided into five regions:
comer, subcooled volume,
dome region.

During normal operation,

mixture (swell)
(e.g.,

saturated volume,

two-phase mixing zone (riser) and steam

vapor is at saturation and the two-phase

level is~at the separator elevation.

loss of feedwater flow),

down-

However,

for some transient

the mixture level may drop below the U-bend,
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thus

causing vapor to be superheated.

The coolant from the primary side can discharge

into the subcooled volume, saturated volume or superheated steam region (if
mixture water level drops below the break location).

the

The mixture level is tracked

The user can specify the carryover

according to the Sun-Duffey model (Ref 17).

In summary, fourand carryunder fractions to define the separator performance.
teen coupled conservation equations are needed to simulate the dynamic response of
the secondary side.
lows:

The boundary conditions for the secondary side are as fol-

feedwater flow rate and enthalpy,

auxiliary feedwater flow rate and

enthalpy, and exit steam pressure and flow rate.
calculation with coupled thermal-hydraulic

The logical flow diagram for 'STARRS'
modules of MMS is shown in Fig. 3.

As mentioned earlier the transient T/H con-

ditions can be input at location (1) of this diagram.

This process could be

automated for a selected code.
3.

Results and Application

The STARRS Code has been validated/applied using the following tests relevant to
the following categories:
1. Transport and Retention Model
1.1

Model Boiler (MB-2)

test series (Ref.

- SORV with SGTR Quasi-Steady
-

SORV with SGTR (Transient)

- SGTR in Dry Steam Generator
2.

Thermal-hydraulic Model
2.1.

Semi-scale (Mod 28) Tests (Ref.

19)

- ADV Stuck Open Following a SGTR
- ADV cycling with SGTR
2.2

- MB-2 Tests
- SORV with SGTR
- Blowdown with SGTR
-114-

18)

3.

Plant Applications
3.1

Plant Simulation - Sensitivity Study
- Partition Coefficients
- Swell Level Variation
- Radioactivity Concentration (Primary and Secondary)

The details of these test results will be published in an EPRI (proprietary)
report.

Some examples of the 'STARRS'prediction

results are described below.

The test conditions simulated in MB-2 facility are provided in Table 1. These
tests were conducted under prototypical thermal hydraulic conditions.

A typical

comparison of estimated carryoverand decontamination factors is given in Table
2.

Also shown in Fig. 4,

is the variation in mass fraction of primary species

(simulated with KOH) mixed in the secondary side (simulated with LiOH)
transients.
exit.

during the

Figure 5 compares predicted and measured K mass fraction at SORV

The agreements are in general good and within the experimental

errors.

The

attenuation factor (decontamination) measured in the dry steam generators (for
detail of test see Ref.

18) and model predictions are shown in Fig. 6).

Several sensitivity studies were performed with respect to partition coefficients,
swell level,

concentration,

break location,

etc.

Fig. 6(a) indicates effects of

submerged and nonsubmerged break for low power conditions, whereas Fig.

7(b)

provides the sensitivity of activity retention on the partition coefficients.
The other analysis (in progress) includes comparing MB-2 results with prototypical
plant and Simulating specific plant conditions.
4.

Summary and Conclusions

Flashing,

atomization and bubble formation, of primary fluid flowing through a

break were modeled.

Conservation equations for aqueous aerosols and gaseous

species were solved, for the rising bubbles.

The bubble flow is one-dimensional

and the conservation equations are represented in their Lagrangian form.
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Entrainment of droplets at the swell level

is modeled using semi-empirical aercsol
The

size and modified velocity distribution correlations of Kataoka and Ishii.
trajectories of entrained droplets in the dry sections of the system,

including

the separators and dryers, are obtained by solving the momentum equations
governing the motion of these droplets.
Overall species conservation equations governing the accumulation of radioactive
species in the secondary side are alsoderived.

The scrubbing models can there-

fore be used in conjunction with a system thermal-hydraulic model,

where the

transient species conservation equations for the secondary side can be integrated
over time.
The transport/retention module of the STARRS Computer Code was validated using the
MB-2 experimental data.

The validation calculations included the dry secondary

as well as the partially-full secondary side experiments (Phase II tests).

side,

The results indicate that, within the uncertainties associated with experimental
conditions,

the model agrees with the experimental data.

Furthermore,

the model

correctly predicts all trends in the data.
Parametric calculations were also performed,
Model-F U-tube steam generator.
full (100%)

power,

low (10%)

using the geometry of a Westinghouse

The simulated cases included tube ruptures under

power,

and a partially full secondary side.

was the species considered in the calculations.

Iodine

The parameters included the con-

centration of iodine in the primary and secondary side fluids, the iodine partition coefficient,

the break height,

generated at the break.

and the size distribution of the aerosols

Model predictions for the prototypical UTSG agree with

the MB-2 experimental trends.

The following are the major conclusions:

1. When the secondary-side is full up to the level corresponding to normal operation, or when the water level in the secondary side is low, but the break is
submerged in the secondary side by a few meters:
a.

The vapor iodine concentration in the steam leaving the swell level is
at equilibrium with the secondary side water.

b.

The bulk of the iodine leaving the system is in the volatile phase.
mass flow rate of the aqueous aerosols leaving the system is small.
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The

c.

The iodine differential

decontamination factor of the system is insen-

sitive to the break height and size distribution of the generated aerosols at the break.

It

is,

however,

sensitive to the iodine

concentration in the primary and secondary sides.
d.

The differential decontamination factor is quite sensitive to the iodine
partition coefficient.

Large values of DDF in excess of 1000 are

predicted.
2.

When the water level in the secondary side is low and the break is not
submerged:
a.

The volatile iodine introduced into the secondary side constitutes the
bulk of iodine leaving the system.

The contribution of the aqueous

aerosols is relatively small in comparison with the volatile iodine.
b.

The differential decontamination factor in a prototypical steam generator is of the order of 5-10, and is almost independent of break
height.

It

is also relatively insensitive to the size distribution of

aqueous aerosols generated• at break flow.
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Nomenclature
DDF

differential decontamination factor

m

mass fraction

p

partition coefficient

R

carry over ration defined as mass fractionat SORV divided by mass fractionin
secondary-side

liquid

Z

height above lower tube support plate, m

Bn

geometric standard deviation for flashing aerosols
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Subscripts
I

iodine

K

potassium

Li

lithium

out

secondary-side exit (SORV)

P

primary-side

S

secondary-side liquid

SL

swell level

5.

References

1.

S. P. Kalra,

"Modeling Transients in Power Steam Generator Units",

Safety Journal,
2.

U. S. Rohatgi,
NSAC/86,

3.

4.

Vol.

1, pp.

8.

1984.

R. Brown and J.

L. York,

"Sprays Formed by Flahsing Liquid Jets,

Journal,

149-153,

1962.

8, pp.

J. H. Lienhard and J.

T. H. Lehrer,

B. Day,

88, pp.

515-522,

T. Z. Harmathy,

I.

AIChE

1970.

"On Bubble and Drop Formation and Breakup,"
13, pp. 246-252,

"

"The Breakup of Superheated Liquid Jets," J.

Israel J.

of

1975.

"Velocity of Large Drops and Bubbles in Media of Infinite or

Restricted Extent," AIChE Journal,
7.

33-52,

1985

Technology,
6.

No.

P. Saha, "Realistic Evaluation Methodology for Advanced LWRs,

Basic Engineering,
5.

25,

Nuclear

Ktaoka and M. Ishii,

6, p.

281,

1960.

"Mechanistic Modeling of Pool Entrainment

Phenomenon,"

Int. J. Heat and Mass Transfer, 27,

M. Y. Young,

K. Takeuchi,

0. J. Mendler,

and G. W. Hopkins,

Steam Generator Transient Testing Program:
NPL-3494 (1984).

-118-

pp. 2000-2014,

1984.

"Prototypical

Test Plan/Scaling Analysis," EPRI

9.

Staff Report,

"TRAC-PD2,

An advanced Best-Estimate Computer Program for

Pressurized Water Reactor Loss of Coolant Accident Analysis,"
LA-5709-MS,
10.

Los Alamos Scientific Laboratory, New Mexico (1981).

Staff Report,

"RETRAIN-02

-

A Program for Transient Thermal-Hydraulic

Analysis of Complex Fluid Systems,"
11.

12.

EPRI NP-1850-CCM (1981).

C. C. Lin, "Volatility of Iodine in Dilute Aqueous Solutions,"
Nucl.

NUREG/CR-2054,

Chem.,

131,

Staff Report,

J.

Inorg.

pp. 1-10 (1981).
A Code for the Dynamic Simu-

"Modular Modeling System (MMS):

lation of Fossil and Nuclear Power Plants,"

EPRI CS/NP-3016-CCM (March

1983).
13.

J. P. Sursock,

"Description of MMS Two-Phase Modules," presented at MMS-01

Release Workshop,
14.

N. Zuber and J. A. Findlay,
Flow Systems,"

15.

EPRI CS/NP-2099-LD (1983).
"Average Volumetric Concentration in Two-Phase

J. Heat Transfer (1965).

G. S. Duleba and B. R. Ummel,

"MMS:

Fossil and Nuclear Power Plants,
16.

S. Oh,

A Code for the Dynamic Simulation of

"MMS-2 User's Manual,

"MMS Critical Flow Model and Edwards Pipe Test Simulation," presented

at MMS-02 Release Seminar, New Orleans,
17.

Draft Report (1984).

K. H. Sun, R. B. Duffey and C. Peng,

Louisiana (1984).

"The Prediction of Two-Phase Mixture

Level and Hydrodynamically Controlled Dry-Out under Low Flow Conditions,"
Int. J. of Multiphase Flow, Vol.
18.

K. Garbett, et al,

7, p.

5 (1981).

"Tests of Steam Generator Transient Response to Scenarios

Involving Steam Generator Tube Ruptures and Stuck Open Safety Relief Valves",
EPRI NP4787, Vol 182,
19.

1987.

C. S. Lin, A. T. Wassel,
Experiments",

"MMS Analysis of the Semi-Scale Mod-2B SGTR

EPRI NP-4783,

1986.

-119-

Table 1
CONDITIONS OF MB-2 PHASE II EXPERIMENTS
Test
Run

Test
Series

T-1970
T-1982
T-2067*
Part I
T-2067*
Part II
T-1990
T-1991
T-1992
T-1976

2.2

2.3

2.4

* Dryer
Break
Break
t Above

Watert
Level
m

Break
Location

11.3
11.24
11.24

bottom"
"
.

Primary
Pressure
M Pa

Primary
Temperature
K

3.84

493
517

2.0
2.1

12.75

578

7.44

2.54
2.54
3.8
7.11
1.47

top***

T-1978

4.57

It..

T-1979
T-2052
T-2054

7.11
4.57

It
of

7.11

o

f-

was bypassed
is at 0.152 m above lower tube support sheet
is at 7.16 m above lower tube support sheet
lower tube support sheet

Table 2
COMPARISONS BETWEEN DATA AND PREDICTIONS
Test 2.2 - Run T-1982 (submerged break)
Model Predictions
RK

DDFK

_"1S,Ký
106

40 x1O-

6.5 XlO3

107
108

4o x1O-6

't.1

4"o x1O-6

1.3 x1O5

x1O

Experimental values
RK = 2.3 xO-6
DDFK

= 1.25x10

5

Secondary
Pressure
M Pa

,

RLI = 5. x10-6

- 1.37x10

5

-120-

.2..xjO-5

RLi
8.z x10-5

1...x10

1.1 x10-5

4t.o X10-6

3.9 xlO-6

dome
Dryer
Inertial, Brownian,
convective removal
of aerosols
Separator
Inertoal. Brownian.
convective removal
of aerosols
Break
flashing,
atomization.
bubble formation

Swell level

Rising Bubbles

Aerosol removal.

gas/liquid energy/
mass exchange

Figure 1. Schematic of the Secondary Side of a U-Tube
Steam Generator in a Tube Rupture Incident

In

0.9

in

Full Secondary Side

Figure 2.

Witg

pgfially. Full Seconaary

U-Tube Steam Generator Thermal Hydraulic Module.
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Flow Diagram of the STARRS Code
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RISK MANAGEMENT FOR THE BWR PLANT
Robert A. Cushman,*, Paul R. Hill,* Herschel Specter*
Source Term Committee
EPRI Safety Technology Task Force
Ian B. Wall
Nuclear Power Division
Electric Power Research Institute
ABSTRACT
The operational risk from a BWR plant can be significantly
reduced by implementing a program which incorporates the
elements of:
l)
2)
3)
4)
5)

Emergency operating procedures (i.e., accident
management);
Operator training;
Transient analysis;
Risk analysis; and
Plant and operator performance monitoring.

Large reductions in the calculated core melt and
containment failure frequencies, relative to more standard
PRA-numbers, appear to be justified by the methodology
presented herein.
The methodology. is based on employing
realistic, rather than "conservative" assumptions in
analysis; maximizing the use of available plant equipment
(safety and non-sfaety related); taking full credit for
operator actions in carrying out well developed EOPs as a
consequence of simulator training; and utilizing improved
analytical techniques which more adequately describe core
melt progression (thus helping to identify "success paths"
and develop EOPs).
Introduction
This paper presents the views of four persons associated with the Source Team
Committee of the EPRI Safety Technology Task Force who are actively interested
in the issue of ri.sk management; it should not be inferred that it necessarily
presents the views of their organizations.
The process of risk analysis described here has been applied to a BWR4 plant,
and the use of the defense-in-depth criteria has resulted in the calculated
low frequency of core damage.
These results can be taken as illustrative, but
not generic.
The risk management process advocated, however, does have
generic application.

*Company affiliations, for identification only are:
R. A. Cushman - Niagara Mohawk Power Corporation
P. R. Hill
- Pennsylvania Power & Light Company
H. Specter
- New York Power Authority
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THE THREE ELEMENTS
OF
NUCLEAR PLANT OPERATIONAL RISK
RISK MANAGEMENT
-

A PROCESS WHICH MEASURES AND CONTROLS THE LEVEL OF PERFORMANCE OF
EQUIPMENT AND OPERATORS AND WHICH EVALUATES THE EFFECTIVENESS OF EOPs
TO ASSURE ASUFFICIENTLY LOW LEVEL OF PUBLIC RISK FROM NUCLEAR PLANT
OPERATIONS.

ACCIDENT MANAGEMENT
APROCESS WHICH DEFINES THE PROCEDURES WHICH ASSURE OPTIMAL USE OF
ALL PLANT EQUIPMENT INRESPONSE TO ANY CREDIBLE INITIATOR IN
COMBINATION WITH ANY NUMBER OF INDEPENDENT EQUIPMENT FAILURES TO
AVOID OR MINIMIZE THE LEVEL OF PLANT DAMAGE,
EMERGENCY KANAGEMENT
APROCESS WHICH ASSURES ADEQUATE COMMUNICATIONS, RADIOLOGICAL
MONITORING, AND ACCIDENT CONSEQUENCE PROJECTIONS TO ASSURE THE
EFFECTIVENESS OF EMERGENCY PLANS TO MINIMIZE THE HEALTH EFFECTS WHICH
COULD RESULT FROM ARELEASE OF RADIOACTIVE MATERIAL INTO THE
ENVIRONMENT.
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Nuclear Plant Operational Risk
This view graph presents and describes the three program elements which are
essential to a demonstrable level of control of the magnitude of nuclear plant
operational risk and describes the objectives of each of the three elements.
In the discussion which follows, only the BWR plant will be considered.
The three program elements described may be viewed as a "defense-in-depth"
strategy for limiting the magnitude of BWR plant operational risk in that:
1) Risk Management is intended to assure the lowest level of public risk
achievable with a given plant,
2)

Accident Management is intended to assure a minimum level of plant damage
given the occurrence of an initiating event and any combination of
independent equipment failures, and

3)

Emergency Management is intended to minimize the off-site health
consequences if items 1) and 2) above fail to prevent a release of
radioactive material to the environment.

This presentation shall focus attention on the approach to assure
effectiveness of the first two of these three program elements.
Previous and
current evaluations of risk associated with nuclear plant operations have
considered the third of these three elements by conservatively determining the
magnitude of radioactive material release from severe accidents and the
effectiveness of emergency procedures.
It should be noted that the risk to the public health and safety, represented
by the release of radioactive material from severe accidents is consistently
being calculated to be within the NRC's safety goals.
Risk management is
important in reducing that risk; it is also important in reducing the risk to
plant investment, a risk that could remain even if no radioactive material
were released in the event of a severe accident. Utility management should
endorse and utilize operational risk management to reduce risk in both these
areas.
The various requirements imposed by the NRC particularly since the TMI-2
accident have resulted in creating Emergency Plans for protection of the
general public should a severe accident occur at an operating plant.
The NRC
requirements have also provided a considerable portion of what is required for
Risk Management and Accident Management including:
1)

control room enhancements,

2)

implementation of symptom based Emergency Operating Procedures
(EOPs), and

3)

periodic operator training in use of EOPs.

The BWR Owner's Group development of Emergency Procedures Guidelines (EPGs)
from which BWR plant EOPs are derived-have been found to result in development
of a near optimal set of EOPs to exploit all plant capability for avoiding or
minimizing plant damage if the unique characteristics of a plant are
considered in the development of the plant's EOPs.
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THE RISK MANAGEMENT PROCESS
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The Risk Manaqement Process
This view graph is intended to represent the risk management process.
This is
a continuous, or cyclic process, which must be carried out to reflect,
1)

changes in equipment or procedures,

2)

the effectiveness of operator training,

3)

changes in equipment or operator performance,

4)

new phenomenological

and

data or improved analytical models.

Effective implementation of this process imposes new and more stringent
requirements on the risk analysis process, and requires implementation of an
accident management process.
The overall objectives of this process are to assure that:
1)

the entire available capability of the plant will be effectively
utilized to avoid or minimize plant damage that could result from any
initiating event in combination with any number of independent
equipment failures,

2)

procedures will achieve a very high success rate in utilization of
available plant capability,

3)

operator training will result in a minor contribution to plant damage
frequency due to operator failure to correctly follow and execute
these procedures, and

4)

changes in equipment, procedures, or training will not lead to
degraded performance over a long period of time.

These objectives then imply a need to carry out the risk analysis process in
the most realistic manner possible.
The use of simplifying conservative
assumptions is not acceptable.
The use of realistic analyses is superior to
simplified conservative analyses in identifying operator actions .and their
timing that could successfully terminate an accident.
Each accident transient
must be calculated-as accurately and realistically as possible in order to
determine the time available for operator response actions, the level of
success to be expected from operator actions, and the availability of
unambiguous symptoms to assure that operators will take the necessary
actions.
The purpose of the risk analysis is not to derive a conservative
estimate of plant damage frequencies but is,to determine the effectiveness of
the plant Emergency Operating Procedures and the capability of the operators
to successfully execute those procedures.
The most important aspect of this process is the measurement of actual
performance of plant equipment and operator performance in execution of EOPs
for comparison with target values established to control the calculated
frequency of plant damage.
Deviations from the target values would be used to
identify where maintenance programs, procedures, or operator training need
improvement.
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REQUIRED CHARACTERISTICS
OF THE
RISK ANALYSIS

o

TRANSIENT ANALYSIS FOR EACH SEQUENCE TO DETERMINE:
-

o

TIME
TIME
TIME
TIME

OF INITIAL CORE DAMAGE,
LIMIT TO AVOID VESSEL FAILURE,
LIMIT FOR VENT OPERATION,
LIMIT FOR MASS ADDITION TO SUPPRESSION POOL, ETC.

EVENT TREES TO DETERMINE
-

AVOIDANCE OF PLANT DAMAGE
INITIATION OF CORE DAMAGE
CONTAINMENT OVERPRESSURE FAILURE

o

DISPOSITIONING OF EACH EVENT TREE ENDPOINT, INDIVIDUALLY,
THE FULL SPECTRUM OF FINAL PLANT DAMAGE STATES.

o

REALISTIC CREDIT FOR ALL OPERATOR ACTIONS REQUIRED BY PLANT
EOPs.

o

FULL TRACEABILITY OF EACH INDIVIDUAL ACCIDENT SEQUENCE.

o

FULL ACCOMMODATION OF ALL TECHNICAL SPECIFICATION CONSTRAINTS
AND INFLUENCE OF THE ACTUAL SEQUENCE OF FAILURES.

o

CAPABILITY TO ISOLATE EACH SEQUENCE INVOLVING HIGH
PHENOMENOLOGICAL UNCERTAINTY.
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TO

The Risk Management Process
(Continued)

A set. of defense-in-depth criteria governing both equipment and procedures is
applied to each individual accident sequence.
These criteria, in combination
with the'use of symptom based EOPs, provide a high level of assurance that the
likelihood of severe consequences .from any accident will be extremely low.

Required Characteristics
of the
Risk Analysis
For risk management purposes, the objective of risk analysis is not to derive
an estimate of plant damage frequency or public risk.
The purpose is to
realistically test the adequacy of plant facilities, EOPs, and operator
capability to respond to any combination of init.iating events and equipment
failures to minimize damage to the plant.
This latter objective imposes far
more stringent demands on the risk analysis process and the nature of accident
transient calculations for accuracy and realism in the results.
Operator actions to respond to an accident, to recover failed equipment, and
to prevent avoidable loss of essential equipment are extremely important in
assuring that plant damage frequency and public risk been minimized.
Full
have exploitation of theoperator's capability in this regard results in a
two-decade reduction in plant damage frequency in comparison with traditional
risk analysis models.
The most important aspect of this reduction, however,
is the influence on the conditional containment failure probability (given
core damage) which is on the order of a one to two decade reduction.
To achieve this gain requires the development of a carefully prepared and
thoroughly tested set of EOPs and comprehensive training of operators in their
use.
It may also be necessary to correct some deficiencies in plant equipment
which degrade the capability for or prevent operator actions.
Examples of
such improvements might be:
1)

provision of backup inventory to the condensate storage tank (CST),
and

2)

extension of DC power endurance in Station Blackout.

The ability to quantify.the degree to which operators act successfully
requires transient calculations which identify the plant symptoms, prompt the
necessary operator response, and give realistic estimates of the time
available for such action.
Operator training in the use of these procedures
is of fundamental importance in achieving the level of frequency reduction
cited for Core damage and containment failure.
For example, in the case of
ATWS, operator actions may be shown to be extremely effective at avoiding
containment overpressure failure to a level determined almost entirely by
equipment failure.
If, however, the operator does not recognize ATWS or is
unaware of the various action alternatives available to him and the associated
time constraints, the rate of containment failure may be increased by as much
as four to five decades.
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DEFENSE-IN-DEPTH CRITERIA
(FREQUENCY AND EQUIPMENT)

o

ACCIDENT SEQUENCES HAVING HIGH CALCULATED FREQUENCIES ARE
NOT ACCEPTABLE.

o

ACCIDENT SEQUENCES HAVING THE LOW CALCULATED FREQUENCIES
MUST ALSO HAVE DEFENSE-IN-DEPTH BOTH IN THE FORM OF EQUIPMENT
AND PROCEDURES.

DEFENSE-IN-DEPTH IS DEFINED FOR EQUIPMENT

AND PROCEDURES AS FOLLOWS:
o

EQUIPMENT
CORE OR CONTAINMENT DAMAGE SHALL NOT OCCUR WITHOUT
MULTIPLE FAILURES OF REDUNDANT OR DIVERSE EQUIPMENT.
VESSEL FAILURE SHALL NOT OCCUR FOLLOWING CORE DAMAGE
UNLESS ADDITIONAL INDEPENDENT EQUIPMENT FAILURES OCCUR.
CONTAINMENT FAILURE SHALL NOT OCCUR FOLLOWING CORE
DAMAGE UNLESS ADDITIONAL INDEPENDENT EQUIPMENT FAILURES
OCCUR.
CONTAINMENT FAILURE SHALL NOT OCCUR FOLLOWING VESSEL
FAILURE UNLESS ADDITIONAL INDEPENDENT EQUIPMENT FAILURES
OCCUR.
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Required Characteristics
of the
Risk Analysis
(Continued)
For this reason, risk analysis must explicitly consider the quality and
character of the plant EOPs, the level and quality of operator training, and
the constraints imposed on plant operation by Technical Specifications.
The
Technical Specification constraints are important to specific event sequences
and can have-a decade or more influence on the resulting plant damage
frequency.
There are currently a number of phenomenological issues which-have very large
uncertainties associated with them, for example the core-concrete interaction
phenomena.
If an effective risk management process is applied, however, the
fraction of plant damage events which involve core-concrete interaction can be
shown to be small.
For this reason, the tabulation of results of the risk
analysis must have the capability of segregating sequences which have such
high impact, high uncertainty characteristics.
This is important not only to
avoid obscuring the effectiveness of plant equipment, procedures, and operator
actions in responding to the great majority of plant accident sequences, but
also to determining the impact of various response strategies on these high
uncertainty sequences.
Defense-in-Depth Criteria
(Frequency and Equipment)
This view graph presents recommended criteria for plant equipment
defense-in-depth.
If these criteria are satisfied for all accident sequences,
a very low frequency of plant damage is calculated, as is an extremely low
frequency of significant off-site consequence.
The reasons for this are:
1)

the frequency of initiators combined with sufficient equipment
failures to lead to core damage will be on the order of 3x1O- 7 /Ry
for all contributions combined,

2)

given that core damage has occurred, the conditional probability of
sufficient additional failures resulting in reactor vessel failure
will be on the order of 10-2,

3)

given that reactor vessel failure has occurred, the conditional
probability of containment failure will be on the order of 10-1,

4)

given that reactor vessel failure has not occurred, the conditional
probability of containment failure will be on the order of 10-3 or
less, and

5)

given that core damage does not occur, the conditional probability of
containment overpressure failure will be on the order of 3xlO- 9 /Ry.
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DEFENSE-IN-DEPTH CRITERIA
(PROCEDURES*AND INSTRUMENTATION)

o

PROCEDURAL
NO PROCEDURE SHALL HAVE ADVERSE CONSEQUENCES IN THE
CASE OF ADDITIONAL EQUIPMENT FAILURES BEYOND THOSE
OCCURRING INITIALLY.
THENECESSARY ANTICIPATORY ACTIONS SHALL BE PERFORMED
TO AVOID LOSS OF ADDITIONAL EQUIPMENT BUT SHALL NOT DEGRADE
THE EXISTING SITUATION.
THE NECESSARY ANTICIPATORY ACTIONS SHALL BE PERFORMED
TO PERMIT SUCCESSFUL RESPONSE TO POTENTIAL ADDITIONAL
FAILURES, BUT, SHALL NOT DEGRADE THE EXISTING SITUATION.

o

INTERFACE
THE NATURE AND TIMING OF INFORMATION TO THE OPERATOR SHALL
BE SUFFICIENT TO ASSURE TIMELY EXECUTION OF ALL APPROPRIATE
PROCEDURAL STEPS.
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Defense-in-Depth Criteria
(Frequencyand Equipment)
(Continued)
These results are a direct consequence of meeting the defense-in-depth
criteria, the frequency of the initiators which can potentially lead to plant
damage if sufficient equipment fails, and the inherent unavailab.ility of the
various systems which must-fail to lead to one of the results listed above.
Procedural defense-in-depth criteria assure optimal use of all plant equipment
in order to achieve these results, and operator training assUres, a minor
contribution to plant damage frequency as a result of operator failure to
follow procedures correctly. Overall, this approach to severe accident
response results in a calculated core damage frequency on the order of
3xi0- 7 yr-l and a containment failure with core damage on the order of
3x10- 9 yr-I for the BWR-4 plant.
This result does depend on utilization
of all available plant systems in response to an accident, execution of
important anticipatory actions to avoid or accommodate additional equipment
failures, and availability of a reliable wetwell vent.
Lack of wetwell vent
capability could increase the containment failure frequency by one to two
decades.
Absence of a wetwell vent capability, however, would be found to
result in violation of the defense-in-depth criteria for important accident
sequences.
Both the core damage frequency and the containment failure,
frequency could be influenced by as much as one decade by differences in
emergency service water system design, inability to backup CST inventory,
inability to.extend DC power availability, or .inability to utilize.
unconventional vessel injection sources. such as injection from the Fire Main
System.
The checking of all accident sequences against defense-in-depth criteria, both
procedural and equipment, clearly identifies any important contributions
resulting from either procedural deficiencies or from inability to make
unconventional use of plant equipment in severe accident situations.
The EOPs
can then be revised to correct any deficiencies.
Defense-in-Depth Criteria
(Procedures and Instrumentation)
The defense-in-depth criteria for procedures are important to assure optimal
use of plant equipment.
For some accident sequences the consequences of the
accident may lead to an unnecessary loss of equipment, for example, loss of
HPCI due to high suppression pool temperature in ATWS.
This loss may be
prevented simply by not allowing the suction transfer from CST to suppression
pool and backing up the CST inventory to avoid its depletion.
The procedural
criteria are important to assuring effectiveness of the equipment criteria.
The final criterion relating to instrumentation is important to assure that
the actions called for by procedures will actually be executed.
In the
absence of a symptom requiring the action, it is unlikely that the action will
be taken.

-I25-

SEVERE ACCIDENT MANAGEMENT

o

DEFINITION :
ACTIONS TAKEN TO AVOID OR MINIMIZE PLANT DAMAGE RESULTING
FROM AN INITIATING EVENT AND ANY COMBINATION OF ADDITIONAL
EQUIPMENT FAILURES.

o

APPLICABLE TIME PERIOD:
FROM THE TIME OF THE INITIATING EVENT UNTIL THE OPERATORS
ACHIEVE A LONG TERM STABLE PLANT CONDITION OR UNTIL CONTROL
ROOM ACTIONS CAN NO LONGER INFLUENCE THE PLANT CONDITION.

o

SOURCE OF GUIDANCE:
THE EMERGENCY OPERATING PROCEDURES AND SUPPLEMENTAL
PROCEDURES REFERENCED BY THE EOPs,

o

ROLE OF RISK ASSESSMENT:
DETERMINE OPTIMAL RESPONSE STRATEGIES FOR STRUCTURING EOPS
AND THE DEGREE AND NATURE OF PLANT DAMAGE TO BE EXPECTED IN
EACH ACCIDENT SEQUENCE.
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Defense-in-Depth Criteria
(Frequency and Equipment)
(Continued)
These defense-in-depth criteria in combination with the symptom based EOPs are
believed to provide a high degree of protection against known accident
sequences.
While the calculated value of the frequency of these sequences may
be optimistic as a consequence of a lack of completeness in the modeling of
plant dependencies and interactions, the effectiveness of the operator actions
is nevertheless valid.
For this reason, the plant damage frequency and degree
of public risk derived by this approach is believed to be the best assessment
of the actual risk associated with the plant operations.
The use of arbitrary
conservatisms to attempt to compensate for a lack of completeness does not
result in a more credible evaluation, may obscure the true nature of dominant
risk contributor, and may obscure success paths available to the operator.
Severe Accident Management
If the risk management process previously described is implemented for a
plant, an effective severe accident management program will result. The
definition of severe accident management provided in this view graph states
that the EOPs are the source of guidance for response to an accident.
The
risk management process assures that EOPs are developed that are comprehensive
and provide the optimal response to any event sequence considered in the risk
assessment.
The EOPs must provide the operators with complete directions on the actions
necessary, to stabilize the plant,
Effective advice from outside the control
room is not likely within the first hour or two of the accident since some
time is required for staffing and Technical Support Center and Emergency
Operations Facility and to bring the personnel up to speed on the plant
status.
In most BWR accident sequences the critical actions must all be taken
within the first hour or so of the accident so that outside assistance should
not be depended upon for accident mitigation.
The primary role of these external resources must be the implementation of the
Emergency Plan and the planning and execution of recovery actions once the
operators have stabilized the plant.
In a case where the operators can no
longer influence the plant from the control room, perhaps because of loss of
habitabi.lity, these external resources may be used to develop and execute
coping actions to bring the plant back to a safe condition.
Thus, the EOPs represent the severe accident management process in that they
must be designed to make optimal use of the plant equipment to avoid or
minimize damage to the plant. This definition is important since any less
stringent definition will leave the plant vulnerable to improper response
during the critical first hour or two of a severe accident sequence.
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POTENTIAL ACCIDENT TRAJECTORIES
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o

AB AND AC ARE GOVERNED BY EOPs.

o

EMERGENCY PLAN ACTIONS MAY BE INITIATED AT X.

o

BC REPRESENTS COPING ACTIONS INITIATED FROM OUTSIDE THE
PLANT.

EOPs DO NOT APPLY.
EOPs DO NOT APPLY.

o

CD REPRESENTS RECOVERY ACTIONS.

o

CY REPRESENTS ACHIEVEMENT OF COLD SHUTDOWN.

TillS IS NOT

POSSIBLE FOR ALL ACCIDENT SEQUENCES.

o

XB AND XC REPRESENT THE PERIOD BEFORE PLANT STABILIZATION
DURING WHICH EMERGENCY PROCEDURES ARE EXECUTED.

T1lE SHIFT

SUPERVISOR IS RESPONSIBLE FOR THESE UNTIL ACTIVATION OF THE TSC.

Potential Accident Trajectories
There appears to be much confusion over the issue of severe accident
management and what objectives should be set for it.
The diagram on the view
graph is intended to define the various phases which can occur in the accident
sequences for a plant.
The limits on the definition for Severe Accident Management and EOP
applicability are presented in the form of a time line for potential accident
sequences in the view graph.
The EOPs govern actions taken during those
portions of potential accident sequences labeled AB and AC.
In the case of
the segment AC stabilization and control of the plant are eventually
re-established by control room actions, although in some cases with varying
degrees of plant damage up to, but not including, the point of containment
failure.
Venting could take place during the segment AC in order to avoid
uncontrolled failure of the containment.
Upon reaching point C, a period
begins during which recovery actions are initiated.
These are actions which
would re-establish long term safe conditions in the plant.
In a sequence
where little or no plant damage is sustained recovery could involve
refurbishing as needed for continued operation of the plant.
In cases, such
as for TMI-2,'it could involve clean up of fission products and removal of
fuel in preparation for decommissioning of the plant.
In all cases, the EOPs
completely govern the time segment AC, but do not apply over the time period,
CD.
There are currently no formal programs or procedures defined for the
,segment CD other than the Emergency Plan.
That plan, however, primarily
addresses communications, evacuation, and monitoring of radioactive material
releases.
The alternative time line, AB, represents an accident sequence where control
of the plant cannot be regained by application of the EOPs, usually as a
consequence of massive levels of equipment failure.
In those cases
containment would fail, either with or without prior core damage, and control
room habitability would be lost. In cases where no core, damage had occurred,
the possibility of core damage resulting from consequential loss of equipment
would require consideration.
In such cases, it is likely that control room.
occupancy and reactor building access would be lost so that further actions
would be initiated from outside the control room. At the point where control
room actions are no longer effective or cannot be taken, the EOPs are no
longer applicable to defining the actions to be taken. Currently, we have
defined the actions to be taken during the time segment BC to be coping
actions.
As in the case of recovery actions, no formal programs or procedures
have been defined other than the general provisions for activation of the EOF
.and General Office support.
By the nature of the situation in such cases, a
formal definition of actions to be taken to bring about stabilization and
control will be difficult to develop.
The view, graph then defines the time period for Severe Accident Management
(segments AC and AB only), and the EOPs fully define the actions to be taken
'during those time periods.
The EOPs, therefore, are by definition the Severe
Accident Management program, and it is essential that plant specific EOPs be
developed.
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EMERGENCY OPERATING PROCEDURES
o

THE EOPs MUST COVER ALL ACTIONS REQUIRED TO REGAIN CONTROL OF
THE PLANT AND TO STABILIZE IT.

o

THE EOPs MUST BE FUNDAMENTALLY BASED ON PLANT SYMPTOMS WHICH
ARE RELIABLY INDICATED BY PLANT INSTRUMENTATION$

o

THE OPTIMAL FORM FOR THE EOPs IS A FLOW CHART FORMAT WHICH
PERMITS TIMELY INDICATION OF ALL ACTIONS FOR WHICH TIME IS
CRITICAL.

o

ACTIONS WHICH ARE NOT TIME CRITICAL MAY BE REFERENCED TO
EXTERNAL SUPPLEMENTAL PROCEDURES.

o

THE PROCEDURES MUST AVOID COMPLEXITIES AND AMBIGUITIES.

o

THE PROCEDURES OR TRAINING MUST ADVISE THE OPERATOR OF TIME
CONSTRAINTS AND PRIORITIES.

o

THE ACTIONS SPECIFIED MUST BE FEASIBLE.

o

THE PROCEDURES SHOULD REINFORCE BASIC OPERATOR TRAINING,

o

PROCEDURES AND TRAINING FOR THEM MUST EXIST IF OPERATOR
ACTION IS TO BE CONSIDERED SUCCESSFUL AND EFFECTIVE.
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Emergency Operatinq Procedures
In order to fulfill the objectives of the Risk Management and Severe Accident
Management process, it is necessary to impose a number of requirements on the
EOPs.
The view graph lists the requirements which are important to
development of effective procedures.
The symptom based procedures have an important disadvantage--in most accident
sequences it is necessary to follow through several branches of theprocedures
simultaneously.
This process can be simplified by use of a flow diagram
structure for the EOPs, but, even so, the wording and organization of the flow
charts are critically important for effective use by operators.
Testing the effectiveness of the procedures by simulator exercises has been
found to be an excellent means for discovering and eliminating ambiguities in
the flow charts.
Another helpful practice is to use supplemental procedures
external to the flow charts for those actions which are not time constrained.
This permits a considerable reduction of the volume of information which must
be included on the flow charts and therefore enhances the ease of following
the procedures involved.
In the best situation, however, the EOPs remain complex and challenging.. For
this reason rigorous operator training on the use of EOPs reinforced by
periodic re-training is an essential element to assuring a high degree of
reliability in operator performance in use of the EOPs.
Summary
The Risk Management Process for the BWR imposes special requirements on EOPs,
operator training, transient analysis, and risk analysis and, in addition,
requires monitoring of unavailability of equipment and operator performance in
execution of and knowledge of EOPs.
The EOPs must consider all initiators in
combination with any degree of equipment failure and assure utilization of all
available plant facilities to minimize the degree of plant damage.
In this
process it is essential to account for operator recovery and repair actions.
Realistic estimates of recovery and repair times must be used in combination
with realistic estimates of available time for success.
The success criteria used in the risk analysis must distinguish a full range
of plant damage states which must include:
1)

core damage only,

2)

core damage with reactor vessel failure only,

3)

wetwell venting in combination with no core damage and 1) and 2)
above,

4)

Containment overpressure failure with no core damage and with 1) and
2) above, and

5)

containment drywell overtemperature failure with 2) above.
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SUMMARY
o RISK MANAGEMENT ENCOMPASSES ACCIDENT MANAGEMENT
o THE RISK MANAGEMENT PROCESS IMPOSES SPECIAL REQUIREMENTS ON:
-

EMERGENCY OPERATING PROCEDURES
OPERATOR TRAINING
TRANSIENT ANALYSIS
RISK ANALYSIS
PLANT AND OPERATOR PERFORMANCE MONITORING

o THE BENEFITS OF THE PROCESS ARE:

-

AREDUCTION INCALCULATED AND ACTUAL PLANT DAMAGE FREQUENCY
AREDUCTION INCALCULATED AND ACTUAL PUBLIC RISK
SEGREGATION OF SEQUENCES INVOLVING MAJOR UNCERTAINTIES

WE BELIEVE THAT THIS APPROACH OFFERS AMEANS OF CLOSURE OF THE SEVERE
ACCIDENT ISSUE WHICH HAS CREDIBILITY AND AUDITABILITY,
THE PROCESS RESULTS INAN ASSESSMENT OF PLANT DAMAGE FREQUENCY WHICH IS
PERIODICALLY UPDATED, REFLECTS ACTUAL PLANT AND OPERATOR PERFORMANCE, AND
CAN READILY INCORPORATE THE INFLUENCE OF IMPROVED METHODS AND NEW
PHENOMENOLOGICAL DATA.
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Summary
(Continued)
This degree of resolution in plant damage states permits events having very
high uncertainty, or a controversial basis, to be segregated from the general
array of plant damage sequences, but imposes more severe demands on the
supporting transient analysis both in terms of the number of calculations and
the realism of the calculations. It is particularly important to derive and
apply criteria for halting the core damage progression before reactor vessel
failure and for stabilizing core debris on the drywell floor before thermally
indiced failure of containment integrity. Application of these criteria in
turn requires a higher degree of accuracy in describing the core degradation
processes, the reactor vessel failure process, and the phenomena which govern
the behavior of core debris falling into the under-pedestal region.
The benefits from this process are a very large reduction in the calculated
and actual frequency of plant damage and public risk. This reduction far
exceeds what can be achieved with even major plant equipment modifications
with the exception of a wetwell vent. The actual value and risks associated
with the wetwell vent have not yet been adequately quantified, but the results
that are currently available indicate that it can sharply reduce the frequency
of containment overpressure failure due to loss of decay heat removal
systems. Such failures are of great concern since consequential loss of
equipment could lead to inadequate core cooling and core damage.
The process can also be used to isolate and focus attention on those accident
sequences which involve controversial phenomena or very high uncertainty.
This is important because such sequences tend to be those having the most
severe consequences, but also tend to be those having the lowest calculated
frequencies. The proposed risk analysis process will permit such sequences to
be placed in a much clearer perspective and permit a more accurate and
effective assessment of the appropriate measures to be taken.
Finally, we see this Risk Management Process as a rational approach to
resolution of the severe accident issue. It would utilize actual plant
'operating experience (supported by generic data only when needed) to
characterize the calculated value of plant damage frequency and would clearly
identify the important contributors to the calculated value. While we believe
that calculated values are optimistic because of dependencies or interactions
not known and considered, we believe the defense-in-depth concept in
combination with comprehensive EOPs and thorough operator training offers the
best possible defense against all accident sequences including those which may
have been overlooked because of a missed dependency or interaction. Further,
we believe that this approach is by far the most effective application of
resources for true risk reduction.
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EVALUATION AND IMPROVEMENT IN
NONDESTRUCTIVE EXAMINATION (NDE) RELIABILITY
INSERVICE INSPECTION OF LIGHT WATER REACTORS
S. R. Doctor, J. D. Deffenbaugh, M. S. Good, E. R. Green,
P. G. Heasler, F. A. Simonen, J. C. Spanner, T. T. Taylor, T. Vo
Pacific Northwest Laboratory
Operated by Battelle Memorial Institute
ABSTRACT
The Evaluation and Improvement of NDE Reliability for Inservice
Inspection of Light Water Reactors (NDE Reliability).program at the
Pacific Northwest Laboratory was established by the NRC to determine
the reliability of current inservice inspection (ISI) techniques
and to develop recommendations that will ensure a suitably high
inspection reliability. The objectives of this program include
determining the reliability of ISI performed on the primary systems
of commercial light-water reactors (LWRs); using probabilistic fracture mechanics analysis to determine the impact of NDE unreliability
on system safety; and evaluating reliability improvements that can
A final objective
be achieved with improved and advanced technology.
is to formulate recommended revisions to ASME Code and Regulatory
requirements, based on material properties, service conditions, and
The program scope is limited to ISI of the primary
NDE uncertainties.
systems including the piping, vessel, and other inspected components.
This is a progress report covering the programmatic work from October
1987 through September 1988.
OBJECTIVE
The Evaluation and Improvement of NDE Reliability for Inservice Inspection
of Light Water Reactors (NDE Reliability) program at Pacific Northwest Laboratory (PNL) was established to determine the reliability of current ISI techniques and to develop recommendations that will ensure a suitably high inspecThe objectives of this NRC program are to:
tion reliability.
"

determine the reliability of ultrasonic ISI performed on commercial lightwater reactor (LWR) primary systems

* using probabilistic fracture mechanics analysis, determine the impact of
NDE unreliability on system safety and determine the level of inspection
reliability required to ensure a suitably low failure probability

(a)

Work supported by the U.S. Nuclear Regulatory Commission under Contract
DE-ACO6-76RLO 1830; Dr. J. Muscara, NRC Program Manager, FIN B2289

-145-

*

evaluate the degree of reliability improvement that could be achieved
using improved and advanced NDE techniques

•

based on material properties, service conditions, and NDE uncertainties,
recommend revisions to ASME Code, Section XI, and Regulatory Requirements
that will ensure suitably low failure probabilities.

The scope of this program is limited to ISI of primary systems; the results
and recommendations may also be applicable to Class II piping systems.
The program consists of three basic tasks: a Piping task, a Pressure
Vessel task, and a New Inspection Criteria task. Because of the problems
associated with the reliable detection, correct interpretation, and accurate
characterization of defects during inservice inspection of piping, the major
efforts were concentrated in the Piping task and the New Inspection Criteria
task. However, work did begin this year on the Pressure Vessel Task.
The first section highlights
This report is divided into six sections.
the Management activity, the second section covers the ASME Code Activities,
the third section covers work related to Inspection of Reactor Pressure Vessels,
the fourth section covers New Inspection Criteria, the fifth section covers
one fast response for Consulting on Field Problems, and the sixth section
covers Piping Inspection activities.
1.0

NDE MANAGEMENT

During this past year, many task activities made significant progress
towards reaching conclusions and in developing the technical basis needed to
establish positions for ASME Code recommendations and regulatory recommendations.
2.0

ASME CODE ACTIVITIES

Proactive participation in ASME Section XI activities continued toward
achieving Code acceptance of NRC-funded PNL research to improve the reliability
The objective
of nondestructive examination/inservice inspection (NDE/ISI).
of this task is to develop upgraded criteria and requirements for qualifying
ultrasonic testing/inservice inspection (UT/ISI) systems.
During the past year, PNL representatives attended four different series
of meetings held in conjunction with the ASME Section XI Subcommittee on InserPNL staff hold memberships
vice Inspection of Nuclear Power Plant Components.
on the Working Group on Volumetric Examination and Procedure Qualification,
Working Group on Surface Examination and Personnel Qualification, chair a
Task Group on Acoustic Emission Monitoring, and serve as Secretary and member
In May, a joint meeting
of the Subgroup on Nondestructive Examination (SGNDE).
of the ASME Boiler and Pressure Vessel Code Committees and the National Board
of Pressure Vessel Inspectors provided an opportunity to attend ASME Section
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V Subcommittee meetings and serve as technical liaison between Section V and
the SC-XI SGNDE. Following each SGNDE meeting, minutes were prepared and distributed to a mailing list of about 85 addressees, along with agenda materials
for the next meeting.
A proposed revision to Code Case N-409 (N 409-1) received final approval
from Section XI, the Main Committee, and the Board on Nuclear Codes and Standards. Code Case N 409-1 consists of an expansion of N-409 that describes a
statistically designed performance demonstration to qualify the personnel,
equipment, and procedures used for UT/ISI of all light-water reactor piping
welds in accordance with Section XI requirements.
The proposed Appendix VII on Personnel Training and Qualification was
formally approved by the Main Committee (M.C.), although two letter ballot
negatives were received during second consideration of this item. A response
to these two negatives was prepared, along with a proposed editorial revision
to accommodate concerns expressed by the negators, resulting in withdrawal of
one negative. Reaffirmation of the proposed Appendix VII, including the
editorial change, was approved by the cognizant Working Group, the SGNDE, and
the Section XI Subcommittee. This item was then submitted for consideration
Four negatives were
by the Board on Nuclear Codes and Standards (BNCS).
received from the initial BNCS ballot on Appendix VII, and an extensive response
was prepared to address concerns raised in these negative ballots. Two BNCS
members were contacted regarding their ballots, and both tentatively agreed
to withdraw their negative votes on this item. It is expected that the proposed
Appendix VII will be approved by BNCS on a second consideration ballot to be
issued in early October.
The proposed Appendix VIII on UT/ISI Performance Demonstrations was
approved by the SGNDE and Section XI Subcommittee for submittal to the Main
It is expected that this document will be considered by the M.C.
Committee.
during the December 1988 meeting. 'This document includes essentially all of
the provisions of Code Case N 409-1, plus it extends the performance demonstration concept to other Section XI applications such as clad/base metal
interface of pressure vessel shell welds, nozzle inner radius areas, pressure
vessel shell weldsoother than the clad/base metal interface, nozzle-to-shell
welds, and bolting and studs. When adopted, this Appendix will represent a
significant enhancement in the performance demonstration requirements for all
of the key Section XI UT applications.
A proposed rewrite (restructuring) of IWA-2300 was approved by the SGNDE
and SC-XI and was included as an introductory element in the proposed Appendix
PNL staff gave technical presentations on a) new inspection
VII package.
criteria, b) the SAFT technology, c) Surry steam generator program results,
and d) acoustic emission technology overview to various SC-XI and/or SC-V
groups. A document entitled "Qualification Process for Ultrasonic Testing on
Nuclear Inservice Inspection Applications" (NUREG/CR-4882),was revised to
accommodate NRC and PNL review comments. This document has now received PNL
clearance and has been submitted for final NRC review.
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3.0
3.1

PRESSURE VESSEL INSPECTION TASK

ANALYSIS OF PISC II

PNL received a complete set of the Programme for the Inspection of Steel
Components (PISC-II) round-robin data on the four plates from the Joint Research
The initial objectives of this task were
Centre, Ispra, Italy in June 1986.
to review the data present and attempt to duplicate some of the results present
in the PISC-II reports so that we can be sure that we understand the data and
that it is correct. The specific tasks completed to date include:
* Assembling and computerizing complete information on the true-state data.
The original computer data did not contain a complete description of the
flaws or the blocks. We had to extract the relevant information from PISC
reports and communications with Ispra.
* Duplicating selected defect detection probabilities from PISC-II Report
No. 5.
This was an attempt to identify exactly what set of data was
used in the PISC-II reports and verify the procedures Ispra used to calculate defect detection frequency probability (DDF).
"

Implementing a scoring procedure for PISC data. We want to utilize different scoring methods than those employed by PISC and also want to verify
their results.

After reviewing the
Review of PISC-II Scored Results in "CLEAN.PROC".
data file "CLEAN.PROC" that was received from Ispra, we have determined the
summary tables on pages 23-27 in Report No. 5 were developed as follows:
The best detection results from each team (the selection was normally
made by computer program that compiled the results of several inspection
reports) were compared with intended defects only. A list of intended defects
for each specimen may be found in PISC II Report No. 2. Other defects such as
unintended weld fabrication defects or implantation defects, etc. were not
None of the inner radius cracks (which were intended defects)
used in scoring.
Also, no false calls were reported in the
were used in scoring the data.
tables.
The following three examples provide a comparison of our analysis vs.
When reading the examples, remember PNL did not
the results in Report No. 5.
score any inspection results -- "CLEAN.PROC" contains scored results (i.e.,
PISC personnel have associatedintended defects with each team's inspection
results).
All we have done is divide the total number of intended defects
that should have been detected into the defects that "CLEAN.PROC" indicates
were detected.
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Example 1:
Team EC005499
PISC II Results
Our Results
Number of Defects

Plate 1
1.00
1.00
15

Team EC005499 is a computer-compiled selection of the best results of all
procedures/techniques used by Team EC.
PISC Report No. 2 indicates that Plate
1 had 15 intended defects.
Reviewing data in "CLEAN.PROC" indicates that
EC005499 did indeed detect all 15 flaws; therefore, its DDF is 1.00.
In this
example, our results and the results reported in Report No. 5 for Plate 1 are
in agreement.
Example 2:
Team DB005599
PISC II Results
Our Results
Number of Defects

Plate 1
0.92
0.93
14

Note in this example that the number of defects is 14 instead of 15 for
Plate 1. Fourteen defects were used-in this instance because the inspection
coverage coordinates in "CLEAN.PROC" indicate that team DB005599 (again a
computer selection) did not entirely scan Plate 1 and an area where one defect
was located was not scanned; therefore, only 14 defects were used in determining
DDF.
Reviewing the detection data in "CLEAN.PROC" indicates that 13 of the 14
defects were detected.
Our results and the PISC II results are in close agreement (13 ÷ 14 = 0.9286) -- perhaps PISC II rounded down.
Example 3:
Team ES000799
PISC II Results
Our Results
Number of Defects

Plate 1
0.46
0.40
15

Team ES000799 illustrates an example where our results and PISC II do not
agree and we cannot ascribe a logical reason for the disagreement.
The data
in "CLEAN.PROC" indicates that the entire block was scanned and that six flaws
were detected.
6 ÷ 15 = 0.40 DDF, yet PISC II results indicate a DDF of 0.46.
If one assumes that only 13 flaws should be used, then a DDF of 0.46 is
correct; however, using 13 flaws in inconsistent with the inspection coverage
data.
Perhaps the data in "CLEAN.PROC" is wrong -- who knows?

-149-

Scoring Algorithm. PNL has developed a software algorithm that will
score data from the RAW.PROC. data file. The algorithm compares the dimensions
of each indication for a specific inspection with flaw dimensions given in
When all indication
true-state data for the test plate that was examined.
dimensions x, y, and z intersect with true-state flaw dimensions, the algorithm
associates that specific indication with a specific flaw. This scoring algorithm will be applied to the PISC-II data base, an analysis performed, and
reported next year.
3.2

EQUIPMENT INTERACTION MATRIX

The objective of this subtask is to evaluate the effects of frequency
domain, UT/ISI equipment interactions, and determine equipment tolerance values
for controlling inspection reliability. An integrated computer model for the
entire inspection system including the pipe section and flaw has been developed
to explore the effects of frequency interaction on flaw detection and sizing.
Work in FY88 concentrated on the validation of the model for the acoustic
components -- the perspex shoe and the flawed pipe section:
*

Excellent agreement was found between the model predictions and measured
single frequency beam patterns for through-transmission, 900 corner reflecThe model is based on twotion, and tandem-probe scanning of strip flaws.
dimensional, elastodynamics physical optics (EPO) ray tracing theory.

*

Comparisons between model predictions and frequency domain measurements
of specular reflection signals from large, smooth flaws showed good agreeAn example is the frequency domain comparison shown in Figure 1
ment.
for specular reflection within a block with an end cut to 420 measured
using a 450 SV transducer.

"

Model calculations showed that flaws can have transfer functions that would
produce decreased detection and sizing reliability due to frequency domain
equipment interactions.
Several worst-case flaws can be identified in
the calculated transfer functions shown in Figure 2.

"

The model results showed the primary cause of undesirable, flaw transfer
functions to be phase cancellation at the receiving piezoelectric element
Thus, frequency
face due to the wavefront and face not being parallel.
domain equipment interactions might be greatly reduced through the use
The worst-case flaws were selected
of a phase-insens.itive receiving probe.
based on placing nulls in the center of the equipment passband.

"

Calculations for equipment center frequency and bandwidth sensitivity
studies were completed using several worst-case flaw transfer functions
It was found that the present equipcalculated by the ray tracing model.
ment bandwidth tolerance of *10% as given in ASME Code N 409-1 is accept-.
able and that it may be possible to relax this standard slightly. The
results for the center frequency study have not been analyzed yet.
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It was concluded that the present equipment tolerances for things like
pulser amplitude can be relaxed; however, tolerances that affect the frequency
It should be noted that
characteristics will need to be tightly controlled.
ASME Code currently controls all operating characteristics at the *10% level.
4.0

NEW INSPECTION CRITERIA

Work continued on the assessment of the adequacy of existing ASME Code
requirements for ISI and on developing technical bases for improving these
Several interrequirements to assure safe nuclear power plant operation.
related activities on this task have been directed to the development of
Particular attention has
probabilistically based inspection requirements.
been directed to requirements for inspection intervals and weld inspection
sampling plans.
DEVELOPMENT OF PROBABILISTIC APPROACHES
During this past year PNL has continued with the development and assessment
of alternative approaches for probabilistically based inspection requirements.
This activity has emphasized interaction with NRC staff, other laboratories,
ASME groups, and industry efforts as performed by EPRI.
An overview document has been written that outlines a comprehensive probabilistic approach for the development of improved inspection requirements.
This document provides a flow chart that relates inspection requirements to
quantitative goals for improvements in systems safety. Computational methods
and sources of data for quantifying the approach are described and are criticThe document will guide future efforts on the NDE Reliability
ally reviewed.
program.
PNL has actively participated in the startup of an ASME Task Group on
Risk-Based Inspection Guidelines, which is to be an ASME research activity.
Participation in this group is expected to further the goals of the NDE Reliability program, and to lead eventually to specific recommendations for the
introduction of probabilistic methods as a basis for ASME Section XI requirements. While the initial focus will be on nuclear power, the group will also
be concerned with insights to be gained from applications in other industries
such as aircraft, navel, petrochemical, and civil engineering structures.
While a planning meeting was held on February 18, 1988 at Washington, D.C.,
further activities have been delayed as funding for the task group is being
sought.
A one-day workshop was held at PNL on January 20, 1988 to permit an
exchange of views between PNL and NRC staff on the topic of PRA methods and
their potential use in establishing priorities for inservice inspection.
Also disParallel applications to prioritize plant aging issues were noted.
cussed was the approach to be taken by the proposed ASME Task Group on RiskBased Inspection Guidelines.

-f

52-

DATA BASE ON PLANT OPERATING HISTORIES
This activity responds to a recommendation from a 1987 workshop with NRC
staff, which suggested that data bases and industry records be searched for
information on piping failures and repairs, and also for information on findings
of inservice inspections (effectiveness).
During the past year, we established
sources of such information and determined the potential usefulness of the
types of information that is most readily available.
Contacts with utilities indicated that suitable records are maintained
at plant sites, but that costs of on-site visits to extract the information
was beyond the scope of the NDE Reliability program.
Further discussions
with NRC staff revealed two potentially useful data bases; namely, Licensing
Event Reports (LERs) and an industry-maintained data base available through
the Nuclear Power Plant Reliability System (NPRDS).
A trial search of the potentially more useful NPRDS data base was performed.
It was determined that most of the information relates to "failures"
of minor consequence (gasket leaks, cracks in small diameter fittings, etc.)
and that these "failures" were typically found visually through evidence of
leakage.
Nevertheless, inservice inspection has in many cases been effective
in detecting weld cracks. The NPRDS data were determined to be relatively
accessible, and easy to interpret. Therefore, a complete evaluation of all
the piping related failures (400 items) in the NPRDS data base was initiated.
Useful trends will be extracted from this information and reported during the
next year.
OCONEE-3 PILOT STUDY
The objective of this study was to initially assess and demonstrate the
feasibility of using data from existing Probabilistic Risk Assessments (PRA)
to establish inspection priorities for pressure boundary systems and components.
A pilot application of PRA methods to the Oconee-3 plant was completed during
the past year. The study was based on PRA data from an EPRI study (NSAC-60)
and on data for failure probabilities from NRC-funded evaluations of actual
observed failure data (NUREG/CR-4407).
Based on the results of the pilot
study, the proposed use of PRA methods has been demonstrated to be a useful
tool for identifying those systems and piping sections or welds that need to
be inspected with the highest priority.
Table 1 lists a number of Oconee-3 systems and rankings that provide
insight into which systems should be given the highest priority for inservice
inspection.
Two alternative ranking parameters were employed.
The Birnbaum
parameter addresses the consequences of failure, given that a failure does
occur. This parameter focuses inspection towards the most safety critical
systems (importance to preventing core melt), even if they have performed
very reliably in the past.
In contrast, the Weld Inspection Importance parameter makes use of estimates of system reliability to focus additional attention
towards systems that are more likely to experience service failures.
In
general, the two parameters give similar priorities.
However, there are notable
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exceptions such as the steam generator, which moves up in priority when the
relatively poor service performance of steam generator tubes is taken into
consideration.
A further step in the pilot study involved a much more detailed assessment
of the emergency feedwater system. Failure Modes and Effects Analysis (FMEA)
was applied to identify and prioritize the most risk-important piping sections
within this system. The results were then compared to the current inspection
requirements specified by ASME Section XI.
TABLE 1.

Rankings of Systems and Components for Inspection Priority
as Based on Risk Considerations for Oconee-3
Weld Inspection
Importance
Rank
Value

(a)
Systema_

Birnbaum
Importance
Value
Rank

Low-Pressure Injection(b)
High-Pressure Injection
Reactor Pressure Vessel
Steam Generators
Emergency Feedwater
Service Water
Reactor Coolant (c)
Power Conversion

1
2
3
4
5
6
7
8

(5.9E-06)
(5.1E-06)
(5.OE-06)
(1.5E-06)
(7.2E-07)
(3.6E-07)
(1.7E-07)
(8.OE-08)

2
5
1
9
3
4
6
8

(1.5E-02)
(5.4E-03)
(1.0)
(1.5E-04)
(i,5E-02)
(7.7E-03)
(3.6E-03)
(2.1E-04)

Standby Shutdown Facility
Instrument Air

9
10

(3.OE-08)
(7.OE-10)

7
10

(6.9E-04)
(1.5E-05)

(a)Only systems of interest to Code-Type ISI are listed.
(b)Under normal conditions, the most frequently used function of the LPI
system is decay-heat removal (DHR) after a shutdown.
(C)The PCS system consists of the following: main feedwater, main steam,
condensate, condenser circulating water, and vacuum systems.
5.0

CONSULT ON FIELD PROBLEMS

This is a summary review of the round-robin studies that have been conducted to quantify the performance of ultrasonic procedures to detect, locate,
and size defects in pressure vessel shells and nozzles. The results are examined in light of the inspection conditions and ultrasonic procedures in use
in the United States.
In 1965, the U.S. Pressure Vessel Research Committee (PVRC) began an NDE
program in which teams of trained inspectors conducted inspections on thickDuring the early
section test blocks containing various welding defects.
inspection
procedures were not
stages of this program, it was found that the
in performance
differences
revealed
large
well defined and the published results
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A generally
between teams using nominally the same inspection procedure.
small defect detection probability was found which was worse when the inspections were performed through cladding. A new program was initiated in 1974
to test procedures related closely to those required by the 1974 ASME Code
Section XI.
This-round robin study consisted of three unclad test blocks
provided by PVRC and used in the aforementioned PVRC program (two butt-welded
plates and one welded forged nozzle) and was under the guidance of the Plate
Inspection Steering Committee (PISC I).
The PISC I program was designed to
investigate the Capability of the 1974 ASME Section XI inspection requirements
In addition, several European agencies
to detect, locate, and size defects.
applied alternative procedures,, some of which were employed for ISI in Europe
at that time. A total of 34 inspection agencies took part in the PISC I program, with 28 teams employing the ASME-based procedure.
In 1981, another round-robin testing program was started under the guidance
of the Program for the Inspection of Steel Components (PISC II) and was completed in 1986. The PISC II program was designed to evaluate the capability
of procedures to detect and locate defects as well as to accurately size the
defects.
The PISC II program had 50 inspection agencies involved in the inspection of the four plates (two butt-welded flat plates and two plates containing
nozzles).
The U'S. had five teams that employed manual inspections and several
teams that employed advanced ultrasonic techniques.
The PISC I and II results can be summarized by the plot in Figure 3. The
vertical axis is the probability that a defect will be detected and correctly
sentenced,, and the horizontal axis is the through-wall extent of the defect.
The term "sentenced" pertains only to defects which were rejectable according
to ASME Section XI IWB-3510 1974 Edition and include only those defects which
The 50% DAC curve is the performance
were not undersized by more than 3 mm.
for ASME 1974 Code, while the 20% DAC is for the 1986 version of ASME Section
The error bars on the two curves show the range of variability of
XI Code.
the teams employing procedures in the spirit of ASME at the respective DAC
These results clearly show the ineffectiveness of procedures based
levels.
This point is further seen in Figure 4, where the-detection
on early ASME Code.
is the mean value of the defect detection frequency
(MDDF
which
probability
on
all
the defects in the specified plate) is plotted versus
ASME
procedure
for
the DAC level for three of the plates. The trends are pretty similar for
each plate, but show the improvement that can be achieved by the 10% and 20%
Clearly, the 50% DAC level provides very low defect detection
DAC levels.
rates.
The results from the two PISC studies can be summarized by the
shown in Figure 5. The two studies are consistent with one another
The data in
a clear division of the defects into three categories.
defects to
most
difficult
50%
DAC.
The
3
and
for
only
for
Plate
is
are the smooth, sharp planar defects that would include cracks.

plots
and show
Figure 5
detect

The smooth, sharp planar defects are detected by the lower crack tip
response, and Figure 6 shows some PISC-II data that shows the DAC levels
required to detect this lower tip signal for defects with a 10- to 25-mm
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through-wall height. The response is plotted as a function of the defect
location from very near the surface to 200-mm deep. These data show that if
a 450 probe is to be used to detect this class of defect (i.e., cracks), then
it will have to be performed at 5% DAC.
These data clearly show the necessity
for using a 600 and 700 inspection at 20% and 10% DAC, respectively.
The five U.S. teams (not all inspected each plate) which participated in
the PISC-II round-robin exercise used a procedure that was developed by the PVRC
and was called Procedure C. A comparison of ASME Code minimum requirements
and the PVRC Procedure C is shown in Table 2. The significant difference
noted is the inclusion of a near-surface technique, the increased scan sensitivity, and the lower recording level. The results for the U.S. teams are
shown below in Table 3:
TABLE 2.

Comparison of ASME Code Minimum Requirements Contrasted to
the PVRC Procedure C that the U.S. Teams Employed in the
PISC-II Program

Code (Minimum)

Procedure C

Techniques (Minimum)

00, 450, 600

00, 450, 600, 700 RL Dual Element
(Inner Near Surface)

Recording Level
50% DAC
•

20% DAC

Scan Overlap
Overlap Minimum Beam
Dimension, or 50%

50%,

1/4" Near Surface

Scan Sensitivity
14 dB and 12 dB (700)

6 dB
TABLE 3.

Plate Number
#2
#3
#9

Detection Performance

Defect Detection Probability
94-100%
50-84%
75-92%
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Number of Teams
5
3
3

Since the U.S. teams performed manual inspections, the results found in
the PISC study may not be directly comparable to field ISI work because much
of the field work is performed with mechanized scanning systems. However, the
PISC-II data does show that the average inspection performance was nearly the
same for both manual and mechanized inspections for the plates in this study.
This was somewhat of a surprise, but probably is a result of the human being
yielding high performance under the attention of an important international
study. Thus, these data are useful and the U.S. teams' performances were found
to be consistent with other teams using comparable procedures. The U.S. teams
provided useful data in showing that reasonably effective examinations can be
performed on vessels, but it also demonstrates that there will be a considerable
variation in inspection results from teams using the same inspection procedure.
These data. indicate that considerable increase in inspection reliability could
occur if the reasons for the variability in inspection performance were understood and corrective actions taken.
In the PISC-II round robin, it was foundI that the procedures employed
had a lot to do with the performance that was achieved in the detection of
defects. As an example, one team (denoted as EC) performed a number of inspections according to a variety of conditions. These results are summarized in
the table below:
Team

Procedure and Code

EC005499
EC000699
EC002599
EC001699
EC005399
EC005099
EC001199
EC003099
EC001299
EC005699
EC005799
EC004899

10%
20%
20%
20%
20%
35%
50%
50%
50%
50%
50%
50%

M B, S, TD
M,U
M,C, TD
M,U,S, TD
M B, S, TD
M,B,S,TD
MU
MC
MU,S
M,U, S, TD
M,C, S, TD
M,B, S, TD

DDF
1.0
0.94
0.94
1.0
1.0
1.0
0.56
0.56
0.61
0.78
0.83
0.83

The legend for this table is:
M
B
10-50%
S
U
C
TD
DDF

Manual examination
Examination from both sides of the plate
Percent DAC reporting level
Use of near-surface technique
Unclad-side inspection
Clad-side inspection
Tandem technique
Defect Detection Frequency

These data clearly show the use of a 50% DAC level is unacceptable resulting in a defect detection frequency of 0.56. The utilization of a 20% DAC
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with a tandem procedure resulted in a defect detection frequency of 0.94. These
data are very useful since it was all obtained by a single team and, thus,
allows one to focus on the effectiveness of various procedure parameters.
It is apparent from the PISC-I and PISC-II data bases that
Conclusions.
However,
important conclusions can be drawn about defect detection performance.
it must be remembered that the data have some qualifications that have to be
recognized in order to keep the results in perspective.
1.

The PISC round-robin tests were conducted in the laboratories of the
For this reason,
teams and, thus, were conducted under optimum conditions.
these results represent an upper bound on performance.

2.

The PISC round-robin tests were designed to measure procedure capability
and, thus, are an upper bound of performance and should not be confused
with procedure reliability.

3.

Many of the inspections were conducted with teams having researchers and
other highly qualified staff that do not normally conduct field ISI;
thus, these results again form an upper bound for performance.

4.

The condition of the cladded surfaces were to the high standards in use
in Europe and are not typical of the conditions that exist in U.S. pressure
vessels. Thus again, the results represent an upper bound for performance.
The significant conclusions that pertain to ISI as practiced in the U.S.

are:
*

Even under the most optimum conditions of the PISC exercises, the use of
the 50% DAC and other minimum requirements from the 1974 Edition (including
the Summer of 1975 addenda to ASME Section XI Code) clearly demonstrate
that vessel examinations performed to these requirements will not be
effective for detecting defects.

*

The PISC-II round-robin data base indicates that significant improvement
in the effectiveness of pressure vessel examinations can be achieved by
working at 20% DAC and including an effective near-surface technique.
Thus, pressure vessel examinations should be conducted, at a minimum, to
the requirements of the 1986 ASME Code Edition (including the Winter
1987 addenda) since this code has been upgraded to contain these requirements.

*

Given the caveats above, the performance of U.S. teams (using the upgraded
requirements that are in the 1986 ASME Code Edition) during the PISC-II
trials indicates that high levels of defect detection can be achieved.
The data also shows large variability in the performance of the U.S.
If the reasons for the variability could
teams using the same procedure.
be understood and corrective action were taken, then considerable improvement in pressure vessel inspection reliability would result.

-160-

6.0
6.1

PIPING TASK

MINI-ROUND ROBIN

A complete description and analysis of this study can be found in NUREG/CRThe Mini-Round Robin (MRR) was conducted to provide an engineering
4908.
data base for UT/ISI that would help:
* quantify the effect of training and performance demonstration testing
that resulted from IEB 83-02,
* quantify the differences in capability between detecting long (greater
than 3-in.) cracks versus short (less than 2-in.) cracks, and
*

quantify the capability of UT/ISI. technicians to determine length and
depth of intergranular stress corrosion cracks (IGSCC).

Data from the depth sizing portion of the MRR was analyzed using both
absolute and relative statistics. An overview of this analysis is presented
below.
This section examines flaw sizing capability using absolute measurements.
Table 4 presents a summary of the MRR sizing data expressed in absolute units.
TABLE 4.
Destructive
Depth, in.
0.000
0.000
0.000
0.033
0.077
0.127
0.143
0.172
0.209
0.227
0.242
0.255
0.450

Team 1
0.550
0.103
0.103
0.352

0.088
0.132
0.253
0.275
0.039
0.578
0.649
0.103
0.675

Summary of Absolute Sizing Performance
UT Crack Depth Estimate (inches)
Team 2 ,Team 3 Team 4 Team 5 Team .6 Team 7
0.165
0.124
0.124
0.171
0.248
0.099
0.138
0.158
0.160
0.124
0.346
0.055
0.476

0.220
0.330
0.323
0.110
0.028
0.028
0.127
0.220
0.149
0.248
0.381
0.385
0.485

0.234
0.117
0.144
0.160
0.061
0.000
0.055
0.069
0.127
0.151
0.069
0.076
0.113

0.516
0.172
0.344
0.413
0.028
0.055
0.413
0.344
0.440
0.516
0.649
0.344
0.649

0.072
0.048
0.227
0.099
0.061
0.165
0.074
0.034
0.088
0.034
0.606
0.048
0.433

0.131
0.344
0.399
0.132
0.209
0.330
0.209
0.261
0.209
0.172
0.502
0.117
0.589

Team 8
0.062
0.200
0.310
0.198
0.171
0.193
0.110
0.179
0,116
0.158
0.199
0.110
0.598

If all inspections were performed on material of the same thickness,
both relative and absolute sizing measurements would give the same results.
However, in the MRR specimens, two are constructed of thicker material (0.9
in. versus 0.6 in.); and furthermore, one of these thicker specimens also
contains the largest.crack in the data set, a circumstance that could cause
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differences.
It is also important to note that the regressions performed
with the two types of measurements rest on different assumptions about measurement error variability. The absolute model assumes that variability remains
the same as thickness changes; the relative model assumes that variability
increases as wall thickness increases.
Consequently, the absolute model "weights" observations from the thick
sections more heavily than the relative. In the current data set, absolute
regression will weight the 0.45-in. and 0.242-in. cracks more heavily than
the relative.
Another important difference between the two models occurs when results
of a regression fit are usd to predict sizing performance in other thicknesses
of material, particularly thicker material.
The absolute sizing model, when
extrapolated to thicker material, produces a smaller variance for the measurements than the relative. Thus, extrapolations using the absolute model are
less conservative than the relative.
In Table 5 regression parameters obtained from the absolute measurements
are presented. These regressions utilized inspections on cracks larger than
0204 in. From these results, we see that the slope, and more importantly, the
R statistic is consistently larger for the absolute regressions, indicating
a better fit to the data.
TABLE 5.

Summary of Team Regression Fits for Absolute Sizing
Data with Small Cracks (< 0.040-in.) Removed
Absolute Results

Intercept,
in.
Team
Team
Team
Team
Team
Team
Team
Team

1
2
3
4
5
6
7
8

-0.02
0.04
-0.06
0.03
0.04
-0.05
0.10
-0.03

Relative Results

Slope

Standard
Deviation,
in.

1.57
0.78
1.36
0.22
1.61
1.05
0.91
1.12

0.21
0.11
0.08
0.04
0.15
0.18
0.13
0.10

Slope
0.43
0.38
0.80
0.27
0.59
0.30
0.38
0.62

0.96
0.25
1.37
0.27
1.77
0.58
0.27
0.73

0.12
0.03
0.62
0.18
0.44
0.08
0.03
0.25

*R2 = square of multiple correlation coefficient
The residuals of both sets of regressions were examined in an attempt to
determine exactly why the absolute model fit the data better than the relative
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We found the difference to be entirely attributable to a single crack
model.
(the crack with depth 0.45 in. in Table 5). When this crack was deleted from
the regressions, both models fit equally well. As explained before, this
crack is weighted more heavily in the absolute regression because it is in a
thicker section. The absolute model does better because the teams can size
this one crack better than the rest.
Selection of the superior model depends entirely on whether or not this
particular crack is "anomalous." It so happens that the two cracks in the
thick sections were manufactured with a different process than the others and
were consequently much stronger reflectors. Because of this and the conservative nature of the relative model, we favor it in spite of the better fit
shown by the absolute model.
6.2

INSPECTION OF CAST STAINLESS STEEL

The objective of this task is to evaluate the effectiveness and reliability of ultrasonic inspection of cast materials used within the primary pressure
boundary of LWRs. Due to the coarse microstructure of this material, many
inspection problems exist and are common to structures such as cladded pipe,
inner-surface cladding of pressure vessels, statically cast elbows, statically
cast pump bowls, centrifugally cast stainless steel (CCSS) piping, dissimilar
metal welds, and weld-overlay-repaired pipe joints. Far-side weld inspection
is an inspection technique included in the work scope since the ultrasonic
Activities included weld-overlay-repaired
field passes through weld material.
pipe joints and CCSS.
Weld-overlay repair is being used as a temporary repair mechanism for
BWR piping weakened by IGSCC and is being sought as a longer-term repair mechanism. NUREG/CR-4484, Status of Activities for Inspecting Weld Overlaid Pipe
Joints, was published in 1986. Activities thereafter were monitored and a
status update provided in the form of a Research Information Letter (RIL).
The primary conclusion of the redrafted RIL (April 27, 1988) was that
much work has been performed to demonstrate the effective ultrasonic inspection
of weld-overlay-repaired pipe joints; however, insufficient data exists to
classify this inspection as effective and reliable. The RIL also described an
evaluation test that was recommended for providing sufficient data for determining if the technique is effective and reliable.
CCSS piping is used in the primary reactor coolant loop piping of 27
pressurized water reactors (PWRs) manufactured by the Westinghouse Electric
Corporation. However, CCSS inspection procedures continue to perform unsatisfactorily due to the coarse microstructure that characterizes this material.
Past work began with an evaluation of distortion incurred by an ultrasonic
field after it had propagated through the pipe wall thickness. A matrix of
different wave modes (both longitudinal and vertically polarized shear waves)
at different resolution settings (6, 3, and 1.5 mm) were passed through either
a pure equiaxed or a pure columnar CCSS microstructure and the resulting ultra-
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To expand this work to the more complex
sonic field maps were collected [4,5].
microstructures that exist in CCSS, an upgrade to the data acquisition and
analysis system was made. This was needed since the signal patterns of the
complex material forms have numerous spurious signals that interfere with the
data acquisition process of the previous system. Another factor was that the
majority of field material was thought to be of a mixed microstructure.
Activities for the past work period included acquiring three additional
CCSS pipe sections, acquiring a second scan matrix of ultrasonic field maps
with the upgraded system, and submission of an article to the annual Review
of Progress in Quantitative Nondestructive Evaluation [7].
Three CCSS pipe sections were on loan to PNL from Southwest Research
The ultrasonic field
Institute (SwRI) and reported at the last LWR meeting.
map system upgrade was implemented by digitizing the RF signals and implementing
The data acquisition technique was also changed so
a post-gating process.
that the field map of a 450 longitudinal-wave field was essentially not degraded
This was accomplished by applying the microprobe to
by receiver directivity.
a 450 facet which increased reception uniformity about a broad angular zone
The previous technique (applying the microprobe normal
centered about 459.
to the sample) biased sensitivity toward 00. Four maps were taken from material
of each microstructural classification, each in unique material volumes (Figure
7); however, only one field map for each microstructural classification was
displayed.

Columnar Microstructure

Equiaxed Microstructure

Carbon Steel

.60

60

45

45

30

30

60

i

45

k

30
JlP

-0

0
Diffusely Mixed Microstructure

0
Amplitude
Color Key {dB)

Layered Microstructure"

-3
45

30

-4
-10
-14
-20

0

0
Scon A

nwra

1 14 x 114 mnn)

137 , 137 immw"

FIGURE 7.

Ultrasonic Field Maps of 1-MHz,
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450,

Longitudinal-Wave Fields

The objectives of this work were to determine if a 1-MHz, 450, longitudinal field maintained spatial coherence in all the microstructural forms of
CCSS, to quantify the degree of distortion incurred by the ultrasonic field,
and to evaluate if an effective ultrasonic inspection could be performed in
all the CCSS microstructures. Spatial coherency was evaluated by examining
all 20 field maps. Each field map except one (from the diffusely mixed microstructural sample) displayed an ultrasonic field in which the 0 to -3 dB region
was contiguous.
Thus, the spatial coherency of the transmitted field was
rated as high for the pure microstructural forms and as moderate for the mixed
microstructural forms.

Field distortion was evaluated by measuring the refracted angle and the
positional variation of the field (Figures 8 and 9).
Significance of the
refracted-angle results was the increased standard deviation of the equiaxed
sample and the extremely large standard deviations of both materials having a
mixed microstructure.
Another parameter selected to quantify field distortion was the fieldposition variation normalized to field width. When inspecting a selected
material volume, sufficient field overlap is designed into the scan procedure
to ensure detection sensitivity remains high for a defect anywhere within the
material volume of interest. Obviously, if a small field width exists, then
the allowable field displacement error must be small.
Likewise, if a large
field width exists, then the field-displacement error may be larger. Therefore,
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Effective Refracted Angles of 1-MHz,
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450, Longitudinal Wave
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FIGURE 9.

Positional Variation of Longitudinal-Wave Fields

the field-position variation was normalized to field width and are plotted in
Figure 9. The variations associated with the reference samples are assumed
to be indicative of set-up variation.
For CCSS material, increased variation was expected for the equiaxed
material and ranged between 27% and 28% for values pertaining to measurement
along both pipe axes. A low circumferential value of 5% was obtained for the
columnar samples; however, the axial value was 23%. This latter value might
initially seem high since the standard deviation of the refracted angle was
small; however, the axial, -3 dB, field width of the columnar scans also is
reduced and produces a higher normalized value. The two mixed microstructural
forms had values ranging between 45% and 55%. This is alarming since scan
If two
patterns on a pipe may use circumferential increments as high as 50%.
successive measurements are made and the field misdirection is outward from
the two positions, then a material volume thought to be inspected by past
procedures might be skipped.
Due to the difference in field distortion, the worst-case material classification (mixed equiaxed-columnar microstructure) should be assumed for an
inspection. An alternative is to continuously determine the microstructure
as a scan is performed and to interrupt the data acquisition process and implement an appropriate technique customized to the detected microstructure when
the probe passes to a different microstructure. This latter choice assumes
an effective microstructural classifier and that an effective inspection technique exists for each of the possible microstructures.
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6.3

SURFACE ROUGHNESS CONDITIONS

The objective determined for this-work was to establish specifications
such that an effective and reliable ultrasonic inspection is not prevented by
Past efforts included an attempt to
the condition of the exposed surface.
quantify the effect produced by an outer surface irregularity. This approach
was then modified through coordination of the NRC with EPRI in establishing a
mathematical model to be used as an engineering tool to derive guidelines for
surface specifications. Activities for the past work period included the
formulation of a coordination plan between EPRI, NRC, the Center for NDE (CNDE)
at Ames Laboratory, and PNL; a visit by CNDE personnel at PNL; an exchange of
data between CNDE and PNL; and development of better experimental procedures
for obtaining quantitative data for comparing to the model predictions.
Both EPRI through the CNDE at Ames Laboratory and the Research Branch of
the NRC through PNL have developed capabilities that are uniquely suited for
First, CNDE has extensive experience in the
establishing a validated model.
computational modeling of ultrasonic wave propagation fields in solid materials.
For this reason, EPRI and the NRC have established a three-year time frame in
which the two organizations, through the referenced institutes, will cooperate
To
in attempting to determine and validate an ultrasonic computer model.
facilitate the cooperation between CNDE and PNL, a coordination plan was formulated. This plan assigned individual and joint responsibilities to both
CNDE and PNL.
The first exchange of data was completed in February, which involved an
immersion scan with isotropic materials. The bottom line of this work was
that the model and expeirmental results were in good agreement for the longitudinal mode except for low amplitudes (i.e., < -14 dB). There are still
some discrepancies with the shear-wave data that are being studied further.
PNL began an effort of refining ultrasonic microprobes and data acquisition
techniques so that the collected experimental data would accurately measure
This effort resulted in longitudinalthe parameters predicted by the model.
Wave microprobe refinements, a presentation concerning the development of a
shear-wave microprobe at the "Review of Progress in Quantitative Nondestructive
Evaluation," and submittal of a manuscript for publication in the conference
proceedings [8].
6.4

CHARACTERIZATION OF FIELD PIPE

The objective of this task is to provide pipe weld specimens that can be
used to help determine the effectiveness and reliability of ultrasonic ISI
that is being performed on BWR piping. This goal will be accomplished by
obtaining BWR recirculating piping from a variety of power plants. These
weld specimens will also serve to support PNL laboratory studies and such
programs as PISC III.
Weld specimens were acquired from Monticello and Vermont Yankee BWR nuclear
power plants. The welds were sectioned from the pipe remnants in FY 1986.
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Due to high amounts of alpha contaminations on the Monticello specimens, it
was decided to decontaminate only the 11 Vermont Yankee specimens and wait
until FY 87 to have the 28 Monticello weld specimens decontaminated.
A complete
characterization of the 11 Vermont Yankee weld specimens was performed by PNL
personnel; this included ultrasonic and penetrant examinations.
After the decontamination of the 28 Monticello weld specimens (14-12",
2-22", 12-28") PNL representatives performed a complete characterization on
each individual weld specimen. This included penetrant testing on the ID of
the weld region, ID and OD weld profiles, counterbore and penetrant pictures.
In some cases, ultrasonic verification was performed on some of the specimens.
After the evaluation was finished, the weld specimens were packaged and returned
to PNL.
During FY88, a complete UT evaluation was performed on a selected number
of weld specimens (20 welds) using manual ultrasonics and the PNL SAFT-UT field
system. When the UT evaluation was completed, a thorough analysis was performed
on the data that was gathered. A weld specimen summary report (which included
PT and UT information, and specimen characteristics) was put together on 42 weld
specimens. A selected number of these specimens will be sent to Europe to be
used in the PISC III international round robin on austenitic steel.
The remaining weld specimens will remain at PNL to be used to support other future NRCrelated programs.
In FY88, five of the Monticello safe-end weld specimens were packaged in
an overseas shipping container and are pending shipment to Europe. These
will also be used in the PISC III exercises. The remaining five safe-ends
were packaged and sent to a DOE burial site in Richland, Washington.
6.5

PISC III

Work continued in support of the.Programme for the Inspection of Steel
Components to ensure that the results will be useful and reflect the practice,
conditions, and defects of interest to the U.S. light-water reactors. Specific
thrusts were in the area of the round robin studies on austenitic stainless
steels.
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ABSTRACT
The program for Validation and Technology Transfer for AE and
SAFT-UT is designed to accomplish the final step of moving research
results into beneficial application.
Accomplishments for FY88 in
the areas of Acoustic Emission (AE) and Synthetic Aperture Focusing
of Ultrasonic Test data (SAFT-UT) under this program are discussed
in this paper. The information is treated under the topics of Code
Activities, Field Validation, and Seminars.
Projected FY89 activities
will continue to focus on these three areas.
INTRODUCTION
The program concerning Validation and Technology Transfer for AE and
SAFT-UT has the objective of developing field procedures, performing field
validation testing, and providing training for NRC headquarters and regional
staff for the use of advanced.NDE technology.
The objective also includes
ASME Section XI Code acceptance of the AE and SAFT-UT technologies to facilitate
implementation of the methods by Regulatory staff and the utilities.
This program wili benefit nuclear regulation in the following areas:
•

Provides a mechanism for technology flow from PNL to the NRC staff.

"

Supports the process of moving advanced technology into the ASME Code.

•

Provides technology that can solve ISI problems and, thus, can aid the NRC
staff in assuring the structural integrity of components.

The program for each of the technologies is structured under three general
headings:
1. Code Activities.
Establish the technologies as a recognized and approved
part of the ASME Code through the appropriate instrument (Code Case.,
Code Appendix, Code modification, etc.).
2.

Field Validation.
Apply the technologies to problems on operating reactors
to demonstrate validity for the intended applications of the technology.
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3.

Present technical information and demonstrations to NRC ReguSeminars.
latory staff to acquaint them with the technologies and the application
methodology.
FY88 results will be presented under the three headings described above.
DISCUSSION

ACOUSTIC EMISSION
Code Activities
A Nonmandatory Appendix to the ASME Section XI Code titled "Acoustic
Emission Monitoring of Nuclear Reactor Pressure Boundaries During Operation"
was approved by the Working Group on Volumetric Inspection and the Subgroup
on Nondestructive Examination in the November 1987-January 1988 time frame.
It was subsequently tabled by the Subcommittee onNuclear Inservice Inspection
A Code
with the recommendation that it should be resubmitted as a Code Case.
Case version of the material was approved by the Subcommittee in April 1988
and is on the Main Committee agenda for December 1988.
Field Validation
Most of the on-reactor demonstration of technology developed under the
NRC AE program has taken place at the TVA Watts Bar Unit 1 Nuclear Power Plant.
Selected areas of the reactor pressure boundary have been AE monitored during
cold hydrostatic [1] and hot functional [2] testing of the reactor system
A third set of tests has been
with significant benefit to the AE technology.
performed to evaluate the signal source location capability of the installed
AE system.
It is important to evaluate the signal source location capability of the
AE system on a reactor because of the large wall thickness used in pressure
AE signal source location algorithms available today
boundary components.
Many reactor pressure
for practical application locate in two dimensions.
vessels have a wall thickness of 8 to 12 inches or more. This is particularly
true of the vessel nozzle region. With a third dimension of this magnitude,
there is a need to evaluate the accuracy of the two-dimensional source location.
The Watts Bar Unit 1 vessel, being completely empty, offered an opportunity
to evaluate the source location function using simulated AE signals injected
on the inside of the vessel and nozzles.
Signal attenuation by the vessel cladding and the clad-to-base metal
interface in the 400 to 500 kHz frequency range being used to monitor for AE
precluded use of the normal pencil leak break signal source to inject signals
In real application of AE monitoring,
at the inside of the vessel and nozzles.
this problem would not be present because one would be seeking to detect signals
An electronic pulser with a transducer
originating in the ferritic vessel wall.
was used to inject acoustic signals at known points around the inside of the
#2 inlet nozzle and on the inside surface of the vessel.
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Figure 1 shows the location of the AE sensors on the #2 inlet nozzle and
Source
the location of the signal inputs on the inside surface of the nozzle.
location for signals injected on the nozzle ID was accurate to the projected
signal input location within about 3 to 5 inches in the circumferential direcIn the front-to-rear direction, the location was accurate
tion in all cases.
to within about 5 to 7 inches for signals originating within the region under
the'AE sensor array. Figures 2 and 3 illustrate representative results obtained
The front-to-rear accuracy
from input signals within the AE sensor array.
deteriorated progressively as the source point moved farther outside of the
There are methods of improving the front-to-rear location
AE sensor array.
accuracy for signals outside of the sensor array by using additional sensors;
however, since the signals are being detected and the radial location is reasonably accurate, it may be difficult to justify the additional hardware for
the increase in source localization accuracy.
In its present operating
No usable data was obtained on the vessel wall.
mode, the AE monitor instrument requires that all four sensors in an array
receive a signal before it will be processed for source location. Signal
attenuation in the cladding and at the clad-to-vessel interface was large
enough to prevent detection of the injected signals at all four AE sensors
mounted on the vessel wall.
Many of the signals were detected by two or three
of the sensors which would be sufficient to perform a less-than-optimum source
This suggests that the operating mode of the AE instrument needs
location.
to be changed to accept data from less than four sensors to give minimum source
location information in such cases.
The fact that these test signals were not detected byall four sensors
does not imply inability to detect AE signals originating from crack growth
in the vessel wall belt-line region. That capability has been demonstrated
separately in two previous tests [3,4].
In summary, the test results demonstrated that acceptable two-dimensional
location of acoustic signal sources can be achieved on a reactor structure
even in the relatively complex geometry of the nozzle-to-vessel joint.
Seminars
Material describing the status of AE technology development and potential
applications beneficial to regulatory needs was presented to NRC Region III
in a technical workshop held in February 1988. A similar presentation will
be made at NRC Region I, King of Prussia during a technical workshop scheduled
The workshop is being organized by Region I with
for October 10-14, 1988.
aftendance and participation by Regions II and IV plus NRR and RES staff
These workshops provide an opportunity to discuss current regulatory
members.
needs vs. NDE technology capabilities.
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at 2700 on 31" Input Line

SAFT-UT
Code Activities
The emphasis of this activity was to get the SAFT technology into ASME
The position of Section XI has been not to include prescripSection XI Code.
Section
tive procedures in the Code because this has been found not to work.
XI has taken the position that performance demonstrations will be used, and any
Hence, we
system passing the demonstration requirements can be used for ISI.
have discussed where else would it be appropriate for the technology to be
Section V was then approached and was receptive to
included in the Code.
including SAFT in a new appendix to Article 4 called "Computer Processed
Imaging." This happened at the end of the fiscal year and no other progress
can be reported.
Field Validation
Two activities occurred this year that stand out with regard to field
The first was participating in the inspection of an O.D. indicavalidation.
tion in the belt line region of the reactor pressure vessel at Indian Point
The second was the inspection of several defects in a cast elbow
Unit No. 2.
In addition, a report was
on the hot leg of the Trojan Nuclear Power Plant.
published detailing the operational principles and implementation of the SAFTThis report provides a full
UT real-time inspection system (NUREG/CR-5075).
description of the hardware and software used in the real-time SAFT-UT system,
A
how it operates, how to use it, and where to go to find more information.
final report was drafted for the SAFT-UT program and was approved by the NRC
program manager for publication once a new section is added based on the work
to be performed on thick sections early next fiscal year. This final report
pulls together all the relevant information on studies and documentation that
completes the work performed at PNL to develop and engineer a fieldable SAFTUT real-time system. This final report also contains the procedure that has
been developed to conduct inspections for defect detection, characterization
and sizing.
The inspection that was performed at Indian Point Unit No. 2 was conducted
through the use and cooperation of Westinghouse and their vessel scanner and
Dynacon and their data acquisition system. PNL provided the transducer to be
used in conducting the examination, and the other companies conducted the examination and provided PNL with the digitized data for subsequent processing at
Some problems were encountered with the equipment during the data acquiPNL.
The 1/2 was a scan
sition and the number of scans was reduced to 2 and 1/2.
with only 1/2 the aperture-in the increment direction. The data turned out
There were several
to be quite useful and provided some very good images.
limitations of the equipment that prevented us from doing all of the work
that we wanted; for example, the scanner could not increment reliably in one
wavelength intervals; and thus, we were limited to only doing 2-D or line-SAFT
processing.
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FIGURE 4.

SAFT Processed Image of the Indication Located in the Belt Line
Region Near the Outside of the Indian Point Unit 2 Nuclear Power
Plant

The results obtained by SAFT processing are shown in Figure 4. If the
indication was surface connected then the image in Figure 5 would be expected;
and hence, it is concluded that the indication was not surface connected.
This is extremely important and needed to be determined to aid in assessing
tie significance of the defect. The data supports the position that the indication was not parallel to the O.D. surface but was at a taper.
The inspection at Trojan was similar in that the data acquisition was
handled by Amdata using their 1-98 system. PNL provided a probe for the data
acquisition, and the data was subsequently processed and analyzed at PNL.
The
results were rather dramatic and provided some very good images of the indications.
The SAFT images had about a 10 dB increase in the signal-to-noise
ratio versus the images collected and displayed with the conventional inspection
using the 1-98. This was a statically cast component, and it had a relatively
fine grain structure that made it easy to image and to obtain good signal-tonoise ratios. The data was collected with a 500-kHz shear-wave probe at a
450 inspection angle.
The images of the defect areas shown in Figure 6 produced some very good
results that made it possible to cluster the indications.
The indications
were disbursed; and through analysis, it was pretty apparent that there were
a number of indications and we chose to combine'them in a logical manner.
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FIGURE 5.

SAFT Image of a Surface-Connected Notch that is 0.3 Inches Deep
that was Located in a Calibration Block and Used to Assess the
Capability of the Westinghouse Scanner and the Dynacon Data
Acquisition System with the PNL SAFT Technology

FIGURE 6.

SAFT Image of One Zone Scanned on the Cast Elbow at the Trojan
Nuclear Power Station showing the Clustering of the Indications
and the High Signal-to-Noise Ratio

These two field trials illustrate that other commercial equipment can be
used to collect SAFT-type data and can give very good results that help to
resolve inspection problems. The results were very good, but there has not
been any destructive correlation to ascertain the bottom-line effectiveness
These tests were very encouraging in the sense that
of the SAFT performance.
the SAFT technology is compatible with many pieces of commercial equipment.
Seminars
The participation in seminars includes all the activities already highlighted in the AE section and includes the SAFT field system demonstration at
the October 1988 seminar. In addition, Region I personnel had some hands-on
experience during June 1988 while they were at PNL to gain training on IGSCC
in some field samples at PNL.
SUMMARY
Significant progress has been made in obtaining ASME approval of a Code
Case for inservice AE monitoring to be incorporated into the Section XI Code.
Calibration of source location capability of the AE monitor system installed
at Watts Bar Unit 1 reactor showed that good two-dimensional location of an
acoustic signal source can be accomplished even on the complex nozzle-to-vessel
geometry. Progress has been made in transferring AE technology to NRC Regional
and NRR.staff.
Substantial progress has been made in finalizing the SAFT field system
documentation, initial field trials with other commercial UT equipment with
extremely good resulting images, and finding a receptive audience for acceptance
of the SAFT technology within the ASME Code.
FY89 PLANS
Program plans for FY89 include:
* Complete ASME approval of AE Code Case.
* Follow up on expression of interest from Taiwan Power Company and ToledoEdison Company in AE monitoring reactor components.
Participate in technical workshop scheduled to be held at NRC Region I.
*

Develop input for Appendix to ASME Section V Code to the SAFT technology.

*

Participate in field trial of SAFT technology evaluation on thick-section
steel at the EPRI NDE Center.
Work to develop a means whereby the SAFT technology can be used in the PISC
III program on the Full Scale Vessel.

*

Publish the final report.
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ABSTRACT

of a study to evaluate the
This report presents the results
The
water reactors.
adequacy of leak detection systems in light
sources of numerous reported leaks and methods of detection have
of
of the art
Research to advance the state
been documented.
acoustic leak detection is presented, and procedures for implementation are discussed.
Current Practice
According to the Code of Federal Regulations 1OCFR part 50, means must
be provided for detecting and, to the extent practical, identifying the
location and source of leakage.
The safety significance of a leak can
vary, and prompt and quantitative information is necessary to permit immediate action should a leak be detrimental to the safety of the facility.
U.S. Nuclear Regulatory Commission Guide 1.45 [1] recommends the use of at
least
three different methods to detect leakage in reactors.
Monitoring of
both sump-flow and airborne-particulate radioactivity is recommended.
A
third
method can involve either monitoring of condensate flow rate from air
coolers or monitoring of airbor[ie gaseous radioactivity.
Although the
current methods used for leak detection reflect
the state
of the art,
other
techniques may be developed and used.
Regulatory Guide 1.45 also recommends that leak rates from identifies
and unidentified sources be monitored
separately to an accuracy of 3785 cm /min (1 gal/min), and that indicators
and alarms for leak detection be provided in the main control room.
Since the recommendations of Regulatory Guide 1.45 are not mandatory,
the technical specifications for 74 operating plants including pressurizedwater reactors (PWRs) and boiling-water reactors (BWRs) have previously
been reviewed by the present author [2] to determine the types of leak
detection methods employed, the range of limiting conditions for operation,
and the surveillance requirements for the leak detection systems.
The
results
are presented again here for completeness.
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All plants use at least
one of the two systems specified by Regulatory
Guide 1.45.
All but eight use sump monitoring, and all
but three use particulate
monitoring.
Monitoring of condensate flow rate from containment
air
coolers and monitoring of atmospheric gaseous radioactivity are also
used in many plants.
The limit
on unidentified leakage ("identified" leakage ýs generally
that collected from monitored valves) for all
PWRs is 37q5 cm /min
(I gal/min), whereas the limit for most BWRs is 18930 cm 4min (5 gal/
min).
The limits on •otal leakage are generally 37850 cm /min (10 gal/min)
for PWRs and 94630 cm /min (25 gal/min) for BWRs.
(Regulatory Guide 1.45
does not specify leakage limits, but does suggest that the leakage detection system should be able to detect a 3785-cm /min leak in 1 h.)
In some
cases, limits on rates of increase in leakage are also sta~ed in the plant
technical specifications.
Two BWRs iave a limit
of 379 cm /min/h (0.1 gal/
min/h); four have a limit of 1893 cm /min/h (0.5 gal/min/h).
Leakage is checked every 12 h in most PWRs, and every 4 or 24 h in
most BWRs.
One BWR specifies that a continuous monitor with control room
alarm shall be operational.
For BWRs, calibration is generally performed
at 18-month intervals; functional tests
are performed every month.
The estimated sensitivity
of leakage monitoring systems is occasionally
addressed in the technical specifications.
For example, one specification
indicates that air
particulate monitoring can, in principle,
detect a 0.013-gal/min leak in 20 min, that the sensitivity
of gas radioactivity
monitoring is 2-10 gal/min, and that the sensitivity
of condensate
flow monitoring is 0.5-10 gal/min.
Continuous sump pump monitoring appears
capable of detecting a 1-gal/min leak in 10-60 min.
The impact of Reactor Coolant Pressure Boundary leakage detection
systems on safety was evaluated for eight reactors as part of the
Integrated Plant Safety Assessment-Systematic Evaluation Program (SEP) and
described in eight SEP reports (NUREG-0820 through -0827).
In four of the
eight reactors evaluated, a 1-gal/min leak could not be detected within
1 h; and four of the eight reactors did not have three leakage monitoring
systems, contrary to the suggestions in Regulatory Guide 1.45.
The fracture mechanics and leak rate calculations in the SEP reports are consistent
with other studies, which indicate that (a) current leak detection systems
will detect throughwall cracks 10-25 cm (4 to 10 in.) long in 12- to 28-in.
piping within one day, and (b) current leakage limits will necessitate
plant action after
such a detection event.
Since these cracks are much
smaller than those required to produce failure in tough reactor piping,
improved leak detection systems may offer little
safety benefit for this
particular class of flaws when crack growth occurs by a relatively
slow
mechanism.
However, the SEP reports state
that local leak detection
systems may be necessary for some postulated leak locations where separation and/or restraint
is not a practical way to mitigate the effects of a
high-energy pipe break.

One other safety-related aspect of improved leak detection systems
Improved systems with leak
concerns radiation exposure of plant personnel.
location capability could reduce the exposure of personnel inside the containment and could present an attractive,alternative to augmented in- *
Improved leak detection is consistent with the
service inspection (ISI).
defense-in-depth philosophy of the Nuclear Regulatory Commission (NRC) and
would lead to earlier detection of system degradation.
Unidentified leakage ultimately passes through the sump pump unless it
In addition, condensate from the containment air
is trapped in the system.
cooling systems passes through a flowmeter and then the sump, adding to the
unidentified leakage.
Identified leakage, primarily that which is
selectively collected from leaking valves, flows to a drain tank that is
also pumped out.
The total leakage is the combined unidentified and identified leakage. Estimates of leak rates are obtained from the cooling
system flow meter, the level indicators, and the frequency of operation of
the pumps.
There are no requirements for monitoring leakage outside the containment. These leaks are detected by a variety of methods such as temperature
and pressure rises, changes in background radiation, and visual examination
during routine maintenance.
Many methods can be used to detect a leak.
These include radiation
monitors, sump monitors, condensate flow monitors, coolant inventory, and
variations in temperature, pressure, and dew point.
Generally speaking,
reactor operators rely on sump pump monitoring to establish the presence of
leaks.
Other methods appear to be less reliable or less convenient.
In
most reactors, the surveillance periods are too long to detect a 3785cm /min (1-gal/min) leak in 1 h, as is suggested by Regulatory Guide 1.45,
but it appears that this sensitivity could be achieved if monitoring
procedures were modified.
Simply tightening the current leakage limits to
improve sensitivity is not adequate, however, since this might produce an
unacceptably high number of spurious shutdowns because of the inability of
current leak detection systems to identify leak sources.
None of the
systems currently in use provides any information on leak location, and
leaks must be located by visual examination after shutdown.
In order to help characterize more quantitatively the cause of leaks
in reactors and to obtain information regarding the adequacy of leak
detection technology, Licensee Event Report (LER) Compilations from June
1985 to March 1988 (e.g., LER Compilation for March 1986, NUREC/CR-2000,
ORNL/NSIC-200) were reviewed.
These compilations contain summaries of information submitted by the nuclear power plant licensees in accordance with
federal regulations.
Each summary includes the date of the incident; the
reactor, component, and system involved; and, if a leak occurred, usually
the leak rate and action taken.
Of over 4000 reported events, a total of
91 were identified as relevant to the problem of detecting leaks in the
primary systems of light water reactors (LWRs).
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Differences between PWRs and BWRs, with regard to leak detection, have
The primary source of leaks, accounting for 56% of reported
been analyzed.
leaks, is valves and pumps.[l]
The sump monitor accounts for 46% of the
Events have been divided into those in PWR
detection methods reported.
PWRs account for about 71% of the rereactors and those in BWR reactors.
higher than the percentage of PWRs in the
ported leaks.
This is slightly
U.S (about 70%).
Although pumps and valves are the main source of leaks
regardless of the reactor type (58% occurs PWRs and 49% in BWRs), a greater
percentage of small-line leaks occurs in BWRs than in PWRs (39% vs. 14%).
With regard to detection methods, the greatest differences -between reactor
types are as follows:
(a) The sump pump is reported as the detection
(b) The radiamethod more frequently in BWRs than in PWRs (66% vs. 37%).
tion monitor is reported as the detection device (excluding false alarms)
In fact, for the events studied, the radiation
more frequently in PWRs.
did, however, initiate
monitor never correctly detected a leak in a BWR (it
four BWR false alarms).
Another point of interest
is that inventory balance was reported as the method of detecting a leak in 16% of the PWR
cases.
For both BWRs and PWRs, about one false alarm occurs for every three
Anomalous signals from radiation monitors are the cause of
actual leaks.
these false alarms.
Tables 1.1-1.3 summarize the analysis presented above.
Numerous questions arise in connection with an assessment of the adequacy of leak detection.
One concern is whether the flow path for unidenAll indications are that
tified
leakage to the sump pump is unimpeded.
is not absorbed
from a leak will pass directly
to the sump pump if it
fluid
Levels in the containment are separated
by the environment or insulation.
Another concern
by gratings that permit the fluid
to pass to the sump(s).
In general, leaks are located by
is the time it takes to locate a leak.
visual examination, which is a slow process.
(For this reason, an
important benefit of improved leak location capability would be reduced
In addition, in the case of BWRs, the start
personnel radiation exposure.)
gas is
of the examination can be delayed by up to six hours while the inert
removed from the drywell.
Table 1.1.
Leak
Source

Valves
Pumps
Small
Lines
ICSCC
Misc.
TOTAL

PWR + BWR
(% of total)

PWR
(% of total)

Leak Sources for LWRs
BWR
(% of total)

PWR
(% of PWR)

BWR
(% of BWR)

20

35
6
10

10
3
10

48
10
14

37
12
39

3
21
100

2
20
73

2
2
27

2
26
100

6
6
100

46

10
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Table 1.2.

Detection
Method

Sump Pump
Radiation
Monitor.
Visual
Inspection
Inventory
Balance
Other
TOTAL

Table 1.3.

Leak Detection Methods for LWRs

PWR + BWR

PWR

BWR

PWR

BWR

(% of

(% of

(% of

(% of

(% of

PWR)

BWR)

total)

total)

total)

46
19

27
19

19
0

37
26

66
0

14

7

6

11

20

12

12

0

16

0

10
100

6
71

4
29

10
100

14
100

False Alarms Obtained with Leak Detection Systems in
(% of actual leaks)
PWR + BWR

PWR

BWR

31

23

8

LWRs

The issue of whether a significant delay in leak detection could
result
from the absorption of leakage by the environment or insulation has
also been addressed.
A simple calculation based on .the ideal gas law (PV =
with an ambient
nRT) has indicated that even in the worst case, i.e.,
temperature of 120°F (323 K) and the cooling condenser off, a delay of only
from the absorption of moisture by the environa few hours would. result
(14,000 m3) and a vapor
Assuming a containment volume of 500,000 ft
ment.
pressure of 12 kPa, the maximum amount of water that can be absorbed by the
air
is about 300 gal.
At a leak rate of 1 gal/min, saturation would be
reached in about 5 h.
With the condenser on, moisture from a leak would be
collected at the sump in a much shorter time.
The question of whether a
significant
amount of moisture could be held in the insulation is more
difficult
to answer and has not been addressed.
if conscientious surveillance
Although sump monitoring can be reliable
of radiation monitors is questionable, priis maintained, the reliability
(a)
The high background radiation level in some
marily for two reasons:
point to be set so high that the monitor is
reactors forces the alarm trip
in radiation level due to a leak; in one
potentially
insensitive to a rise
case, the radiation alarm was not activated by the presence of a 25-gal/min
(b)
Spurious electrical
signals cause false alarms to occur. 'at a
leak.
relatively
high rate.

-
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Also addressed was the issue~of whether action is taken before leaks
exceed the flow rates recommended in the plant technical specifications.
The answer to this question is "not necessarily," according to the LERs
Reported flow rates ranged from 0.3 gal/min to ">32 1
that were reviewed.
gal/min total"; sometimes, reports simply described leakage as "excessive. "
Problems Associated with Current Leak Detection Technology
Although current leak detection systems are adequate to ensure a leakbefore-break scenario in the great majority of situations, one must also
consider the possibility that large cracks may initially produce only low
This situation could arise because of corrosion plugging or
leak rates.
fouling of relatively slowly growing cracks or the relatively uniform
In such cases, the time regrowth of a long crack before penetration.
uired for a small leak to become a significant leak or rupture could be
short, depending on crack geometry, pipe loading, and transient loading
(due to a seismic or water hammer event).
The shortcomings in existing leak detection systems are not simply a
The Duane-Arnold safe-end cracking incident [2]
matter of conjecture.
indicates that the sensitivity and reliability of current leak detection
In the Duane-Arnold case,
systems are clearly inadequate in some cases.
the plant was sh~t down on the basis of the operator's judgment when a leak
rate of 11360 cm /min (3 gal/min) was detected; however, this leakage rate
Examination of
is below the required shutdown limit for almost all BWRs.
the leaking safe-end showed that cracking had occurred essentially comThe crack was throughwall over about 20%
pletely around the circumference.
of the circumference and 50-75% throughwall in the nonleaking area.
The concern about potential problems.with current leak detection techThe experience with PWRs in France
nology extends beyond the U.S. borders.
has been discussed in a paper [3] presented.at an international conference
French regulations related
on surveillance of reactor coolant boundaries.
In
to primary coolant systems are based on NRC Regulatory Guide 1.45.
practice, however, leak detection is largely based on the chemical and
control volume tank level and (to a lesser extent) the sump level and flow
Locating leakage is generally difficult and is done by local
monitor.
The main components involved in leaks
inspection after a leak is detected.
of primary coolant systems in France have been valves and,'to a lesser
During transient operation, the leak
extent, primary pump casing seals.
as
a result, the French Safety Authority
reduced;
detection capability is
has required that primary coolant leakage detection and quantification
Otherwise, few problems have arisen in France from
methods be improved.
the primary coolant leakage detection system in the past few years.
Future Needs and Current Developments
It has become apparent that no single currently available leakdetection method for LWRs combines optimal leakage detection sensitivity,
leak-locating ability, and the desired level of accuracy in leakage
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measurement.
For example, although quantitative leakage determination is
possible with condensate flow monitors, sump monitors, and primary coolant
inventory balance, these methods do not provide adequate location information and are not necessarily sensitive enough to meet regulatory-guide
goals.
Leak detection capability can be improved at specified sites by use
of acoustic monitoring or MST.[l]
However, current AEM techniques provide
no source discrimination (e.g., to distinguish between leaks from pipe
cracks and valves) and no leak rate information (a small leak may saturate
MST provides neither quantitative leak rate information nor
the system).
specific location information other than the location of the tape; moreover, its usefulness with "soft" insulation needs to be demonstrated.
Since the issuance of NRC IE Bulletins 83-02 ad 82-03 and the training
of ultrasonic inspection personnel, the probability of detecting IGSCC
under field conditions has increased.
However, many cracks are missed
during ultrasonic ISI and are detected only because of leakage, thereby
raising doubts concerning the capability of ultrasonic ISI to detect
cracks.
The present ultrasonic testing procedures for ferritic
weldments
(ASME Code Sections V and XI) do not appear to be adequate for the
detection and evaluation of IGSCC in austenitic stainless steel (SS)
piping.
The detection of IGSCC before the cracks have grown large enough
to cause a leak, and the detection, location, and sizing of leaks once they
occur, are very difficult technical goals to achieve.
Leak detection
techniques need further improvement in the following areas:
(a) identifying leak sources through location information and leak characterization,
so as to eliminate false alarms; (b) quantifying and monitoring leak rates;
and (c) minimizing the number of installed transducers in a "complete'!
system through increased sensitivity.
Further motivation for work on leak detection systems comes from the
report of the U.S. NRC Piping Review Committee [4], where the validation of
leak detection systems and efforts to determine the reliability of methods
to predict leak rates are recommended.
This report points out that
"Improved leak detection systems would permit more-stringent requirements
on unidentified leakage without increasing the occurrence of spurious
shutdowns

due to relatively

benign leakage

...

"

The work described in

our

recent report [5] is directed toward achieving those stated goals.
This
report.describes the development of a field-implementable acoustic leak
detection system for the detection, location, and characterization of leaks
in the primary piping of LWRs and guidance for the installation and operation of the system in a nuclear reactor.
Acoustic Leak Detection System
The first
step in the implementation of an acoustic leak detection and
location system is to identify acoustic receiver sites and determine the
spacing between waveguides required to meet the sensitivity needs of the
system.
The spacing scheme will differ depending on whether a PWR or BWR
is being monitored and will depend on the level of sensitivity required.
Estimates of S/N ratios for IGSCC leaks as a function of distance and
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acoustic background levels are presented in Ref. 5, Fig. 3.28, Section
III.C.3.
The level of background noise needs to be established for the
various regions to be monitored in order to optimize the number of sensors
used.
The figure can be used to estimate the optimum sensor spacing once
the desired sensitivity and background noise levels are established.
While
the figure is for 10-in. pipe, the data will be assumed to be valid for all
piping systems unless alternate data are available.
Attenuation measureents will have to be obtained for other piping systems in the field to
obtain more precise sensor spacing information.
The results presented in Fig. 3.28, Ref. 5 are for BWR conditions.
Because of the higher pressure in a PWR, the acoustic signals for a given
leak rate are higher.
Adding 6 dB of S/N to the results of the figure
should provide a conservative estimate of acoustic signal vs. leak rate for
a PWR.
As an example, assume 100 m of monitored piping in a BWR (the
approximate length of the primary pressure boundary), is divided into low,
moderate, and high levels of acoustic background noise covering 40, 40, and
20 m of piping, respectively.
Also assume that the desired detection
sensitivity is 1 gal/min.
For a 3-dB S/N ratio, the required sensor
spacings (for a signal in the 300- to 400-kHz range) are approximately 10,
2, and,1 m. Four sensor locations are required to cover the low-acousticbackground area (40 m of piping), 20 sensors for the moderate-noise area
(40 m of piping), and 20 sensors for the high-noise region (20 m of
piping).
For location analysis, three sensors are required at each site to
carry out the correlation averaging routine.
Therefore, 132 sensors are
needed to adequately cover the reactor primary pressure boundary under the
conditions proposed.
For a PWR, assume that 150 m of piping has a 60-m/60m/30-m set of piping lengths at low-, moderate-, and high-background
levels.
With an increase of 6 dB in signal intensity for a PWR compared to
a BWR, one has sensor spacings of 12, 4, and 2 m for a 3-dB S/N ratio.
Approximately 150 sensors will be required [3 x (5 + 15 + 30)] to completely monitor the plant under this scenario.
Obviously, the number of
sensors can be significantly reduced if only isolated sections of the plant
are monitored.
Sensors with a resonance frequency of 375 kHz but with good. sensiivity down to 100 kHz were used by ANL.
Other sensors may be selected.
However, to take full advantage of the information in the acoustic signal,
tests using these sensors on an ALD facility will be required to establish
their response characteristics and develop curves of leak rate vs. acoustic
signal intensity. The considerations in the selection of transducers are
the center frequency, bandwidth, ruggedness, response to temperature and
humidity, ability of cables and preamplifiers to withstand the reactor
environment, and obtaining approval to place materials used to fabricate
the equipment inside the reactor.
A plan to bring out the electrical
signals to the control room for analysis by a computer needs to be estabished.
Feed-through cables can be minimized by use of a multiplexer inside
the reactor.
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The next step is the selection of waveguides and coupling schemes.
Waveguides as described in this report will be'satisfactory; however,
Considerations for waveguides are the
others may be more appropriate.
Stainless steel is prelength, diameter, material, and surface finish.
The long, thin waveguides minimize heat transfer from the pipe but
ferred.
Thus a
reduce the acoustic energy transferred to the receiving.transducer.
Waveguides ranging in diameter from 3 to 13 mm
compromise must be made.
Two coupling schemes seem
and up to 250 mm in length seem most effective.
adequate.
In the first,
the waveguides are screwed into a plate to mechanIn the second, a spring
ically press the waveguide to the pipe outer wall.
Generally
loading device is used to press the waveguide to the pipe.
speaking, a rounded tip on the end of the waveguide in contact with the
pipe is most effective.
For averaging of correlograms, three wave-guides
with transducers will be required at each site, separated by a minimum of
10 cm around the circumference.
This allows nine correlograms to be
generated and averaged for each pair of detector locations.
The selection of electronic filters
and amplifiers is important.
High-gain, low-noise preamplifiers and amplifiers are desirable.
Amplifiers built into the casing of the transducer housing are available though
they have not been extensively evaluated in this program.
Preamplifiers
feeding a signal to a multiplexer followed by a quality linear amplifier in
the control room seem most efficient.
Selection of filters is also important.
Filters should have variable adjustments so that the frequency of
the window of operation can-be manipulated as needed.
Signals are filtered
after amplification and then are transmitted to the analyzing computer.
Receivers should be calibrated by using a pencil-lead breaking scheme
or electronically simulated ultrasonic waves.[5]
Variations in sensitivity
of the numerous transducer-waveguide systems can then be stored in the
computer, and thus rms signal intensities can be normalized.
Computer hardware and interfaces similar to that described in Ref. 5
can be used.
Modifications that include state-of-the-art computer hardware
and software will be desirable along with upgrading the system to handle
data from more than two waveguide-transducer systems.
The system should
include off-site monitoring of the rms signal from all sensors and proper
interfacing between computer and acoustic signals.. Computer programs must
incorporate the correction for frequency-dependent attenuation if significant differences in attenuations between 100 and 400 kHz exist.
This will
assure that the analysis required to identify the leak source will be
carried out correctly.
The equations to be used are presented later in
this section.
In addition to calibration of sensors, a permanent self'checking
system may be installed.
This could consist of a pulser generating an
acoustic wave that can be detected by the various probes to check for system deterioration.
If acoustic background noise levels are relatively
constant, they may also be used to determine whether a probe is failing.
Background noise data from each transducer should be stored for future
reference.
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The ALD system should be validated on a laboratory facility with
leaking cracks such as the one ANL used for this investigation.
The signal
vs. leak rate and the frequency spectrum vs. leak type should be evaluated
on the laboratory test loop.
Calibration procedures could also be verified
on the laboratory apparatus.
Tests with field equipment must be carried
out to account for differences in receivers.
Attenuation vs. frequency can be determined via pencil-lead breaking
techniques or by use of a broadband or variable narrowband electronic
source to simulate acoustic waves from 100-400 kHz.
In order to determine
the attenuation, the source should be placed I and 5 m from the sensor, and
acoustic signals should be compared.
The equations used for the analysis of frequency-dependent sound waves
are presented below.
This information is important because it is a factor
in making a decision regarding the source of the leak.
Let
s300 = Magnitude of signal for minimum leak rate in
band (dB)

300-

to 400-kHz

nlOO = Magnitude of acoustic background signal in
band (dB)

100-

to 200-kHz

n300 = Magnitude of acoustic background signal in
band (dB) ,

300-

to 400-kHz

S/N300min = s300/n300

alOO = acoustic attenuation in

100-

a300 = acoustic attenuation in

300- to 400-kHz band (dB/m)

SiglOO* = acoustic

to 200-kHz band (dB/m)

signal + nlOO (dB)

Sig300* = acoustic signal + n300

,

(dB)

SiglOO = acoustic signal minus acoustic background noise in
200-kHz band (dB)

100-

to

Sig300 = acoustic signal minus acoustic background noise in
400-kHz band (dB)

300-

to

SiglOO =

[(SiglOO*)

2

Sig300 =

[(Sig300*)

2

D bwr

=

transducer

-

(nlO0)

2

-

(n300)

2

I1/
1/

2

(dB)

2

(dB)

separation for 3 dB of S/N300min

Then
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(m)

D bwr = [(Sig 3 0 0 *l

m from leak)

-

3 dB]/a300 (m)

Let

D pwr = transducer separation for 3 dB of S/N300min (m)
D pwr = [(Sig 3 0 0 *l

m from leak) + 3 dB]/a300

For leak source discrimination,

(m)

let

R - leak source discrimination parameter.
If SiglOO/Sig300 > R, then the leak is not an IGSCC.
If < R, the leak
could be from an IGSCC.
If SiglOO/Sig300 > R, locate the leak through
cross-correlation analysis [5] and see if the corrected ratio it is still
>
R after frequency-dependent attenuation is accounted for.
If SiglOO/Sig300
< R, no correction is required.
Note that R is determined from leak tests
with 1-m probe-to-source distance as described in Section III.C.3.
The correction to SiglOO/Sig300 is

carried out by letting

R - (SiglOO)/(Sig300)
for IGSCC at I m distance (e.g., at ANL, R = 2).
If SiglOO/Sig300 < R, an
IGSCC is indicated and frequency dependent attenuation calculations are not
required.
If SiglOO/Sig300 > R, the calculation is required because, in
general, the attenuation of higher frequencies is greater than that of
lower frequencies.
Thus, correcting SiglOO/Sig3 0 0 for frequency-dependent
attenuation will only decrease the ratio.
Correct for frequency-dependent

Rcor

=

SiglOO(at

D)

10

attenuation by calculating

X

Sig300(at D) 10 (a300x(D-1)/20)

where D is the leak-to-acoustic-sensor distance.
not an IGSCC.

If

Rcor > R,

the leak is

Once the source of the leak is established the leak rate is estimated
from the graph (or equivalent) in Section III.C.3, Fig. 3.29.[5]
With the
system installed as described in that report, and with the analysis carried
out as indicated, an ALD system will be in place that can make low-level
decisions and detect, locate, and characterize leaks in LWRs.
This system
can be set up to monitor the reactor continuously by means of a computer,
alerting reactor personnel to problems, and automatically analyzing
acoustic signals.
The results of the ANL work on such a system is
described completely in Ref. 5.
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ABSTRACT
Reflection probes have demonstrated an improved capability to
detect and size defects in degraded steam generators.
We have been
optimizing
the reflection
probes
and the
instrument
operating
parameters
for steam generator
inspections.
We have developed
programs that accurately calculate the changes in the eddy-current
signals produced by the many possible property variations such as tube
sheets, tube supports, copper deposits, magnetite deposits, denting,
and defects.
Other programs compute the accuracy and sensitivity
of
eddy-current measurements of defects in the presence of these property
variations.
These programs have been run to optimize reflection,
pancake and circumferential coils.
A comparison between the optimum
of each type showed that the reflection coils are best, the pancake
coils next and the circumferential coils are worst.
We have designed
both single reflection coil probes and an array of 16 reflection
coils.
We have also studied the accuracy of the defect theory for
reflection,
pancake and circumferential coils and experimentally
verified the theory.
The newest inversion technique shows good
potential for a direct and accurate determination of defect size and
depth.
INTRODUCTION
Among the many types of serious tubing degradation are long-known ones,
such as wastage, pitting,
and fretting,
and recently discovered ones, such as
intergranular attack (IGA), intergranular stress-corrosion cracking (IGSCC), and
fatigue.
However harmless artifacts,
such as tube supports, tube sheets, small
dents, and buildup of copper or magnetite, also affect eddy current signals and
must be distinguished from the dangerous ones.
This can be accomplished by
taking eddy current readings at several different frequencies and using the
additional information to eliminate the unwanted variables, provided the various
artifacts
affect the readings differently at the different test
frequencies.
To optimize the sensitivity
to the properties of interest,
we must find which
combination of test
frequencies is best able to determine any particular property
and also which probe design is most sensitive to defects in the region of
interest.
These optimizations are performed by computer modelling,
using
programs developed at Oak Ridge National Laboratory (ORNL).
When the appropriate
hardware has been constructed, then the actual test
equipment is calibrated, or
"trained,"
by using it
to measure an array of standards
containing all
combinations of expected property variations.
Then the algorithms can be
determined that will measure the desired properties and ignore the others.
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the optimized hardware and computer algorithms
Finally,
measurements on actual steam generator (SG) tubes.

are

used

to

make

DEVELOPMENT OF BETTER PROBES

Figure 1 shows the three types of probes that have been investigated for

D i fferent
Coil

ia

I

Pancat<e

Ref

Coi I

Coil

I ect

i on

Figure I Coil types that have been analyzed
inspecting SG tubes. The differential coils are ideally coaxial with the tube.
They must be made smaller than the tube inner diameter (ID) -in order to pass
factor limits their sensitivity
dents or corrosion buildup. This decrease of fill
and also allows probe wobble, which makes variable sensitivity around the
Differential coils can detect changes in tube properties which
circumference.
occur in distances comparable to the coil separation, but are insensitive to
The slow changes can be detected by
slowly varying changes along the tube.
However,
monitoring the output of one of the coils, as an "absolute" coil.
either type of circumferential coil arrangement averages the tube properties
around the circumference of the tube and is therefore relatively insensitive to
the effect of a small defect at some point around the circumference.
Small pancake probes can be pressed against the inner wall of the tube,
being able to pass small dents and
problems while still
minimizing liftoff
Since they interrogate a smaller volume of tube, they are
corrosion buildup.
much more sensitive to small localized tube variations and are also much less
The penalties
sensitive to artifacts outside the tube, such as tube supports.
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are that either the inspection speed is decreased or the probe must have an array
In addition
of pancake coils to cover the circumference of the tube in one pass.
there is more data to store and analyze.
A small reflection coil can also be pressed against the inner wall of the
tube, like a pancake coil, but it has several additional advantages as well. For
over a finite range; this is
one thing, it can be made insensitive to liftoff
useful if the probe has to slide over small dents or a buildup of corrosion
products.
For another thing, it canbe "nulled," i.e., constructed to give zero
reading, when the coil is in air, so that it measures only changes from nominal
conditions, which can then be amplified more than the non-nulled signal from a
Both theoretically and experimentally, reflection coils are an
single coil.
order of magnitude more sensitive to small defects than circumferential coils
They are also less
and have a better signal-to-noise ratio than pancake coils.
sensitive to artifacts outside the tube.
The defect sensitivity factor at a given location in a conductor is a
measure of the eddy current flaw signal produced by an infinitesimal flaw located
there. It is generally a maximum near the coil and falls off exponentially with
distance into the conductor.
Figure 2 shows a plot of the defect sensitivity
factor for a pancake coil against a flat plate (this is approximated by a very
small pancake coil against the inner wall of a much larger tube). Note that the
defect sensitivity is spread over a wide area, making it less sensitive to a
Figure 3 shows the corresponding graph for a reflection
localized small flaw.
Note that the sensitive region is more sharply focussed under the coil,
coil.
so that a defect located there will produce a larger signal change.
COIL

AXIS
COIL
AXIS

Figure 2 Defect sensitivity factor for

Figure 3 Defect sensitivity factor for

a pancake coil above a plate

a reflection probe above a plate
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Figure 4 shows a comparison of the accuracy of depth measurements made with
pancake and refection coils for a set of property variations including defects,
tube supports, copper coating, magnetite and wall thinning.
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Figure 4 Comparison of defect depth measurement error
pancake probe with the same property variations

for reflection probe and

DEVELOPMENT OF REFLECTION COIL ARRAYS
Since reflection coils are superior to the pancake or circumferential
coils, we have investigated several types of multi-coil arrays to make it
The size
possible to scan the entire circumference of a tube simultaneously.
and
of reflection coil that has the best compromise between defect sensitivity
is one with a mean driver coil radius of 1 mm (0.04 in.).
coverage ability
needed to cover the inner
However an array of sixteen of these coils is
overlap to ensure
one pass with sufficient
circumference of a SG tube in
Actually, only eight such coils can
detection of every flaw of detectable size.
be mounted in a single ring inside the tube, and the other eight must be mounted
A sixteen-coil array was
in another ring indexed 22.5 degrees around the axis.
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made using pancake
use.
More rugged
sixteen coils, and
able to procure a
FLAW INVERSION,

coils in Zetec mounts, but it proved too fragile for practical
arrays of reflection coils have been made, using fewer than
they have survived torture testing. But we have not yet been
sixteen-coil array of the more rugged design.
OR DETERMINING FLAW PROPERTIES FROM EDDY CURRENT SIGNALS

There are many ways to calculate the flaw.properties from the eddy current
signals. The most straightforward and elegant method is to make a Fourier-Bessel
transform of the eddy current readings, which involve the flaw size and depth.
By scanning across a flaw, multiplying the readings by the appropriate Bessel
function and integrating the result, one can obtain a complex number from which
the flaw size and depth can be extracted.
Unfortunately, the method loses
accuracy if the flaw has finite size (since the defect sensitivity factor varies
appreciably over the flaw volume) or if the experimental data are noisy.
Much
effort has gone into various schemes for averaging the eddy currents over the
flaw volume, with limited success.
Figure 5 shows a plot of defect depth
calculated by this inversion method from actual experimental measurements versus
the actual flaw depth. Note that the agreement is better for small flaws (i.e.,
little
depth) than for large flaws.
Figure 6 shows the results of various
methods of averaging the eddy current signal over a large flaw to try to
reproduce the actual experimental signal, marked "EXP," as the probe is moved
past the flaw.
The curves marked S.PT, DEP, and VOL respectively represent the
results of using the eddy current at a Single PoinT at the center of the flaw,
averaging the eddy current signals over the DEPth of the flaw, and averaging over
the VOLume of the flaw.
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6.6
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Figure 6
Normalized
Impedance
Change Due to a 60% Farside Flat
Bottom Hole

and more satisfactory
Another method, which is less elegant, but faster
of theoretical
containing the results
to build a lookup file
at present, is
Then, when
calculations at different depths throughout the wall of the tube.
can be
the tube is scanned by a reflection or pancake probe, the lookup file
searched for a match with the signals measured by the probe, and the depth and
Another advantage of this
volume of any defects can be found very quickly.
that we can choose to consider only the interval where the defect
method is
Since this is the region with the highest signal-to-noise
signal is strongest.
is minimized.
the effect of noise on the results
ratio,
of
but all
Other flaw inversion techniques have been described and tried,
them so far are very sensitive to noise in the data, and some require inordinate
amounts of computer time as well.
DEVELOPMENT OF TESTS FOR FATIGUE OF SG TUBES
has recently become apparent that metal fatigue can contribute to
It
failure of SG tubes in aging reactors, and it has been shown that fatigue can
Therefore we have
and magnetic properties of materials.
change the electrical
to measure these properties on samples of Inconel tubing subjected
designed tests
To measure the changes of conductivity and permeability
to repeated flexing.
most accurately, we have used through transmission measurements, as shown in
Figure 7, with the transmitting and receiving coils on opposite sides of the tube
wall.

Inconel tubes 0.46 m (18 in) long, clamped at one end, were flexed 0.63
cm (0.25 in) back and forth at the other end by a motor-driven eccentric cam as
Two different tubes broke completely in two after each
indicated in Figure 8.
Tube samples will be tested at different
was flexed about 5.6 milliora cycles.
the conductivity and
a measurable change in
intervals to determine if
permeability occurs in Incoiniel.
MOT I ON
INCONEL

TUBE

INCONEL
TUBE
TflANSM ITTER
CO IL

CLAMP

Figure 7 Measurement of conductivity
through
using a
permeability
and
transmission eddy current test

Figure 8 Diagram
Fatigue Test
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of

Inconel

Tube

This kind of failure can lead to catastrophic SC failure,
the North Anna reactor site.

such as occurred at

SUMMARY AND CONCLUSIONS
The importance of reliable steam generator inspection has increased as
the generators have aged. At the same time, the number and complexity of the
known problems involved in steam generator inspections have also increased. The
problems have become so complicated that conventional equipment is no longer
capable of distinguishing many newly discovered types of defects from other
Therefore it is important to have
artifacts that may be completely harmless.
equipment that can determine the critical properties reliably. Small reflection
coils pressed against the inner wall of the tube have significant advantages over
conventional bobbin coils or even small pancake coils in their ability to
distinguish various tube properties and be relatively insensitive to harmless
Although the reflection coils are more expensive
artifacts outside the tube.
and difficult to construct, they are the most accurate and sensitive eddy current
Finally, metal fatigue has now taken its place
probes available at this time.
as one of the critical tube properties that should be monitored.
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TO QUANTIFY MATERIAL PROPERTY DEGRADATION DVY)TO AGING
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Program Manager
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Pacific Northwest Laboratory
Operated by Battelle Memorial Institute
ABSTRACT
The materials used in nuclear reactors are inspected periodically
during the service life of the power plant to detect degradation
that might occur.
These inspections follow the rules specified in
These inspecSection XI of the ASME Boiler and Pressure Vessel Code.
tions are designed to detect service-induced failure mechanisms.
This program is designed not to look at the detection of defects
but the making of nondestructive measurements to quantify the material
properties that a defect may reside in or the incipient condition(s)
that may initiate a defect.
This program is intended to provide an assessment of the technologies that are available to quantify with nondestructive measurements material properties or material property changes related to
degradation due to aging of structural components in light water
reactors.
In addition, a program plan will be developed that
describes the work necessary to create adequate engineering data
bases for demonstrating and validating prototypic systems for making
these measurements.
The main thrust this year has been an extensive review
The second major
ture and an assessment of the technology.
was the planning of a workshop to bring together 30 leading
in materials and NDE to discuss the state-of-the-art and to
where future work should go.

(a)

of literaactivity
experts
address

Work supported by the U.S. Nuclear Regulatory Commission under Contract
DE-ACO6-76RLO 1830; Dr. J. Muscara, NRC Program Monitor, FIN B2921
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NDE METHODS FOR MEASUREMENT OF MATERIALS PROPERTIES AND PROPERTY CHANGES
Introduction
The objective of this project has been to review the literature, current
expertise, and related activities; and to prepare a plan for development of
engineering data bases and validation of prototypic systems for nondestructively
measuring material properties and property changes due to aging in structural
components of light water reactors.
In order to achieve this task, the scope
of work for the program has been divided into the literature review, preparing
a white paper on the nondestructive measurements (NDM) and materials evaluation of aging-induced microstructural changes, holding a workshop on the topic,
and preparing a program plan for the next phases of the program.
This report
will review the status of the program and discuss the upcoming workshop to be
held on October 27-29.
State-of-the-Art NDM
The inservice inspection (ISI) role requires NDE measurements to detect
and size flaws in order to provide input for fracture mechanics analysis.
The present minimum flaw size is set by the fracture analysis performed on
the initial reactor design.
The fracture mechanics analysis requires assumptions about the material properties such as yield strength, fracture toughness,
and fatigue parameters.
The goal of improving the fracture mechanics information requires use of either destructive or nondestructive methods to assess
the materials properties 'nd materials properties changes.
The destructive
techniques of material properties measurements such as tensile testing, fatigue
testing, and fracture toughness testing are not always. practical or cost effective. Destructive methods also require making test coupons from either sections
of the actual component or aging the coupons in a manner similar to the component loading conditions and service environment.
Nondestructive testing
methods have the potential for obtaining in-situ the needed material property
data for input to the fracture mechanics.analysis.
The NRC has identified that
additional information on fracture toughness and fatigue (remaining fatigue
life) are two important areas for future development in support of power plant
life extension.
As part of this program, a library search and literature review has been
performed.
The library data base system was used to locate references to
nondestructive evaluation techniques to measure the materials properties of
fatigue life and fracture toughness, when subjected to radiation embrittlement, fatigue and thermal embrittlement.
From this data base, the abstracts
were reviewed and pertinent papers were obtained for detailed review.
One of the papers reviewed was by R. Bruce Thompson and Donald 0. Thompson,
"Ultrasonics in Nondestructive Evaluation," Proc of the IEEE, Vol. 73, No. 12,
December 1985, on the use of ultrasonic waves in NDE.
One of the sections
included a review of Material Property Measurements.
They pointed out that
the microstructure of materials such as grain, porosity, inclusions, microcracks, second phase content and morphology, and texture are important to
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material performance and failure modes in a structure.
They also pointed out
that each of these microstructural properties affect the ultrasonic velocity
and the attenuation. Their concluding statement was "... material property measurements are only possible in samples in which only a few of the metallurgical
parameters-are unknown."
However, in the section on material property measurements, they provided a review of two NDE measurements that have made progress
in quantitative property measurements.
The first was a review of ultrasonic
stress measurements using velocity and birefringence methods.
One comment on
the stress measurements was that "considerable work remains before high resolution images of spatially varying stress patterns can be obtained." The
second material property technique discussed was grain size determination.
Grain size measurements have been demonstrated using scattering of ultrasound
and frequency-dependent attenuation measurements.
A paper by E. P. Papadakis, "Physical Acoustics and Microstructure of Iron
Alloys," International Metals Reviews, Vol. 29, No. 1, 1984, is a review of
ultrasonic grain scattering in iron alloys.
The effect of microstructure on
the frequency-dependent scattering is discussed.
The three regions for ultrasonic scattering are reviewed: Rayleigh Region (aF4 when X >> DU, Stochastic
Region (DF 2 when X - D), and Diffusion Region (aF2 /D when X << D).
Scattering
theory and experimental verification show that acoustic scattering is a function
of frequency.
He provides an excellent review of research in grain scattering
with the salient points as follows:
Theory agrees with experiments for:
1.
2.
3.
4.
5.

Homogenous bulk speciniens
No preferred orientation
Equiaxed grains
No twins, intergranular transformation products or precipitates
,Nodular graphite in ductile iron

Theory does not agree with experiments for:
1.
2.
3.
4.
5.

inhomogeneous specimens
wires and thin sheets
preferred orientation
elongated grains
complex intergranular structure

The paper then provides a detailed review of specific frequency versus attenuation experimental data on the different scattering regimes and iron alloy
specimens.
The literature review has looked at many NDE techniques which may have
potential as a method for material property and property change measurements.
The methods reviewed include acoustic elasticity, internal friction, acoustic
emission, electrical resistivity, small angle neutron scattering, thermal, magnetic hysteresis, Barkhausen noise, eddy current, holographic interferometry,
and micro hardness methods.
This is not an all-inclusive review; however, an
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attempt has been made to identify the initial techniques which have potential.
Table 1 shows a summary list of potential techniques for NDM.
TABLE 1. Potential NDE Methods for NDM
Fracture
Toughness

Hardness
Radiation)

Magnetic Hysteresis

X

Eddy Current

X

Internal Friction

X

X

Fatigue

Yield
Strength

X

X
x

X

X

X

Holographic Interferometry

X

Acoustics

X

X

X

X

Acoustic Emission

X

X

X

X

This table identifies only that the NDE technique has potential as a method
for material property measurements.
This information has been used to provide an understanding of the present
"state-of-the-art" of NDE for material property measurements.
This information
on the future
sessions
and
discussion
will be used to help guide the workshop
direction for the program.
MATERIAL AGING MECHANISMS
A literature review was conducted to assemble relevant reports and docuThe
ments related to the aging that occurs in light water reactor materials.
best reference uncovered was a report by the Idaho Nuclear Engineering LaboraThis report dealt in
tory for the NRC Aging Program (NUREG/CR-4731, Vol. 1).
great detail with the materials and environmental aging factors that are present
A summary of the ranking and three major degradation
in light water reactors.
The components that are highlighted with two
drivers are shown in Table 2.
asterisks are the ones of more structural significance because of the implicaIt is very evident that the reactor pressure
tion to operational functionality.
The second ranked
vessel is by far the most important reactor component.
component is the cast stainless steel piping.
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TABLE 2.
"

1)

Radiation Embrittlement
**

*

Primary LWR Degradation Mechanisms
(Condensed from NUREG/CR-4731, Vol.

Reactor Pressure Vessel
RPV Supports
Neutron Shield Tank
Internal Reactor Components

Thermal Embrittlement
**

Cast Stainless Steel Piping
Pump Bodies and Elbows
Ferritic Stainless Steels

Fatigue (Mechanical,
**

Thermal,

and Corrosion)

Reactor Pressure Vessel
Piping and Nozzles
Pumps
Steam Generator
WORKSHOP

The scheduled workshop is designed to bring together a cross-section of
NDE and material experts to discuss the work and knowledge with regard to the
changes in material microstructure and material property changes that result
The NDE experts are to be
from the light water reactor aging environment.
present to provide them with a basic understanding of the problem, to place
into perspective the work that has been conducted, and to see where the future
It was also hoped that material specimens which have
work should be performed.
This is extremely important because one
already been aged can be identified.
of the major costs with this kind of program will be the development of a
series of well-characterized specimens with known material properties and aging
history.
The workshop is by invitation only and is to be held from October 27
through noon on October 29, 1988 at the National Institute of Standards and
The plan is to have one day on materials, one day
Technology (formerly NBS).
on NDM, and the third day on integration and getting out things that attendees
had not had a chance to say before.
FUTURE WORK
The workshop will be held and then the major work to be performed next
fiscal year will be to write the report containing an assessment of the NDM
technology and a program plan to conduct the needed work to develop and validate
techniques to nondestructively measure material properties.
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Progress in Research and Standards. Activities in the
Materials Engineering Branch for 1988
C. Z. Serpan, Jr.
16th Water Reactor Safety Research Information Meeting
Rules,

Guides and Codes

The achievements this year in publication of rules, guides and code documents have been so significant that they deserve prominent mention at the
beginning of this report.
First, successful culmination of over a decade's work was reached this
summer in publication on June 27 of the "General Requirements for Decommissioning Nuclear Facilities" contained in 10 CFR Parts 30, 40, 50, 51, 70 and
72.
This "Decommissioning Rule" will ultimately affect every licensed nuclear
facility in the country. The revised regulations address decommissioning
planning needs, timing, funding methods, and environmental review requirements.
The intent is to assure that all licensed facilities will be decommisssioned in
Backing up
a timely, safe manner and that adequate funds will be available.
the rule is the "Final Generic Environmental Impact Statement on
Decommissioning of Nuclear Facilities," NUREG-0586, dated August 1988. Promulgation of the rule was not possible without this massive and comprehensive
study which included analysis of the comments from 143 different organizations
and individuals.
Another important rule published this summer, on August 19, was the
"Licensing Requirements for the Independent Storage of Spent Nuclear Fuel and
High-Level Radioactive Waste," 10 CFR Parts 2, 19, 20, 21, 51, 70, 72, 73, 75
This rule provides for licensing the storage of spent nuclear fuel
and 150.
and high level waste in MRS (monitored retrievable storage) facilities. This
is important because the Nuclear Waste Policy Act of 1982 requires that
monitored retrievable storage facilities for spent nuclear fuel and high level
radioactive waste be subject to licensing by NRC.
Notable success in publication of guides and code documents has also been
First is publication in May 1988 of
achieved in the Materials area as well.
Embrittlement of Reactor
1.99,
"Radiation
Revision 2 to Regulatory Guide
This guide is very important to the safe licensing and
Vessel Materials."
regulation process because it describes general procedures considered acceptable for calculation and prediction of the effects of neutron embrittlement of
the low-alloy steel currently used for light water reactor pressure vessels.
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It is thus a key element in assuring compliance with General Design
Criterion 31, "Fracture Prevention of Reactor Coolant Pressure Boundary."
Turning next to non-destructive examinatiQn, a number of achievements have been
recorded. ASME Code Case N-409-1, "Procedure and Personnel Qualification
Requirements for Ultrasonic Detection and Sizing of Flaws in Piping Welds,"
Section XI, Division 1, was published on December 7, 1987. This important code
case sets forth procedures for inspection of all piping welds, not just for
stainless steel.
Following in this same track will be the Mandatory Appendix
VII "Training, Qualification and Certification of NDE Personnel that Perform
Ultrasonic Examinations under Section XI, Division l." This appendix is
currently before the Board of Nuclear Codes and Standards, and is expected to
be passed for inclusion in the Winter 1989 Addendum. Also following this
track is the proposed Mandatory Appendix VIII, "Ultrasonic Examination
Performance Demonstration" which is in the Main Committee agenda for December
1988. This appendix combines requirements for personnel, procedures and
equipment with a statistically designed set of samples in a performance test
to demonstrate an acceptable level of flaw detection and sizing. Details have
Finally, a new code
been set out for piping, vessels, bolting and other exams.
case, "Acoustic Emission for Successive Inspections Required by Section XI,
Division 1" is also at the Main Committee for their consideration. This'Code
case provides a procedure for monitoring a suspected flaw indication region
continuously during reactor operation using acoustic emission techniques to
detect flaw growth.
Research and Application
The priority effort in the Heavy Section Steel Technology (HSST) program
this year was evaluation of the implications of low temperature low flux
embrittlement on reactor vessel support structures. This issue arose from
findings of higher than expected embrittlement in the High Flux Isotope Reactor
at Oak Ridge. The HSST staff studied and categorized all LWRs into support
structure types, and then selected two specific plants for more detailed review.
The results showed that the effect of the higher than expected embrittlement
was significant in reducing the lifetime structural integrity of the supports
for postulated accident conditions. While the HSST analysis relied on
extrapolation of embrittlement data from the HFIR to LWR support systems,
independent confirmation of the effect was obtained by testing of the
Shippingport reactor neutron shield tank material by researchers at Argonne
National Lab. Working in cooperation with PNL and the Shippingport decommissioning team, ANL secured samples of the tank material and has tested Charpy-V
specimens machined therefrom. These specimens showed very low toughness for
the inner surface of the tank -- 5-7 ft-lbs at room temperature -- and a substanti6l increase in NDT.
Further results are expected, and plans are being
made to obtain similar data from the decommissioned Belgian BR-3 reactor.
Results are now available from the 5th HSST irradiation program which was
designed to show the effect of neutron irradiation on high copper welds for
LWR pressure vessels, specifically regarding their performance relative to
the ASME K curve shift procedure. The shift in fracture toughness was
slightly g~ater than the shift measured by Charpy-V specimens, a result on the
non-conservative side, but not much. However, in one of the rare experiments
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measuring the radiation effect on drop weight specimens at realistic reactor
operating temperatures, the drop-weight shift was matched by the Charpy-V
specimen shift. Additional work is underway on low upper shelf (LUSE)
materials to determine any difference between the current practice "good"
material and the LUSE material.
Closely related to this issue is that of how
to measure the J-integral fracture toughness from small surveillance or
lab specimens which only provide a-small amount of crack growth, and then apply
it to large amounts of crack growth possible in real structures. This is
called the Jm-Jd controversy. A great deal of information has been presented
to expose facets of the problem, and much experimental work is underway to
resolve the issue. A new effort that addresses the over LUSE issue involves
removing LUSE weld metal from the cancelled Midland plant, and use that as
starting material to determine initial properties of these materials and for
irradiations of large specimens to produce data that can help answer the
LUSE questions.
Many interesting results have been produced this year in piping research.
The Battelle Degraded Piping Program staff has completed bend tests of a 12-in.
cast stainless steel surge linefrom a cancelled PWR and a 14-in. centrifugally
cast stainless steel pipe supplied by Framatome, both of which had been artifically aged to simulate end of life conditions.
The results of these tests
relative to margins and to the possibility of modifying ASME-XI IWB-3640 rules
for flaw evaluation to include these materials are being studied carefully.
Another test result receiving close scrutiny is that from the bend test of a
submerged arc weld in a 37-inch diameter carbon steel PWR cold leg. The
fracture was highlighted by many dynamic crack jumps which had the effect of
lowering the overall fracture toughness. The International Piping Integrity
Research Group (IPIRG) Program also being conducted at Battelle has conducted
some 10 tests of 6-inch diameter pipe, including carbon and stainless steel
under bot.h inertial and dynamic displacement control loading conditions.
Tests in IPIRG are conducted under operating temperature and internal pressure
conditions. These results also show that the toughness is lowered, apparently
due to the effect of cyclic loading.
Most work to confirm the "fixes" for IGSC cracks in BWR stainless steel
piping welds has been completed. Some highlights of work done at ANL include
fracture mechanics data to show that the Type 308L weld overlay material does
have a strong inherent resistance to stress corrosion cracking, and that
modified Type 347 stainless steel has somewhat superior resistance to SCC than
Type 316 NG stainless steel. ANL has also completed two reports covering a
review of erosion/corrosioýRA sjnp 8 ease flows, and a survey of experience
in PWR feedwater piping.
Finally, ANL has completed preparation of reports on both PWR and BWR water chemistry which should be published
by the end of this year.
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All research work has been completed on the Steam Generator Tube Integrity
Group Program, and drafts have been prepared of updates of the pertinent
Regulatory Guides 1.83 and 1.121, ISI of PWR SG Tubes, and Bases for Plugging
Degraded PWR Steam Generator Tubes, respectively.
Ultrasonic inspection of primary system components and materials continues
to be a very important aspect of reactor safety. This year, we have begun a
cooperative study with EPRI on the effect of surface conditions on inspection
reliability; the NRC-PNL experimental work has already begun to confirm some
of the EPRI-Ames Laboratory models for longitudinal waves.
PISC-III cooperative
studies on UT inspection of stainless steel are starting up with completion of
the test matrix and preparation of samples.
Meanwhile, round robins are
already underway on carbon steel samples, featuring use of the most advanced
techniques to demonstrate upgraded inspection methods.
Calibration studies for
continuous acoustic emission (AE) monitoring at the Watts Bar I plant have
been completed, and the system is now ready for monitoring the plant once it
starts up.
AE characteristics for slow crack growth have been shown to follow
the same trend as -fast crack growth.
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IMPACT OF RADIATION EMBRITTLEMENT ON INTEGRITY OF
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ABSTRACT

Recent pressure-vessel surveillance data from the High Flux
Isotope
Reactor
(HFIR)
indicate
an
embrittlement
fluence-rate
effect that is
applicable to the evaluation of the integrity
of
light-water reactor (LWR)
pressure vessel supports.
A preliminary
evaluation using the HFIR data indicated increases in
the nil
ductility
transition temperature at 32 effective full-power years
(EFPY)
of 100 to '130'C for pressurized-water-reactor (PWR)
vessel
supports located in
the cavity at midheight of the core.
This
result indicated a potential problem with regard to life
expectancy.
However,
an accurate
assessment
required
a detailed,
specific-plant,
fracture-mechanics
analysis.
After a survey and
cursory evaluation of all
LWR plants, two PWR plants that appeared
to have a potential problem were selected.
Results of the analyses
indicate minimum critical
flaw sizes small enough to be of concern
before 32 EFPY.

INTRODUCTION AND SUMMARY

Structural supports
for most pressurized-water-reactor
(PWR)
pressure
vessels are located in the cavity between the vessel and the biological shield
(Fig. 1).
Within the cavity the fast neutron flux ý for energies E > 1.0 MeV
is
•2 x l09 neutrons/cm2-s,
and temperatures are <65°C.
The corresponding
calculated increase in the nil ductility
transition temperature (NDTT)
by 32
effective
full-power
years
(EFPY),
based on
the radiation embrittlement
data', 2 available from materials testing reactors (MTRs) before 1987, is quite
small,
if
the difference in the MTR and the PWR cavity fast neutron energy
spectra is neglected.
Early in 1978 it
became apparent that the fast neutron spectrum above
0.1 MeV was much softer in
the oPWR cavity than in the MTRs (the result of
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PWR
1.
Fig.
biological shield.

vessel

support

located

in

cavity

between

the

vessel

and.

the MTR
correlating
in
the PWR vessel wall); thus,
scattering
inelastic
embrittlement data with fast neutron fluence 4P for E > 1.0 MeV resulted in an
As, a part of the more
underestimation of ANDTT for supports in the cavity.
recent study discussed here, the MTR data were correlated with displacements
per atom (dpa) for E > 0.1 MeV, and ANDTT values of !40°C were calculated for
32 EFPY for supports located in the cavity at midheight of the core.
3
Several studies pertaining to radiation damage of PWR vessel supports -6
were conducted between 1978 and 1987, and during this period, presumably there
was no reason to believe that low-temperature (<I00°C) MTR embrittlement data,
were not appropriate for evaluating emcorrelated with dpa (E > 0.1 MeV),
However, late in 1986, data from the High
brittlement of PWR vessel supports.
Flux Isotope Reactor (HFIR) 7 vessel surveillance program8 , 9 indicated that the
A350-LF3,
(A212-B,
vessel
materials
several
of
the
rates
embrittlement
were substantially greater than anticipated on the basis of MTR
A105-II)
Further evaluation of the HFIR data suggested that a fluence rate
data. 9
effect was responsible for the apparent discrepancy because the fast neutron
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flux in the MTR that provided the design data1 was -105 times that in the HFIR
vessel, while the small differences in the fast neutron energy spectra were
and the irraaccounted for by correlating the data with dpa (E > 0.1 MeV),
As a result of this
diation temperatures were nearly the same (50 to 100°C).
requested that the
the Nuclear Regulatory Commission (NRC)
new information,
evaluate the impact of the apparent
Oak Ridge National Laboratory (ORNL)
vessel
embrittlement rate effect on the integrity of light-water-reactor (LWR)
supports.
study was to provide a preliminary indication
The purpose of the initial
of whether the integrity of reactor vessel supports is likely to be challenged
Because of the diversity
by radiation-induced embrittlement before 32 EFPY.
in support designs, specific-plant evaluations were undertaken; because of the
urgency associated with the preliminary study, only readily available data for
This factor and others have resulted in some inconthese plants were used.
Even so, the study
sistencies in the evaluations of the plants considered.
its
intended purpose.
satisfies
The scope of the ORNL evaluation included
1.
2.
3.
4.

correlation of the HFIR data for application to the evaluation of LWR
vessel supports,
U.S. LWR vessel support designs,
a survey and cursory evaluation of all
selection of two plants for specific-plant evaluation, and
flaw
a specific-plant evaluation of both plants to determine critical
sizes for their
vessel supports.

The two plants selected for specific-plant evaluation were Trojan (Portland General Electric) and Turkey Point Unit*3 (Florida Power and Light); both
are PWR plants and have vessel supports similar to that shown in Fig.
1.
designer and Bechtel
Westinghouse was the nuclear-steam-supply-system (NSSS)
contractors
and their
The utilities
the architect-engineer for both plants.
have been very cooperative in providing, where possible, design data required
for the ORNL study.
two sets of radiation damage trend
Over the course of several months,
curves (ANDTT vs dpa), based on the HFIR vessel surveillance data, were develGeneral
"typical"
for
were
calculated
32-EFPY ANDTT values
Also
oped.
and Combustion
Westinghouse (W),
Babcock and Wilcox (B&W),
Electric (CE),
portion of a support existed
Engineering (CE) plants, assuming that a critical
The results, presented in Table 1,
in the cavity at midheight of the core.
in NDTT based on the HFIR data than on the MTR
indicate much larger shifts
data.
Many vessel supports are not located at midheight of the core and thus
For inin NDTT than those indicated in Table 1.
experience smaller shifts
but
vessels and all
but one of the CE boiling-water-reactor (BWR)
stance, all
at the bottom of the
one of the B&W PWR vessels are supported by a skirt
However, -25% of the PWR vessel supvessel where the fluxes are much less.
ports are exposed to the peak flux, and many others are exposed to fluxes
within a factor of one-half of the peak.
Radiation embrittlement is of concern because it increases the potential
In this study the potenfor propagation of flaws in the support structures.
fracture
for propagation of flaws was evaluated using linear-elastic
tial
mechanics, which requires knowledge of the stresses in the structure and the
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Table 1.

Vessel support ANDTT values corresponding
to 32 EFPY and midheight of core
("typical" LWR plants)

ANDTT

designer
(type

(c

dpa rate

NSSS
(E > 1 MeV)
(neutrons/cm2-s)

(E > 0.1 MeV)
(s-I)

dpa

reactor)

MTR

UFIR data

data

Aa

Ba

b

b

GE (BWR)
B&W (PWR)
W (PWR)

2.9 x 107

5.8 . 10-14

5.8 X 10-5

0

2.0 x 108
5.9 x 108

6.1 x 10-13
3.9 x 10-12

6.1 X 10-4
3.9 x 10-3

11

100

28

133

122

CE (PWR)

1.8

4.5 x

4.5 ; 10-3

39

139

122

x 109

10-12

aANDTT vs dpa (E > 0.1 MeV) correlations A (Fig. 8) and B (Fig.

72

9).

bANDTT not estimated for dpa < 10-4.

fracture toughness of the material.
The output of the fracture-mechanics
analysis. for this study is the critical flaw size, that is,
the size of the
smallest flaw that will propagate under a given set of assumed conditions and
result in failure of the support.
If the critical flaw size is small enough
that the critical flaw is likely to exist, then the frequency of failure is
equal to the frequency of application of the assumed load.
A determination of
the probability of the existence of flaws was not, however, included in the
scope of this study.
Loading conditions were provided by the utilities
and included large- and
small-break loss-of-coolant accidents (LBLOCA and SBLOCA),
seismic loading,
thermal loading, and deadweight loading.- Dynamic loading data were available
for Trojan but not for Turkey Point.
Several uncertainties exist in the analysis.
Those judged to be the most
significant are the radiation-damage trend curve deduced from the HFIR surveillance data,
the fracture toughness of the unirradiated material,
the
initial NDTT of the material, and the normal operating temperature of the
structure at the critical location.
These uncertainties result in a wide
variation in calculated critical flaw size.
The critical flaw size is,
of
course, also dependent on the applied load and the flaw location and type.
Critical flaw sizes (depth/surface length) were calculated for a reasonable
range of conditions, and 32-EFPY "best-estimate" values for the most sensitive
flaw location and type and for the most severe credible loading conditions are
10/64 mm for Trojan and 8/15 mm for Turkey Point (Table 2).
Corresponding
values for late 1988 are 23/406 and 8/15 mm, respectively.
For both plants the flaw locations resulting in the smallest critical
flaw depths were on the upper flange of the horizontal cantilever beam at
points within the concrete biological shield.
The best-estimate values of
T - NDTT at these locations are -7 and -14*C for 32 EFPY and -7 and 16*C for
late 1988 for Trojan and Turkey Point, respectively.
(The indicated invariance with time of the value for Trojan is the result of a shift in the
critical location of the flaw to a position of lower neutron flux.)
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Table 2.

Summary of best-estimate minimum critical
flaw sizes and values of T - NDTT for
Trojan and Turkey Point vessel
supports (cantilever beam)

T -

Plant

7.5c
32

Turkey Point

11

.8c

32

(mm)

CO

EFPY
a

Trojan

Critical flaw size
(depth x surface length)

NDTT

LBLOCA

b

-7

-7

-7

-66

16
-14

SBLOCA

Seismic
Ssmi

(SSE)

23 x 406

27 x 406

11 x 64

30 x 64

6

8 x 15

25 x 51

-14

8 x 15

23 x 46

aAt location of minimum-depth critical
bAt inner surface of biological

flaw.

shield.

CLate 1988.

The propagation of flaws by low-cycle fatigue was calculated to be negligible.
Thus, if corrosion is not a viable means of growing flaws to critical
size or larger, flaws of critical
size or larger would have to be present at
the time of fabrication.

HFIR VESSEL SURVEILLANCE DATA

HFIR 7 is
a high-performance,
light-water-cooled,
low-temperature (50 to
70°C), research reactor at ORNL that began operation in 1965.
Its
stainlesssteel-clad, carbon-steel,
pressure vessel (Fig. 2) was designed for 20 EFPY,
and a surveillance program was maintained to monitor the actual radiationinduced embrittlement. 8
Late in 1986, a reevaluation of the integrity
of the
9
vessel was commenced in an effort to extend the permissible life.
The surveillance data, which had not been carefully examined since 1974,
indicated
that the embrittlement rate was significantly greater than had been anticipated on the basis of data obtained in the early 1960s from MTRs. 1 0
The
neutron energy spectra and the irradiation temperatures for the HFIR surveillance specimens and for MTR specimens were believed to be essentially the
same, and the materials were similar; however, the fast neutron flux (4) in
the MTRs was -105 times that in the
HFIR specimens. Thus, it appeared that
the lower flux in HFIR was responsible for the relatively large amount of
embrittlement per neutron; that is,
there appeared to be a negative fluencerate effect.
The portions of the HFIR vessel that are subjected to the highest fastneutron fluxes are close to the beam tubes (Fig.
2) because the beam tubes
displace beryllium (reflector) and water that otherwise constitute shielding
for the vessel wall.
Thus, both shell material (A212-B) and beam-tube nozzle
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Fig. 2.
Cross section of HFIR vessel and core at midheight
indicating locations of vessel surveillance specimens (keys 1-7).

of core,

materials (AI05-11 and A350-LF3) were included in the HFIR vessel materials
surveillance program, and the surveillance capsules, each containing three
Charpy V-notch (CVN)
specimens and a flux monitor, were located close to the
beam tubes (keys 1-7, Fig. 2).
Surveillance specimens of A212-B were removed for testing after 15.0 and
17.5 EFPY, and A105-Il and A350-LF3 specimens were removed after 2.3, 6.5,
15.0, and 17.5 EFPY.
The corresponding ANDTT data are presented in Table 3;10
in Figs. 3 and 4 [ANDTT vs 0 (E > 1.0 MeV)J these data are compared with the
MTR data1 available at the time the vessel was designed.
If it is assumed
that spectrum and chemistry effects are not responsible for the incongruity of
the several sets of data, the comparison indicates a fluence-rate effect.
To evaluate the effects of possible differences in chemistry and fast
spectrum, HFIR archive A212-B material was recently irradiated in the Oak
Ridge Research Reactor (ORR),
a typical high-flux, low-temperature MTR, and
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Table

3.

Summary of irradiation effect for selected HFIR pressure

Unirradiated
NDT
0
[oC ( F)]

Material

ANDT

EFPY

d
dpa/s

(neutrons/cm2.s)a

[C (CF)]

vessel materials,

dp
dpa

(neutrons/cm2)a

ORR irradiations
A212-B
A212-B
A212-B
A212-8
A212-B

(LT)
(TL)
(TS)
(EGCR)b
(ECCR)b

-21
-12
-21

56
47
56
10
103

(-5)
(10)*
(-5)
0 (32)
0 (32)

1.34 x 10-0
1.34 x 10-8
1.34 x 10-8
1.46 x 10-8
4.8 x 10-9

2.43
2.43
2.43
1.54
9.8

4 x 107
2.43 . 108
2.43 x 108

3.66 x 10-13
3.66 x 1O-13

1.89 x 1016
1.15 x 1017
1.34 x 101'

1.73 . 10-4
2.02 x 10-4

6.92
7.26
7.26
4.89
1.08

x
x
x
x
x

10-13
10-13
10-13
10-13.
10-12

3.44 x 1016
9.9 x 1016
2.31 x 1017
1.85 x 1017
4.01 x 1017

5.12
1.48
3.44
2.70
5.97

x
.
.
x
x

10s
109
109
109

1.58
1.58
1.58
1.58

.
.
x
.

10-12
10-12
10-12
10-12

8.20 x 1016
2.26 x 1017
1017
5.26
6.14 x 1017

1.16
3.21
7.47
8.73

x
.
.
.

.10 9
. 109
x 109
x 109

1.85
2.01
1.48
1.85

x
x
x
x

10-12
10-12
10-12
10-12

9.55
2.84
4.88
7.12

1.36
4.09
7.01
1.02

.
x
x
x

(101)
(85)
(101)
(18)
(185)

9.59 . 1012
9.59 . 1012
9.59 . 1012
1.05 x 1013
2 x 1012

x
.
x
x

1018
1018
1018
1017

1018

3.39 x 10-3
3.39 x 10-3
3.39 x 10-3
2.14 x 10-4
2.4 x 10-2

HFIR surveillance
A212-B (LT)

-21

-62

A105-I1

A350-LF3 (key 2)

A350-LF3

(key 3)

-79

-62

(-5)

(-80)

(-110)

(-80)

15.01
15.01
17.53

11 (20)
29 (52)
42 (75)

2.34
6.45
15.01
15.01
17.53

10
17
33
33
35

(18)
(30)
(60)
(60)
(63)

4.66
4.89
4.89
3.35
7.27

2.34
6.45
15.01
17.53

14
29
56
66

(26)
(52)
(100)
(118)

1.1
1.1
1.1
1.1

2.34
6.45
15.01
17.53

19
33
54
64

(34)
(60)
(97)
(115)

1.29
1.40
1.03
1.29

x
x
.
x
.
x
x
x
.

108
108
108
108
108

x
x
x
x

1016
1017

1017
1017

10-5
10-4
10-4

10-4
10-4
10-4

10-1
10-4

10-4
10-4
10-4
10-4

10-3

aE > 1 MeV.
bMaterial

from previous ORNL EGCR

study.
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in

HFIR

(vessel

in the ORR) to be consistent with the MTR data, implying that the chemistry of
the HFIR A212-B material is not significantly different from that corresponding to the MTR data (assuming that a difference in spectrum does not compensate for a difference in chemistry).
Figure 5 shows that when the HFIR and MTR data are plotted as a function
of dpa (E > 0.1 MeV), there is still
evidence of a significant rate effect.
Thus, the small differences in the HFIR and MTR fast spectra are not responsible for the incongruity in Figs. 3 and 4.
If an embrittlement rate effect exists, the total reaction rate associated with embrittlement should probably be accounted for when applying the
HFIR data to a situation involving a different fast spectrum.
This can be
accomplished by correlating NDTT with dpa rate rather than .1, integrating the
dpa rate over all energies that contribute significantly to embrittlement.
In the previous discussion, the only spectral variations considered were
those above 0.1 MeV.
However, Nanstad et al.11 have suggested that lower
energy neutrons may be making a significant contribution and that there might
be significant differences in the low-energy spectra of HFIR and the MTRs.
Multigroup transport calculations performed at ORNL1 2 indicate that the HFIR
spectrum above 1.0 MeV is somewhat harder than that in the ORR; the epithermal
flux is a smaller fraction of the total nonthermal flux; and 0th /f,
the ratio
of the thermal-to-fast (E > 1.0 MeV), is greater in HFIR (-50) than in ORR
(-8).
Thus, the trends in Figs. 3 and 4 are not the result of differences in
the epithermal fluxes,
but the comparison of. Oth/Of suggests a possible
thermal-flux effect.
In addition, Alberman et al. 1 3 irradiated A537 at 60WC
in a spectrum with 0th/Of I000 and found that >70% of the embrittlement was
due to thermal neutrons.
Thus, perhaps thermal-neutron embrittlement is at
least in part responsible for what was otherwise believed to be a rate
effect. 1 4
At this time, however, there are not enough data to support this
contention.

APPLICATION OF HFIR DATA TO VESSEL SUPPORT EVALUATION

Soon after the HFIR surveillance data were evaluated in late 1986, it
became apparent that the indicated embrittlement rate effect might apply to
the supports of some LWR vessels because fast neutron fluxes, irradiation
temperatures, and materials were thought to be similar.
Temperatures of the
supports range from -250%C at the point of contact with the vessel to <65 0 C at
a point pf contact with the biological shield (65°C is the normal maximum
permissible operating temperature of the concrete biological shield).
The
temperature of the HFIR vessel and surveillance specimens is -50 0 C.
Thus,
presumably a portion of the support operates at a temperature close to that of
the HFIR vessel.
Multigroup neutron transport calculations were performed recently for the
vessel wall and the cavity of one BWR and three PWRs, 1 5 , 1 6 and Table 4 summarizes the fast fluxes (E > 1.0 MeV) [as well as dpa rate (E > 0.1 MeV)] for
the LWR cavities and the HFIR surveillance specimens (also, see Table 3).
It
is apparent that 0 (E > 1.0 MeV) values for the PWR cavities is similar to
those for the HFIR surveillance specimens (108 to 109 neutrons/cm2-s), while
that for the BWR is much less.

-219-

Table 4.
Summary of fast neutron fluxes (E > 0.1 HeV)
for LWR cavities and HFIR surveillance specimens

R(E > 1.0 MeV)
(neutrons/cm2 .s)

dpa rate (E > 0.1 HeV)
(s-")

2.4 x 108-1.4 x 109

3.7 x 10-13-2.0 x 10-12

GE (BWR)

2.8 x 107

6.3 x 10-14

B&W (PWR)

2.1 x 108

6.8 x 10-13

W (PWR)

6.1 x 108

4.7 x 10-12

CE (PWR)

1.8 X 109

5.0-. 10-12

Reactor
HFIR

Table 5 summarizes LWR fast-flux data for E > 1.0 MeV (group A) and
0.1 • E • 1.0 MeV (group B).
These data indicate that the ratio
of group A to
group B fluxes is much less in the cavity than it is at the inner surface of
the vessel wall (the result of inelastic scattering in
the vessel wall).
Thus,
the fast flux (E > 0.1 MeV) in the LWR cavity is much softer than that
at the location of the HFIR surveillance specimens.
As suggested in the last
section, to account for this difference in energy spectrum when applying the
HFIR data to the evaluation of the supports in the cavity, the ANDTT data can
be correlated with dpa rate and dpa for E > 0.1 MeV instead of 0 and O for E >
1.0 MeV, the assumption being made that most of the neutrons contributing to
embrittlement have energies >0.1 MeV.
A comparison of dpa rate (E > 0.1 MeV)
for HFIR and the LWR cavities (Table 4) indicates that the maximum cavity dpa
rate
(5.0 X. 10-12 s-1)
is
about
twice
the
maximum HFIR
dpa rate (2.0 x
10-12 S-1), while the maximum fast-flux values (E > 1.0 MeV)
are about the
same.
This result indicates that some extrapolation of the HFIR data is
necessary.
Application of the HFIR data to the LWR vessel supports requires extrapolation
with regard
to
both dpa
rate and dpa.
Thus, correlations between
ANDTT,
dpa rate,
and
dpa
are required.
Two different correlations between
ANDTT and dpa are proposed and are shown in Figs.
6 and 7.
Figure 6 was

Table 5.

Summary of calculated fluxes for "typical"
BWR and PWR vessels and cavities

Neutron flux
2
(neutrons/cm -s)

NSSS

designer
(type reactor)

Vessel
Aa

Cavity

inner surface
Ba

A/B

A

B

A/B

GE (BWR)

6.3 x 108

3.5 x 108

1.8

2.8 - 107

1.1 X 108

0.3

B&W (PWR)

5.8 X 109

7.4 x l09

0.8

2.1 x 108

1.6 x 109

0.1

W (PWR)

2.6 x 1010

2.7 x 1010

1.0

6.1 x 108

1.3 x 1010

0.5

CE (PWR)

4.6 x 1010

5.6 x 1010

0.8

1.8 X 109

1.0 X 1010

0.2

aA:

B:

E > 1.0 MeV

0.1

<

E 5 1.0 HeV
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created by drawing separate straight-line curves through the maximum ANDTT
data points, for the A212-B and A350-LF3 HFIR surveillance materials, parallel
to the MTR curve, which Hawthorne constructed as a straight line on semilog
paper.1
The other correlation (Fig. 7) was obtained by first
plotting the HFIR
A350-LF3 data on log-log paper and constructing a best-fit, straight-line
curve.
Next, the ORR A212-B data obtained in connection with the recent HFIR
vessel study 9 and a much earlier study1 7 (Table 3) of the vessel for the
experimental gas-cooled reactor (ECCR) at ORNL were plotted, and a straight
line was constructed.
Finally, the MTR data1 above ANDTT = 40°C were plotted
and a straight line was constructed.
The indication is that the relatively
high fast-flux data (ORR and MTR) are essentially parallel to the HFIR A350LF3 data.
This finding was used as justification for constructing a curve
through the HFIR A212-B data points parallel to the A350-LF3 curve.
The upper
A212-B point was used as a conservative measure.
A comparison of the correlations represented by Figs. 6 and 7 (upper two
curves) shows that Fig. 7 predicts less of a rate effect between O(E > 1.0
MeV) = 2.4 x 108 and 1.2 x 109 neutrons/cm2-s.
In this study, the authors
have considered the correlation implied by Fig. 7 to provide the more accurate
estimate of ANDTT for the LWR vessel supports.
One might argue that the small difference in fast fluxes corresponding to
the HFIR A212-B and A350-LF3 irradiations (2.4 x 108 and 1.2 x 109 neutrons/
cm 2 -s)

relative

to the factor of -105

between HFIR and the MTRs (_'108

2

and 1013

neutrons/cm -s) would not permit distinguishing between the two HFIR fluxes
with regard to establishing a rate effect.
However, Hamilton' 8 recently presented data indicating that, for an irradiation temperature at 100'C, there
was essentially no rate effect in the fast flux (E > 1.0 MeV) range of
1 x 1010 to 3 X 1013 neutrons/cm2-s.
This finding indicates that the ANDTT
differences observed between HFIR and the MTRs are associated with a rate
effect below a fluence rate of -1 x 1010 neutrons/cm2 -s.
Thus, for this
study, the observed differences in ANDTT for fluxes of 2.4 x 108 and 1.2 x 109
neutrons/cm2 -s were considered to be real.
There is,
however, an inconsistency with regard to the A105-II data:
although these data correspond to an
intermediate flux level (3-7 x 108 neutrons/cm2-s), they tend to coincide with
the A350-LF3 data, which correspond to a higher flux (1.2 x 109 neutrons/
cm2 -s).
Perhaps this implies that a rate effect is not discernible within the
flux range of 2.4 x 108 to 1.2 x 109 neutrons/cm2-s.
However, for this study,
the A105-II data were discounted insofar as establishing a rate effect.
Extrapolation and interpolation of the HFIR data for application to the
support study were accomplished by assuming dpa a (dpa rate)n for a given
value of ANDTT.
Corresponding values of dpa, dpa rate, and ANDTT were taken
from Figs. 6 and 7 to obtain the log-log plots in Figs. 8 and 9, respectively.
As mentioned above, Fig. 7 and thus Fig. 9 are believed to be the more accurate representation of the trends.
However, it must also be emphasized that
in either case the values of ANDTT > 40°C and values of dpa rate outside the
range 3.7 x 10-13 to 1.7 x 10-12 s-1 represent extrapolations of the HFIR
data.
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SELECTION OF LWR PLANTS FOR SPECIFIC-PLANT ANALYSIS

A survey and cursory evaluation was made of all LWR vessel supports using
final safety analysis reports (FSARs) and information provided in two previous
related studies by Hopkins 5 and Knorovski et al. 3 This information was then
used in the selection of two LWR plants that would be subjected to specificplant evaluation of the impact of radiation-induced embrittlement on the
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Criteria established for selection
of the reactor vessel supports.
integrity
of the two plants follow.
high potential for
The plants should be among those having a relatively
failure
of vessel supports as a result of radiation-enhanced propagation of
Compliance with this condition was judged on the basis of the followflaws.
ing considerations:
1.

2.
3.

4.

portion of the support should be exposed to the
A potentially critical
relatively
high-neutron-flux regions of the cavity (from midheight to the
end of the core).
The support material should have a relatively, high potential for radiation
embrittlement.
The portion of the support within the high-flux region should be subjected
Primary-load tensile stresses are of
high tensile stress.
to relatively
particular concern, but secondary tensile stresses (thermal and residual)
can also have a significant effect.
portion of the support should have a relatively
The potentially critical
size.
high potential for flaws of critical

Information in Table 4 indicates that the cavity fluxes for the BWRs are
that
much less than those for PWRs, and .BWR vessels are supported on skirts
(Big Rock Point is an excepare far removed from the bottom end of the core.
BWRs were
small size.)
Thus,
tion but was not considered because of its
All but one of the B&W PWRs are supported on
excluded from consideration.
and they also were excluded from consideration.
skirts,
About 10% of the PWR vessels are supported on long columns and another
10% on shield tanks that extend the length of the core and thus are exposed to
At the outset of this study the PWR NSSS vendors and the
the maximum fluence.
(EPRI)
were contacted informally and given
Electric Power Research Institute
CE and EPRI responded (inforthe opportunity to contribute to the study.
mally) with updated analyses of the long columns (CE) and shield tanks (EPRI,
The preliminary
Stone and Webster),
considering the HFIR surveillance data.
corresponding
to
32 EFPY were
critical
flaw sizes
indication was
that
"acceptably" large.
Thus, these supports also were excluded from consideration in this study.
in
a category referred to as
The remaining PWR vessel supports fall
"short column" that includes,
as one extreme, very short,
stubby supports
(columns) that rest directly on the concrete biological shield at an elevation
above the upper end of the core, where the flux is relatively low (Fig. 10);
the other extreme includes columns that extend to about midheight of the core
Only Trojan and perhaps Davis Besse are
and rest
on steel cantilever beams.
of this latter
type, while Turkey Point Units 3 and 4 (identical supports) are
similar to Trojan but with the steel cantilever beam located closer to the top
those
It
appeared that of all
of the core, where the flux is somewhat less.
plants in the short-column category, Trojan and Turkey Point have the greatest
Both designs
potential for fracture-related failure of the vessel supports.
include cantilever beams in high-flux regions of the cavity, and both cantilevers are stressed in tension by primary loads.
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EVALUATION OF VESSEL SUPPORTS FOR TROJAN AND TURKEY POINT

Scope
The scope of the specific-plant evaluation consisted of (1) acquisition
of design and operating data,
including loads and loading rates, from the
utilities;
(2)
a detailed stress analysis of the beam; (3)
a determination of
fracture properties based on published data and HFIR surveillance data; and
(4)
a parametric fracture analysis to determine a range of critical
flaw

sizes.
Support Design
The

tions.
frame)

Trojan

vessel

is

supported

at

four

main

coolant-line

nozzle

loca-

Each support structure is comprised of an upper component (shear
that resists horizontal loads, a lower component (two cantilever beams)

that resists
loads from

a

vertical loads, and two pinned columns that transfer vertical
vessel nozzle to the lower component,
which is
located at an

elevation just below midheight of the core (Fig.

11).

The Turkey Point vessel

is supported at six nozzle locations.
At each of these locations horizontal
and vertical
loads are transferred through rollers
and a lateral
restraint
device to a girder that is bolted to the ends of three cantilever beams, which
are at an elevation equal to the upper end of the core (Fig.
11).
For both
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Reactor vessel
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for Turkey Point and Trojan.

reactors, the cantilever beams extend radially from the cavity into the concrete biological shield, where they are attached to two steel pedestals that
are also embedded in the concrete (Figs. 11 and 12).
The beam materials are
A36 for Trojan and A588 for Turkey Point, both of which are commonly used
bridge steels.
The Trojan beam is a double-webbed weldment, while the other

Fig.
Point.

12.

Details of vessel support cantilever beam for Trojan and Turkey
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is a standard wide-flanged beam.
An unusual feature in the Trojan beam is a
100-mm-diam grout hole in
the top and bottom flanges directly above the
pedestals (Fig. 12).
Loads
All loads applied to the vessel supports were supplied by the utilities.
Individual loads include the vessel deadweight and contents (DW),
thermal
loads resulting from differential
expansion (T),
the operating basis earthquake (OBE),
the safe shutdown earthquake (SSE),
and small- and large-break
loss-of-coolant accidents (SBLOCA
and LBLOCA).
Suitable maximum credible
loads for this study were specified by the utilities
as DW + T + SBLOCA for
Trojan and DW + T + LBLOCA for Turkey Point.
The Trojan SBLOCA was a bounding
case involving failure of auxiliary coolant lines.
The rate of loading is important because the fracture toughness of the
beam material is
load-rate sensitive.
A loading rate corresponding to the
maximum credible load was provided by the utility
for Trojan but not for
Turkey Point.
Temperature
Operating temperatures of the supports for Trojan and Turkey Point range
from -250°C at the point of contact with the nozzles to <65°C at the biological shield.
Information from the utilities
indicates that the temperature of
the cantilever beam is -32°C for Trojan and -50'C for Turkey Point.

Neutron Fluxes
The neutron fluxes and dpa rates used in this study were obtained from
multigroup transport calculations performed by the utility
and/or the utility
contractor.
Actual and postulated future changes in the fuel-loading schemes
to reduce fast-neutron leakage were considered so that estimated values of
fluence and dpa would be reasonably accurate.
Material

Properties

The material properties of primary concern for the cantilever beams are
the fracture toughness, the initial
value of NDTT, and the increase in NDTT as
a function of dpa.
A few dynamic fracture-toughness data KId are available
for the Trojan beam material (A36),
and they span the appropriate strain rate
for the beam, thus permitting interpolation.1 9
Corrections were made to the
interpolated curve for lack of plane strain in the beam, where appropriate, in
accordance with Ref. 20.
A lower-bound curve was constructed by shifting the
modified interpolated
curve by -28'C, consistent with the assumption that
KId - - as T - NDTT + 40°C (Ref.
21).
These curves are shown in Fig. 13,
where they are compared with the KIR curve. 2 2
Fracture-toughness data (KIc
KId) and loading rate were not available
for the Turkey Point cantilever beam.
As a conservative measure, the ASME KIR
curve was used in the analysis (Fig. 13).
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Initial values of NDTT were not available for the specific heats of
Best-estimate values were obtained from Ref. 19
material used for the beams.
for Trojan (-2°C) and from Refs. 23 and 24 for Turkey Point (18'C).
The radiation-induced increase in NDTT was assumed to be in accordance
with the trends provided in Fig. 9.
Stress and Fracture Analyses
Because the cantilever beam rests on pedestals and the pedestals and a
portion of the beam are embedded in concrete, a beam-on-elastic-foundation
Calculations
type of stress analysis was appropriate and was used for Trojan.
of this type were made with and without the concrete between the shield liner
and the inner face of the inboard pedestal because of concerns that this
section of concrete would not carry load as a result of not actually being in
Calculations were also made with and
contact with the underside of the beam.
Results of these calculations indicate
without the reinforcing steel present.
that the reinforcing steel has a negligible effect and that removal of the
innermost section of concrete increases the maximum bending moment by 15% and
Without the innermost section
the moment at the grout hole by 21% (Fig. 14).
of concrete present, the moment at the inner surface of the inboard pedestal,
where the remaining concrete has no effect whatsoever, is only 11% less than
For this reason, the maximum bending moment for Turkey
the maximum moment.
Point was simply taken as the load multiplied by the distance to the inner
surface of the inboard pedestal.
The fracture analysis considered several radial locations for assumed
flaws because the increasing moment (up to the point of the maximum moment)
and the attenuation of the neutron flux tend to compensate each other in terms
Also, the existence of the grout hole
of potential for propagation of flaws.
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in the Trojan beam introduced another radial location of interest because of
the resulting reduced section and the stress concentration at the sides of the
hole.
For Trojan, semielliptical surface flaws on the top flange were considered at the inner surface of the shield and at the location of maximum moment,
in
the grout hole
edge cracks were considered
while through-thickness
For Turkey Point, which has both horizontal and vertical loads
(Fig. 12).
applied to the cantilever beam, corner flaws on the upper flange at radial
locations between the inner s-irface of the shield and the inner surface of the
inboard pedestal are of greatest concern.
Stress-intensity factors KI were calculated assuming the beam flange to
Only KI values at the deepest point of the
be a detached finite-width plate.
semielliptical flaws were considered, and, of course, the full-width (uniformdepth) flaw had the largest K value and thus the shallowest critical depth.
For the grout hole, the two loading conditions illustrated in Fig. 15 were
One assumes uniform loading on the end of a finite-length plate
considered.
containing the hole, and the other attempts to simulate the actual shear load
between the two webs and the flange by including two line loads in the twoKI values were calculated using a finite-element analysis,
dimensional model.
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used

for Trojan

beam

with grout

value, for two symmetrical and
and the results indicated an 11% higher K
reported
model.
(Critical flawsizes
opposite edge cracks, with the latter
here were calculated using the uniform-load model and thus tend to represent
nonconservative values.)
KI values for the corner cracks (Turkey Point) were calculated considering the bending moments resulting from both the horizontal and vertical loads,
flaw sizes (radii) were based on the maximum KI values along the
and critical
crack front.
Results
flaw sizes are given in Tables 6 and 7 for Trojan and
Calculated critical
for each loading condition
Values are listed
Turkey Point,
respectively.
1988) and
considered, for operating times corresponding to the present (late
32 EFPY, and for different locations on the cantilever beam upper flange.
The
effect of the inner concrete was not considered, the uniform-end-load model
was used for the grout hole (Fig. 15, Trojan), and values of ANDTT were taken
from Fig. 9.
At 32 EFPY the minimum critical
flaw sizes (10 x 64 mm for Trojan and 8-m
radius for Turkey Point) are small enough to be of concern.
the stressFor deeper cracks than those included in Tables 6 and 7,
(onset of propagation)
Thus, crack initiation
intensity factors are greater.
results
in failure of the beam; that is,
crack arrest does not take place as
long as the load is applied.

Table 6.
Summary of critical
flaw depths for Trojan, assuming
that the innermost section of concrete is not present

Critical flaw depth
(nun)
Location
on
beam

Loading

Flaw

conditiona

type

7.48 EFPYb

32 EFPY

a/lC

a/It

0

0.1

0

0.1

0.2

Shield
inner
surface

A
B
C

Surface
semiellipse

29
27
23

>32
>32
>32

21
20
17

>32
32
25

>32
>32

Maximum
bending
moment

A
B
C

Surface
semiellipse

29
27
22

>32
>32
>32

19
18
15

30
26
20

>32
>32
28

Flange

A

Twin

>50

41

grout

B

edge

>50

30'

hole

C

cracks

>50

11

aA = DW + T + OBE,
bCorresponds

B = DW + T + SSE,

and C

DW + T + SBLOCA.

to late 1988.

CRatio of maximum depth (a)

to surface length
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(t).

0.3

>32

Table 7.
Summary of critical flaw
depths for Turkey Point

Critical
Location
on

Loading

beam

condition

flaw depth
(mm)
32

11.8 EFPY

Flawb
E

F

EFPY

Flaw
C

E

F

C

Shield
inner
surface

B
D

>64
41

>64
33

43
10

>64
30

>64
25

30
8

Maximum
bending
moment

B
D

53
28

>64
23

25
8

48
20

>64
18

23
8

B = DW + T + SSE,

and D

aA = DW + T + OBE,

DW + T +

LBLOCA.
bE - edge crack,
G = circular

F = full-width

surface crack,

and

corner crack.

The sensitivity of critical flaw size to T - NDT and thus to operating
temperature, NDTTo and ANDTT, for the case of no inner concrete is indicated
By way of illustration, at 32 EFPY the best-estimate
in Fig. 16 for Trojan.
If T - NDT were
10 mm (Table 6) and T - NDT = -- 7C.
critical
flaw size is
-5 mm (50%); if
increased by 6CC, the critical flaw size would increase by
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70

2.8

2.6

65

2.4

60

2.2

65
CL

50

2.0
1.8

45
LU

40

1.6

35

-J

.1.4

30

cc

1.2

Q

1.0

25
20

0.8

15

0.6

10

0.4

5

0.2

0
(Mrm)

Fig.

0.0
(in.)

16.

Trojan grout hole critical

flaw size vs load and T-NDTT.
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T - NDT were decreased by 6VC, the critical flaw size would be reduced by -3
mm (25%).
An estimation of the probability of the existence of flaws was not
However, an analysis was conducted that
included in the scope of this study.
indicates no significant fatigue growth of flaws in the beams during the 32Thus, if corrosion is not a viable mechanism for flaw growth,
EFPY period.
the flaws included in Tables 6 and 7 would have existed at the time of construction, at which time they might have been detected by a careful inspection.
Discussion of Resultfý.
A comparison of the calculated critical flaw sizes for Trojan and Turkey
Point (Tables 6 and 7) indicates smaller values for Turkey Point, and yet
it
was
(1) the Turkey Point beam is farther from the neutron source, (2)
it does not contain the
assumed to operate at a higher temperature, and (3)
There are two reasons for the apparent
grout hole or other discontinuity.
First, at the time of this study, Turkey Point was not exempt
inconsistency.
from consideration of dynamic loads associated with the LBLOCA, and thus the
LBLOCA loads were considered as a component of the maximum credible loading
For Trojan, which is exempt, the maximum credible loading condicondition.
tion is an SBLOCA (auxiliary coolant-line break), which is much less severe.
Secondly, because appropriate Kid data were not available for Turkey Point,
the KIR curve was used, and it was used without corrections for lack of planeIf one is concerned about the effect of low-toughness
strain conditions.
sites on the effective fracture toughness, then perhaps a lower bound KIa
curve should be used for Trojan as well.
Residual stresses exist in the beams, particularly around the Trojan
grout hole, but they were not included in the calculation of the critical flaw
depths listed in Tables 6 and 7 *because they are too uncertain for general
However,
to obtain some indication of the sensitivity of
consideration.
critical flaw size to residual stress around the grout hole, it was assumed
that the bending stress plus the residual stress was equal to the yield
For this condition, the 32-EFPY critical flaw size was reduced
stress.
If nothing more, the localized residual stress effectively introby -50%.
duces a "low-toughness" site that reduces the effective initiation toughness
if a localized residual stress is not used directly in the
That is,
to KIa*
it would probably be reasonable to use Kia rather than KId to
analysis,
account for the possible existence of a residual stress.

CONCLUSIONS
1. The calculated minimum critical flaw sizes are small enough to be of
concern for both Trojan and Turkey Point.
2.
Inspection for flaws at the critical locations probably is not possible because that portion of the beam is embedded in concrete.
The probability that the critical flaw sizes are smaller than indi3.
cated is fairly high because the values in Tables 6 and 7 are best-estimate
values assuming no residual stresses, and the. uncertainty in several input
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parmeters (radiation-damage trend curve, fracture toughness, operating temperature, and loading conditions) is large.
4.
For Turkey Point, significant unequal horizontal forces associated
with variations in sliding friction in the components that accommodate radial
thermal expansion may exist and could decrease the critical flaw size relative
to the best-estimate values.
Based on information that became available after the study was com5.
pleted, presumably the most severe loading condition considered for Turkey
Thus, in this regard, bestPoint (LBLOCA) is no longer considered credible.
estimate critical flaw sizes should be larger than those indicated.
Low-cycle, fatigue is not a mechanism for creating flaws of critical
6.
size.
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ABSTRACT
The objectives of this
investigation were to; (1). present
experimental results
and development of an experimental
analysis which attempt to'define the limits of the J
singularity controlled region of crack extension in bend type
laboratory-fracture mechanics specimens; and (2) develop and
examine a J-R curve extrapolation technique.
Current
limitations on J-controlled crack growth as described in ASTM
E1152-87 are highly restrictive
(crack extension is. required'to
be less than 10% of the initial
specimen remaining ligament).
This is particularly
limiting in fracture analyses of nuclear
plant structures which require development of J-R curves with
large amounts of crack extension for use in instability
analyses.
Moreover, the E1152 limitations have not
corresponded to observedexperimental phenomena that could be
taken to identify the loss of the singularity in a bend type
fracture mechanics specimen.
Additionally, an extension of the
valid region of crack extension for a J-R curve from a
laboratory specimen, does not often-provide crack growth
resistance information at large amounts of crack growth.
In
such cases, extrapolations may be required.
There are, at
present, no standardized approaches for extrapolating J-R
curves obtained from small specimens to predict-the crack
growth resistance of larger specimens or structures.
The experimental test
matrix included J-R curve tests
on
1/2T, IT and 2T compact [C(T)I and three-point-bend [SE(B)}
specimens of several medium to high strength steels
(ASTM A710,
A516, A106, and A533B steels and a high. yield strength, 3%Ni
steel).
The J-R curve tests
were conducted in accordance with
ASTM E1152-87 with the exception that crack extensions on the
order of 60% of the initial
remaining ligament-were achieved.
The data were analyzed both in terms of the deformation theory
J integral and the modified J integral (JM)Tests of bluntnotched C(T) specimens were also performed to examine the
accuracy of deformation plasticity
assumptions at large
deformations and crack extensions.
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Results of the J-R curve and blunt-notched specimen tests
indicate experimental support for extension of the E1152 crack
growth validity limits to approximately 30% of the initial
remaining ligament.
An analysis, based on a plot of specimen
bend angle versus crack extension, was developed to define the
engineering limit to the J-controlled singularity region.
In
the majority of the cases examined, this analysis indicates
loss of the controlling singularity at approximately 30% crack
growth.
A J-R curve extrapolation technique is described which is
based on a simple power law fit
to J-R curve data in the abovedefined singularity region.
While this approach is not
verified in a general sense, it does correspond to measured
data in most cases for which data is presently available.

INTRODUCTION

The J-integral [1-5] is widely accepted as a measure of elastic-plastic
fracture toughness for engineering alloys.
Assessment of the fracture safety
of engineering structures can be performed utilizing J-integral resistance
(J-R) curves for the material of interest, as the basis for resistance to
ductile crack growth [6].
Questions of specimen size and geometry dependence
for the deformation theory J-integral [7,8], coupled with development of a
modified J-integral (JM) [9], have raised a controversy over which parameter
more properly addresses the crack growth resistance of a flawed structure.
Whether J or JM is used to characterize the materials' crack growth
resistance, structural integrity assessments of nuclear piping systems require
resistance curve information to large amounts of crack growth (often in excess
of 0.6 inches).
For available surveillance specimens, this crack extension
far exceeds the allowable ASTM limits as defined in E1152-87.
Moreover, even
extension of the validity limits will not often yield the large crack
extensions required from small specimens without using extrapolations.
The
David Taylor Research Center (DTRC) is presently performing a research task to
address the issues of parameter selection, extension of R-curve validity
limits and extrapolation techniques for R-curves.
The results of this investigation are expected to significantly influence
policy/standards decisions presently being undertaken by the Nuclear
Regulatory Commission (NRC), the American Society of Mechanical Engineers
(ASME) and the American Society for.Testing and Materials (ASTM).
The NRC is
currently faced with decisions regarding the the appropriate fracture
parameters and analyses required to assess the fracture safety of commercial
nuclear plants with low upper shelf pressure vessel toughness.
This topic is
presently being addressed by the ASME Section Xi Working Group on Flaw
Evaluation.
The working group is preparing an A-11 Support Document entitled
"Development of Criteria for Assessment of Reactor Vessels with Low Upper
Shelf Toughness".
A reactor vessel is deemed to have low upper shelf
toughness when tests of surveillance Charpy V-Notch (CVN) specimens result in
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The A-Il document describes a fracture
less than 50 ft-lbs absorbed energy.
safety analysis based on characterization of the material fracture resistance
Key issues remaining to be resolved
by the J-integral fracture parameter.
include: (1) Whether the deformation theory J-integral or the Ernst [9]
modified J (JM) provides the more appropriate fracture resistance
characterization; (2). Definition and extension of validity limits for J-R or
JM-R curves and; (3) Extrapolations of J-R or JM-R curves from small specimen
data to obtain fracture toughness information at the large crack extensions
The ASTM J-R curve standard (E1152-87)
required for nuclear vessel analysis.
currently limits valid ductile crack growth to 10% of the remaining ligament
in a bend-type fracture mechanics specimen and does not address possible
The crack growth validity limitation is highly
extrapolation techniques.
restrictive for nuclear vessel analyses and extension of this validity limit,
coupled with examination of a proposed extrapolation technique are the primary
focus of this investigation.
APPROACH
J-R curve tests were conducted using the ASTM E1152-87 procedure with the
exception that the tests were continued to large crack extensions, typically
These tests
specimen remaining ligament.
in excess of 60% of the initial
were conducted using 1/2T, iT and 2T compact and three-point bend specimens to
assess effects of specimen size and geometry and to provide large specimens
(2T) to verify extrapolation techniques used on the smaller specimens.. Only
A series of blunt
compact specimen results will be presented in this paper.
notched calibration tests were performed, using 1T compact specimens, to
assess the accuracy of the deformation plasticity assumptions on which the JUsing the above generated data, and data available from
integral is based.
ASME and ASTM committee sources, an analysis was developed to allow an
assessment of the extent of the J-controlled singularity region for a
Lastly, a simple power law technique
laboratory specimen from a single plot.
for extrapolating J-R curves from small specimens was evaluated for two
materials.
MATERIALS
The alloys used in this investigation include ASTM designations A710,
These
A533B, A516, and A106 steels, and a 3%-Ni, high strength steel.
materials were chosen due to their use in nuclear steam systems and/or to
provide a wide range of fracture toughnesses to assess the dependence of the
Mechanical property data for
fracture parameter on the level of toughness.
these alloys are shown in Table 1.

RESULTS and DISCUSSION

J-R Curve Tests
Due to the extensive nature of the J-R curve testing performed for this
A matrix for the
investigation, only specific cases will be described herein.
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entire test series is provided in Table 2.
All J-R curve testing was
performed using the crack growth corrected J equations found in ASTM E1152-87.
Figures 1 and 2 provide J-R
Equations for JM were taken from reference 9.
curves for different scale compact specimens of A533B and A710, respectively.
The -corresponding JM-R curves are provided in Figures 3 and 4.
A key feature
of these data sets are the consistency of the J-R curves for both A533B and
A710 to crack extensions far exceeding the ASTM EI152 allowable limits.
This
consistency was also noted for the A710 JM-R curves, but not however, for the
A533B JM-R curves, where a distinct upward sweep to the R curves was observed.
This upward sweep trend has been observed for the JM-R curves of specimens of
*the other materials that have been investigated.
The data presented in
Figures 1 through 4 have been presented previously [10], and were the cause of
the continued investigation described herein.
Development of the singularity
zone analysis described in a later section indicates that the upward sweep in
the JM-R curves is indicative of the loss of the controlling singularity for
the J-integral and the continued consistency of the J-R curves beyond this
point is fortuitous.
Accuracy of the elastic compliance system in measuring the large crack
extensions achieved in this test program was assessed and the results are
presented in Table 3 for three of the alloys investigated.
The agreement was
generally good (less than 15% difference between estimated and measured
values) with the largest errors occurring for the A710 steel.
The tests of
the highly ductile A710 alloy resulted in much larger deformations than either
the 3%-Ni steel or the A533B steel at similar amounts of crack extension.
Blunt Notch Tests
Blunt notch tests of 1T compact specimens were conducted and the final
loads and J values were compared with results from corresponding elastic
compliance J-R curve tests.
The general procedure for these tests is
illustrated in Figure 5, and is described in detail in reference 11.
For
deformation plasticity conditions to prevail, the final loads and J values
between the blunt notch and J-R curve tests should be in good agreement.
A
comparison of the load-displacement records for several A533B and A710 blunt
notch and J-R curve tests are presented in Figures 6 and 7.
A summary of the
comparisons performed with A533B, A710 and the 3%-Ni steel is presented in
Table 4.
This comparison shows good agreement for the A533B and 3%-Ni steels
and poor agreement for the A710 steel.
The percentage differences for the
final load and J values for the A710 alloy were found to increase
progressively with crack extension.
Thesespecimens were characterized by
larger deformations than either the A533B or 3%-Ni steels at similar amounts
of crack growth.
The blunt notch tests for materials other than the highly
ductile A710 alloy indicate that deformation theory is applicable for elasticplastic materials of the type described herein, even when large crack
extensions and corresponding material unloading has occurred.
This provides
support for extension of J-R curve crack growth validity limits beyond that
currently provided in ASTM E1152-87.
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Singularity Zone Analysis
To follow-up the blunt notch tests, an analysis, aimed at quantifying the
extent of the J-singularity controlled region of crack growth in a laboratory
It was observed that real (engineering) limits to
specimen,' was developed.
the applicability of the J-integral were apparent in a plot of the plastic
Such a plot
component of crack opening displacement versus crack extension.
This plot shows
is shown for a 3%-Ni steel 1/2T compact specimen in Figure 8.
a region of initial
crack blunting, a region of singularity controlled crack
While the presence
growth, and finally, a gradual return to crack blunting.
of a singularity is difficult to verify experimentally, it is known that it
should produce the most intense conditions for crack growth.
The plot in
Figure 8 shows the most intense crack growth occurring in the central linear
region.
The presence of blunting in the beginning of the test and the
weakening of the singularity as the test progresses are reflected by the fact
that the increment of crack growth per increment of plastic displacement is
greatly reduced in these regions.
The delineations between these zones are
much more apparent on this plot than on a standard J-R curve.
The limit of
the singularity controlled crack growth region is taken to be at a 5%
deviation from the linear region shown on the plot.
Application of this type
of analysis to the materials investigated, has shown the loss of singularity
controlled growth to be at approximately 30% of the remaining specimen
ligament.
*This loss of singularity region has also been found to be
consistent with the beginning of the upward sweep observed in the JM-R curves.
The specimen size dependence demonstrated by the modified J, therefore,
appears to be a clear indicator of a loss of singularity in these specimens.

J-R Curve Extrapolations
The experimental singularity zone defined above extends the applicable
region of the J resistance curve well beyond the present limits of ASTM E115287.
As shown above, the results indicate that crack extensions of 30% of the
initial
remaining ligament can be justified by the singularity limit defined
directly from experimental data.
When even this extended J-R curve data is not adequate to address crack
growth resistance, it is proposed that an extrapolation can be made in the
following manner.
First, only small specimen data in the singularity zone
should be utilized.
Second, a simple power law of the form

J

[1]

= C(Aa)m

where C and m are fitting parameters and Aa is the amount of crack
extension, should be fit
to the small specimen singularity zone data for
purposes of extrapolation.
Such an analysis can be applied to either
deformation theory J-R curves or to JM-R curves.
Typical results are shown in Figure 9 for an A533B steel.
The smooth
power law curves have been fit
to the 1/2T CT specimens in the region 0.015 <
6a < 0.150.
This region was determined to be the singularity zone using the

-241-

analysis described previously.
The power law was then extended and compared
with 1T CT data as shown in Figure 9.
The comparison is excellent to a crack
extension of 0.500 inches on the 1T specimen.
Use of JM for this alloy also
gives good results as shown in Figure 10. In this case fitting data only in
the singularity zone effectively avoids the upward sweep of the 1/2T JM
resistance curves and produces an extrapolation function which is in good
agreement with the 1T CT specimen results.
The same analysis was applied to J-R curve data on low upper shelf
toughness, Linde 80 weld material from Babcock & Wilcox [12] as shown in
Figures 11 through 14.
This is the material that is the subject of the ASME
A-11 support document referred to previously.
Extrapolations based on the
deformation J-R curves seem to be preferable for this material.
On first
examination, the small specimen data of Figure 11 appears to be grossly
conservative in comparison with the 2T CT result.
Utilizing only the data in
the singularity zone for each small specimen, however and fitting the power
law form of equation [1], provides the comparison shown in Figure 13.
Repeating the process with the JM-R curves produces the much less conservative
results shown in Figure 14.
Application of this type of analysis to all materials and geometries
studied in this program has supported the extrapolation procedure described
above as being generally accurate to conservative if deformation J-R curves
are used and generally accurate to non-conservative if JM-R curves are used.
The non-conservative extrapolations observed thus far using JM-R curves
indicate that use of J-R curves is preferred in the analysis of the Linde 80
material.
Further analysis of the Linde 80 material from the Oak Ridge
National Laboratory (ORNL) V8A test is in progress and should provide more
conclusive information on selection of the appropriate fracture parameter for
analysis of pressure vessels with low upper shelf toughness.
CONCLUSIONS
(1) Blunt notch test results on several alloys indicate that J-R curves are
generally useful well beyond the present crack extension validity limits in
E1152-87.
(2) An analysis was developed to define an engineering limit to the extent of
J-singularity controlled crack growth in the alloys examined.
This analysis
indicates loss of the controlling singularity at approximately 30% of the
initial
specimen remaining ligament for a majority of the materials
investigated.
(3) J-R curve extrapolations based on fitting a simple power law to the data
in the extended validity region provide accurate to conservative estimates of
large specimen behavior in the case of deformation theory J, and accurate to
non-conservative estimates of large specimen behavior in the case of JM.
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TABLE 1 -

MECHANICAL

PROPERTIES

0.2% OFFSET
YIELD
STRENGTH

FOR MATERIALS

INVESTIGATED

ELONGATION
% IN TWO
INCHES

REDUCTION
IN AREA

MATERIAL

(ksi)

ULTIMATE
TENSILE
STRENGTH
(ksi)

A710

74

87

32

80

A533B-02

65

90

19

60

A533B-H13

64

87

26

68

A516

70

45

36

60

A106

47

81

32

67

89

106

23

80

3%-Ni
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(%)

(%)

TABLE 2

- J-R CURVE TEST MATRIX

NUMBER OF SPECIMENS PER CONDITION
THREE-POINT
BEND
SE(B)

COMPACT
C(T)
MATERIAL

1/2T

IT

2T

3

A710

3

8

A533B-02

3

3

A533B-H13
A516

IT

2T

3

3

3

3

3

3

3

3

3

8
3

3

3

8

A106
3%-Ni

I/2T

3

8
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3

TABLE 3 -

SPECIMEN
I. D.

SPECIMEN
TYPE

CRACK LENGTH MEASUREMENT

ESTIMATED
CRACK
EXTENSION
(inches)

MEASURED
CRACK
EXTENSION
(inches)

TABULATION

PERCENT
ERROR

(%)

A7 10
GFF-3
GFF-4

1/2T
1/2T

0.135
0.130

0.158
0.155

-14.6
-16.1

GFF-30
GFF-31
GFF-32

IT
IT
IT

0.279
0.287
0. 198

0.322
0.311
0.219

-13.4

GFF-L8
GFF-L9

2T
2T

0.201
0.392

0.222
0.451

-9.5
-13.1

S-1
S-2

1/2T
1/2T

0.301
0.246

0.316
0.249

-4.7
-1.2

A-I
A-2

IT
IT

0.534
0.543

0.543
0. 559

-1.7
-2.9

1/2T
1/2T

0.242
0.271

0.270
0.297

-10.4
-8.8

IT
IT

0.533
0.526

0.569
0. 569

-6.3
-7.6

-7.7

-9.6

3-Ni STEEL

A533B
GT-25
GT-29
GAA-14
GAA-15
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TABLE 4 -

MATERIAL/
SPECIMEN

BLUNT NOTCH TEST SUMMARY

TEST
TYPE

3-Ni STEEL
FYB-A3
BLUNT-NOTCHED
FYB-AI2
J-R CURVE

FINAL
LOAD

FINAL
J

% DIFF
LOAD

%DIFF
J

(%)

(%)

(pounds)

(lbs/in)

8100
8400

1700
1667

-4

(inches)
-2
0.107

FYB-A7
FYB-All

BLUNT-NOTCHED
J-R CURVE

6000
6300

2205
2216

-5

FYB-A6
FYB-AlO

BLUNT-NOTCHED
J-R CURVE

4000
4500

2435
2405

-13

A533B
E74
E71

BLUNT-NOTCHED
J-R CURVE

6880
6870

2907
2749

0

E72
E75

BLUNT-NOTCHED
J-R CURVE

5130
5190

4463
4401

-1

E73
E76

BLUNT-NOTCHED
J-R CURVE

3900
4200

4278
4208

-8

A710
GFF-J13
GFF-JII

BLUNT-NOTCHED
J-R CURVE

8150
8700

7150
7210

-7

GFF-J14
GFF-JIO

BLUNT-NOTCHED
J-R CURVE

5800
6800

9512
10170

-17

GFF-J12
GFF-J9

BLUNT-NOTCHED
J-R CURVE

3600
5000

9450
11204

-39

GFF-J6
GFF-J5

BLUNT-NOTCHED
J-R CURVE

2400
3600

10750
13250

-50
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CRACK
EXTENSION

0
0.202
-1
0.3

-6
0.096
-1
0.209
-2
0.274

1
0.1
6
0.207
16
0.298
19
0.387

.0,
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0.3

0.4

Figure 1 - J-R Curves for A533B Steel
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ADVANCES IN CRACK-ARREST TECHNOLOGY FOR
REACTOR PRESSURE VESSELS*
B. R. Bass and C. E. Pugh
HEAVY SECTION STEEL TECHNOLOGY PROGRAM
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, TN 37831

ABSTRACT

The Heavy-Section
Steel Technology
(HSST)
Program at the Oak Ridge
National Laboratory (ORNL)
under the sponsorship of the U.S. Nuclear Regulatory Commission is continuing to improve the understanding of conditions that
govern the initiation,
rapid propagation,
arrest,
and ductile tearing of
cracks in reactor pressure vessel (RPV) steels.
This paper describes recent
advances in
a coordinated effort being conducted under the HSST Program by
ORNL and several subcontracting groups to develop the crack-arrest data base
and the analytical tools required to construct inelastic dynamic fracture
models for RPV steels.
Large-scale tests
are being carried out to generate
crack-arrest toughness data at temperatures approaching and above the onset of
Charpy upper-shelf behavior.
Small- and intermediate-size specimens subjected
to static
and dynamic loading are being developed and tested to provide additional fracture data for RPV steels.
Viscoplastic effects are being included
in dynamic fracture models and computer programs and their utility
validated
through analyses
of data from carefully controlled
experiments.
Recent
studies
are
described
that examine
convergence
problems associated with
energy-based fracture prarameters in
viscoplastic-dynamic fracture applications.
Alternative techniques that have potential for achieving convergent
solutions for fracture, parameters
in
the context of viscoplastic-dynamic
models are discussed.

1.

INTRODUCTION

The Heavy-Section
Steel Technology
(HSST)
Program at the Oak Ridge
National Laboratory (ORNL) under the sponsorship of the. U.S. Nuclear Regulatory Commission is continuing to improve the understanding of conditions that
govern the initiation,
rapid propagation,
arrest,
and ductile tearing of
cracks in reactor pressure vessel (RPV) steels.
In pressurized-thermal-shock
(PTS) scenarios, inner surface cracks in an RPV have the greatest propensity
to propagate because they are located in the region of highest thermal stress,

*Research
sponsored
by
the
Office
of
Nuclear
Regulatory
Research,
U.S. Nuclear Regulatory Commission under Interagency Agreement 1886-8011-9B
with the U.S.
Department of Energy under Contract DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc.
-The submitted manuscript has been authored
by a contractor of the U.S. Government under
contract No. DE-AC05-84OR21400. Accordingly;
the U.S. Government retains a nonexciuaiv.
royalty-ree license to publish or reproduce the
published form of this contribution, or allow
others to do so. for U.S. Government purposes.
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lowest temperature and greatest irradiation
damage.
If such a crack begins to
propagate radially through the vessel wall, it will extend into a region of
higher fracture toughness due to the higher temperatures and less irradiation
damage.
Because crack initiation
is
a credible event in a PTS transient,
assessment of vessel integrity
requires the ability
to predict all
phases of a
fracture event.
These phases included crack initiation,
nonisothermal propagation, arrest, stable or unstable ductile tearing, and structural
instability.
Through the integrated efforts of several laboratory and university
research groups,
the HSST Program is
developing various components of the
technology required to treat
these phases of a fracture event.
The technology
includes fracture models, analysis methods,
criteria
and data curves and is
being developed and validated through small- and large-specimen experiments.
This comprehensive fracture technology development is addressing several
important technical aspects:
dynamic fracture-toughness models; rate-dependent data and constitutive
models;
crack-arrest data and interpretation;
transferability
of fracture models
(e.g.,
from small to large specimens);
cleavage/tearing transition data and modelling guidelines; and least-upperbound temperature for cleavage behavior.
Several of these issues must be
studied in the context of inelastic-dynamic fracture models.
Until recently,
linear-elastic
fracture mechanics (LEFM) concepts have been dominant in applications of dynamic analysis techniques [1].
However, except for very short
crack jumps, LEFM assumptions may not be strictly
valid characterizations of
rapid crack propagation
[2].
An indication that LEFM conditions are not
satisfied
occurs when elastodynamic analyses of crack run-arrest data lead to
geometry-dependent
fracture toughness relations.
Recent studies
[31 have
demonstrated that this geometry dependence can be removed through application
of viscoplastic fracture models that incorporate plasticity
and strain-rate
effects.
The importance of viscoplastic effects in dynamic fracture analysis
is a key component of the technology under development.
This paper describes recent advances in the coordinated effort being conducted under the HSST Program by ORNL and several subcontracting groups to
develop the crack-arrest data base and the analytical tools required to construct inelastic-dynamic fracture models for RPV steels.
Experimentally,
large-scale tests
[4-8] are being carried out to generate crack-arrest toughness data at temperatures approaching and above the onset of Charpy uppershelf behavior.
These tests
involve large thermally-shocked cylinders [4],
pressurized-thermally-shocked vessels [5,6],
and wide-plate specimens [7,8].
The highest number of data points are being generated in these studies by the
wide-plate tests
[7,81 which are performed at the National
Institute
of
Standards and Technology (NIST) for the HSST Program.
These tests
are extending the crack-arrest data base for ductile steels to temperatures that are
higher than those capable of being imposed in
conventional small-specimen
tests.
It
is
within the range of this higher temperature data that crack
arrest is most likely to occur in a PTS scenario.
To substantially augment
the data base, crack-arrest toughness data from small- and intermediate-size
specimens [9-12] subjected to static
and dynamic loading are being generated
at
Battelle
Columbus
Division
(BCD),
ORNL,
Southwest
Research
Institute
(SwRI),
and the University of Maryland (UM).
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Analytically,
viscoplastic effects are being included in
the dynamic
fracture models and computer programs and their utility
validated through
analyses of carefully controlled experiments.
Material properties characterization testing has been performed on A533 grade B class 1 (A533B) steel by
Ohio State University (OSU Ref.
[13]), SwRI (Ref.
[14]), and SRI International
(Ref.
[15]) using tensile and split-Hopkinson bar techniques.
These data have
been used to derive material constants for the Bodner-Partom [16], the Perzyna
[17] and the Robinson [18] viscoplastic models.
These constitutive models,
along with crack propagation techniques and several proposed nonlinear fracture parameters, have been installed in HSST-developed finite-element computer
programs.
Two computer programs [ADINA/VPF (Refs.
[19-20])
from ORNL and
VISCRK (Ref.
[11])
from SwRI] have been developed independently to evaluate
different analysis techniques and to insure high-quality dynamic solutions.
The capabilities of these nonlinear techniques are being compared and evaluated, in part,
through applications to the small- and large-specimen crack
run-arrest experiments.
Recent studies indicate that convergence of the leading energy-based
fracture parameters
(T*,
etc.) has not been established for viscoplasticdynamic fracture applications
[21].
Two parallel studies are under way to
address the issue of convergence.
SwRI is performing studies of the geometry
independence of a two-component parameter (T*, e) based on a process zone of
height 2 c that extends with the moving crack tip [22].
ORNL is studying a
crack propagation model based on a variable-order singular element formulation
[23].
Other contributions include asymptotic crack-tip studies being conducted' by OSU [24,25].
Additionally, ORNL and UM are determining preliminary
relations of crack-tip velocity vs pseudo-K vs temperature for nonlinear fracture conditions.
Some details of these recent developments in crack-arrest
technology under the HSST Program are described in the following sections.

2.

2.1

DYNAMIC FRACTURE TESTING PROGRAM

Wide-Plate Tests

A vital
component of the HSST crack-arrest
studies is
the wide-plate
tests
which are conducted at NIST.
A total
of sixteen wide-plate experiments
have been performed using two steels.
Objectives of these tests are to:
(1) extend the existing Kia data bases to values above the limit in the ASME
Code,
(2)
clearly establish:,that crack arrest
does occur prior to fracturemode conversion,
(3)
provide data to improve and validate elastic
and viscoplastic-dynamic fracture models, and (4) develop improved experimental dynamic
fracture methods.
The initial
series of wide-plate crack-arrest specimens
(WP-1) is taken from a plate of A533B steel
that is in a quenched and tempered
condition [7].
Drop-weight and Charpy V-notch test
data indicate that RTNDT =
-23 0 C,
and Charpy upper-shelf energy is
160 J with its
onset occurring at
about 55°C.
The WP-2 series of wide-plate specimens is taken from a plate of
2 1/4 Cr-1 Mo steel
that has been heat treated to produce a low upper-shelf
Charpy impact energy [8].
Based on a limited number of tests,
the tentative
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drop-weight nil-ductility
temperature
for the material
is
>60°C,
and the
Charpy upper-shelf energy is
about 50 J with its
onset occurring at about
150*C.
Additional material characterization data for the WP-1 and WP-2 series
steels
can be found in Refs. [7-8].
2.1.1

Test conditions for wide-plate specimens

The I by 1 by 0. I m specimens (1 by 1 by 0.15 m for specimens WP-1.7,
WP-1.8,
WP-2.1,
WP-2.2 and WP-2.3),
shown schematically
in
Fig. 1, were
machined and precracked by ORNL.
The total
crack length for each specimen was
nominally 0.2 m (a/W - 0.2).
Each side of a specimen was side grooved to a
depth equal to 12.5% of the plate thickness.
Each specimen was welded to pull
plates which have a pin-to-pin
length of 9.6 m to minimize stress-wave
effects.
Up to 25 gages have been utilized
to provide dynamic strain-field
measurements
for determining crack velocity and assessing boundary conditions.
Thermocouples were positioned on each specimen and sequentially monitored to insure that
the desired
temperature
distribution was achieved
throughout the plate assembly.

CRACK PLANE (SIDE-GROOVED 7
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Wide-plate assembly and crack-arrest
specimen with strain-gage locations.
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specimen:

(a)

pull-plate

In each wide-plate. test, a fracture toughness gradient was achieved
across the plate by LN2 cooling of the notched edge while heating the other
edge.
Liquid nitrogen flow and power to the heaters were continuously
adjusted to obtain the desired thermal gradient.
Tensile load was then
applied at a rate of 11 to 25 kN/s until fracture occurred.

2.1.2.

Summary of posttest analysis results

A summary of conditions for each test in the WP-1 and the WP-2 series is
given in Ref.
(81.
Posttest elastodynamic fracture analyses were conducted
for each wide-plate test to investigate the interaction of parameters that
affect the crack run-arrest events.
Figure 2 summarizes crack-arrest tough*ness values for the WP-1 and WP-2 series which were computed in fixed-load,
generation-mode dynamic finite-element analyses.
(In
the generation-mode
analysis, the crack tip is propagated according to a prescribed crack position
vs time relation obtained from measured data.)
Results for both test series
exhibit a significant increase in toughness at temperatures near and above the
onset

of

Charpy upper shelf

(T -

RTNDT = 78°C for WP-I; T -

DWNDT = 90°C for

WP-2).
Crack-arrest toughness values obtained from this series of tests
extend consistently above the ASME reference fracture-toughness curve.
The
increase in arrest-toughness values which occurs at an accelerating rate with
temperature near and above the onset of Charpy upper shelf suggests that a
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-267-

temperature limit exists at or below which cleavage crack propagation will
Results presented in
no matter how high the applied driving force.
arrest,
Fig. 2 also show that arrest of cleavage crack propagation can and does occur
at temperatures above the onset of Charpy upper shelf.
vs dynamic) and boundary
The importance of the analysis method (static
to interpret
conditions (fixed load or fixed load-pin displacement) utilized
is
demonstrated by comparing the values
tests
the wide-plate crack-arrest
Values of KIa determined using the
Fig. 3 for specimen WP-2.4.
given in
secant equation [26] and the Tada fixed load condition [27] represent approxin
dynamic results
to the
respectively,
upper bounds,
lower and
imate
such as could
Fig. 3.
For long-duration crack run-arrest events (>20 ms),
occur for the low Charpy upper-shelf material, considerable load adjustment
Therefore, the
can take place as a result of specimen/pull-plate compliance.
this
occurmost meaningful values of KI, under such conditions must reflect
The dynamic generationrence and involve a dynamic finite-element analysis.
mode (fixed load) analysis results represent one such calculation.
Predictions of crack propagation and arrest in dynamic fracture problems
crack-tip
instantaneous
among
relation
the
of
specification
requires
T,
for the
temperature,
and
KID,
toughness,
fracture
a,
dynamic
velocity,
applicapredictive
for
input
is
a
primary
relation
This
material.
fracturing
[In an application-mode analysis,, the
tion-mode dynamic fracture analyses.
crack tip is propagated incrementally when the relation Kapple. = KID (a, T)
Schwartz [28] has used data from the $P-1 series of
At UM,
is
satisfied.]
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toughness

determination

vs tem-

wide-plate tests to estimate the a vs KID vs T relation for A533B steel given
in Fig. 4.
The toughness relation in Fig. 4 has been used by ORNL for pretest
analysis of intermediate-size crack-arrest specimens [101 of A533B steel.
Topographic analyses of selected wide-plate fracture surfaces are -being
performed at UM using stero-SEM and relative-height measurement techniques.
In Ref.
[12], these' techniques were applied to regions of fracture surfaces
(from WP-1.7 and WP-CE-1) where cleavage arrest was followed by fibroustearing reinitiation.
Estimates of crack-tip opening displacement (CTOD)
obtained from relative-height measurements were used to calculate Ki-values at
reinitiation.
These studies indicated that high' KI-values (>350 MPa/mm) were
necessary to initiate fibrous tearing from an arrested 'cleavage crack in the
upper transition temperature range.
It is anticipated that large uncertainties in these topographic estimates of Ki, at reinitiation can be reduced substantially by improving the topographic mapping of the regions of interest.
More refined analyses of the wide-plate test data will be performed by
ORNL and UM to determine the influence of tunneling on computed crack-arrest
toughness values.,
To address this issue, the relevant experimental and
analytical literature on crack tunneling will be reviewed and a series of
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three-dimensional studies of crack tunneling will be performed under quasiconditions.
The major thrusts of these investigations will be to
static
develop a more refined analytical model for tunneling and to determine any
necessary corrections to the wide-plate test
results to account for the
influence of tunneling.

2.2

Pressurized-Thermal-Shock

Experiment

(PTSE-2)

The HSST Program is obtaining additional crack-arrest data through pressurized-thermal-shock tests
[5,6] that provide validation data under multiThe PTS experiments are the most recent of a long
axial transient conditions.
succession of validation experiments that are on a sufficiently
large scale to
allow important aspects of the fracture behavior of nuclear reactor pressure
vessels to be simulated.
Elastodynamic finite-element analyses [29] were previously carried out for the two cleavage crack run-arrest events that occurred
in the second and third phases of the PTSE-1 test
(5].
The dynamic results
showed good agreement between data and predictions for the short crack runs of
that experiment, and quasi-static
and dynamic analyses showed little
difference.
These same dynamic fracture analysis techniques have been applied now
to the analysis of the two crack run-arrest events of PTSE-2 [6].

2.2.1

Test conditions for PTSE-2

vessel and flaw geometry are given in Table 1 for
Dimensions of the test
the PTSE-2 test
[61.
An HSST Intermediate Test Vessel (ITV) was used as a
steel welded into the
tough carrier vessel and prepared with a plug of test
vessel.
The test
material was a specially heat treated 2 1/4 Cr-i Mo plate
with a low Charpy upper-shelf energy ("50 to 70 J)
and low ductile-tearing
resistance.
The i-m-long sharp flaw was implanted in the outside surface of
the plug by cracking a shallow electron-beam weld under the influence of
hydrogen charging.
For each test,
the ITV was extensively instrumented to
give direct measurements of crack-mouth opening displacement, temperature proIn
files
through the vessel wall, and internal pressure during the transient.
the experiment,
the flawed vessel was enclosed in an outer vessel that was
electrically
heated to bring it
to the desired uniform initial
temperature of
about 290*C.
A thermal transient is
initiated
by suddenly injecting chilled

Table

1.

Geometric parameters
PTSE-2 vessel

Inside radius

=

343 mm

Wall thickness.(w)
Flaw length
Flaw depth (a)

=
=
=

1000 mm

a/w

-
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of

147.6 mm
14.5 mm
t.098 mm

water (or a methanol-water mixture) through an annulus between the test vessel
and the outer vessel.
Extensive material properties testing of the vessel
insert material preceded the PTS experiment.
The tensile strength was
undesirably low,
but other properties,
although somewhat uncertain, were
satisfactory.
Some of the properties determined prior to the experiment are
summarized in Table 2.

Table 2.
Properties of PTSE-2
vessel insert material

= 255 MPa

Yield strength

Ultimate strength

= 518 MPa

NDT temperature

=

Onset of Charpy upper shelf
(100% shear fracture appearance)
Charpy upper-shelf energy

= 1500C

aRange for all depths in plate.
average at 1/4 depth is

=

49°C

50-75Ja
The

68 J.

The experiment was planned to consist of two transients, of which the
first
would induce warm prestressing (KI < 0) followed by reloading (KI > 0)
until the crack propagated by cleavage.
The second transient was planned to
produce a deep cleavage crack jump with an arrest or mode conversion occurring
only after conditions conducive to unstable tearing were attained.
In the
first
transient PTSE-2A, ductile tearing occurred in three separate phases:
(1) prior to warm prestressing; (2)
during reloading; and (3)
after the
cleavage arrest.
The crack propagated both axially and radially by cleavage.
In the second transient PTSE-2B, KI increased monotonically, while the
crack tore stably, propagated radially in cleavage, and then tore unstably.

2.2.2

Summary of posttest analysis results

in the elastodynamic analyses of the transient observed in PTSE-2, a 2-D
plane strain finite-element formulation was utilized to model the test vessel.
The finite-element model and the material properties utilized in this
analysis are described in Ref.
[30].
Measured values of the radial temperature distribution and internal pressure at the time of cleavage crack propagation in the transient of PTSE-2 are given in Ref. [61; the boundary conditions
are assumed constant during the run-arrest event.
Results from application-mode elastodynamic analyses of the A and B
transients are depicted in Figs. 5 and 6 and in Table 3.
Figure 5 gives the
computed crack-depth ratio, a/w, as a function of time for each of the two
transients and compares computed values with measured data at crack arrest.
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crack-arrest
analysis of

factor,
KI,
the
crack
the
dynamic
stress-intensity
Figure
6 . depicts
crack-arrest toughness, Kia, vs a/w relations for
velocity, a, and the static
indicates that the crack propagates into a rising KI
the transients, and it
Table 3 compares selected results from prefield for both run-arrest events.
analyses [6] based on measured
viously reported 2-D quasi-static elastoplastic
elastic
and elastodynamic analyses of
crack depths and from the quasi-static
in the
The differences in computed K, values at initiation
the present study.
effects that are not modelled
two transients are due primarily to plasticity
in this study.

Table 3.
Initiation and arrest parameters from
posttest elastoplastic and elastodynamic analyses of PTSE-2

Experiment
phase
PTSE-2A
a0.1524

a
(M)

Temperature
( 0 C)

KE
(MPa-m)

ESb

0.1524

0.0225
0.0225

80.7
80.7

198.9
238.4

Initiation
Initiation

S
EDC
PTSE- 2B
S
ES
S
ED

0.2663
0.3040

0.0393
0.0449

130.6
145.6

261.4
313.8

Arrest
Arrest

0.3123
0.3123
0.5339
0.5016

0.0461
0.0461
0.0788
0.0740

102.4
102.4
162.9
155.4

248.1
284.5
419.3
393.2

Initiation
Initiation
Arrest
Arrest

a

S

quasi-static

measured crack depth.
bES = quasi-static

elastoplastic
elastic

analyses
analysis

(Ref.

(Ref.

[6])

based on

[30]).

CED = application-mode elastodynamic analysis

(Ref.

[30]).

The computed results presented in Figs.
5 and 6 represent contrasts in
the predicted kinematic behavior of the crack tip
during the two transients of
PTSE-2.
In the A transient, the computed crack-tip velocity falls
rapidly to
zero at time t ý 150 ps following initiation
of the cleavage event.
Calculations for the B transient indicate that the crack velocity was non-zero for a
longer period of time, at least 300 ps.
The cleavage event observed in the
B transient was interrupted by a narrow band of ductile tearing at a/w ý 0.47
that extended the entire length of the crack.
Posttest studies of the fracture surface indicate that cleavage was still
occurring over short discontinuous segments of the tearing band, and that the crack eventually reinitiated
in
cleavage and arrested at a/w = 0.534.
Although the complex interactions of
these fracture modes are not modelled in the present study, results in Fig. 6
show that a small increase in the KIa curve could produce an arrest at the
approximate location of the ductile tearing band.
No such interruption of the
A transient cleavage event by tearing was detected, and the computed results
in Fig. 6 are consistent with that observation.
Results presented in
Fig. 3 show that the wide-plate K1 a test
results
exhibit an accelerating increase in
arrest-toughness values with increasing
temperature.
The trend for KIa values to extend consistently above the limit
provided in ASME Section XI is further substantiated in Fig. 7 which presents
data from the PTS and wide-plate experiments and from other large-scale tests
summarized in Ref. [8].
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2.3

Intermediate-

2.3.1

data

vs

temperature

and Small-Scale Specimen Tests

Stub-panel crack-arrest

specimen

Studies [10] have been conducted by the HSST Program at ORNL to evaluate
the usefulness of crack-arrest
experiments that employ a relatively small
panel specimen whose size is between conventional crack-arrest specimens and
the wide-plate specimens.
For the design of. the specimen geometry, the following requirements were adopted:
1.
2.
3.

measurement of crack-arrest toughness values >200 MPa.(m-,
measurement of toughness values in
a rising field
of stress-intensity
factor, and
a limit capacity of 2.5 MN for the available testing machines.

The stub-panel specimen (45.1 x 99.1 x 3.39 cm) depicted in Fig. 8 was
proposed to meet the above requirements.
The plate is side-grooved to a depth
of 12.5% of the thickness, resulting in a net thickness of 2.54 cm at the
crack plane.
A gradient in fracture toughness is achieved by cooling the stub
region and heating the panel edge to produce a nonuniform steady-state temperature distribution across the plate.
A tensile
load is applied to the panel
to produce a rising driving force.
The stub is mechanically loaded to provide
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Fp

H3.18

DIMENSIONS IN CENTIMETERS

-w 2.-

-d - 24.8
_W- 45.1

Fig.

8.

Geometry and loading system of stub-panel crack-arrest specimen.

KI levels that are high enough for initiation of the chilled crack in cleavage.
Arrest of the fast-running crack then occurs in the ductile hightemperature region of the panel.
Static and dynamic analyses [10] were
carried out for the stub-panel configuration to assess its utility
for producing KIa data in the temperature regime of upper-shelf material behavior.
These analyses indicated that crack-arrest toughness values >200 MPa--m could
be measured in a rising KI field by using available testing machines and
appropriate thermal boundary conditions.
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Plans have been formulated at ORNL for fabricating, instrumenting, and
testing the stub-panel specimen in Fig. 8.
The first
specimen was fabricated
from the same plate (HSST plate 13-A) of A533B steel as that used in the WP-1
series of wide-plate tests.
Material properties for the test
plates have been
described previously in Ref. [10].
To record pertinent data during the test,
the specimen will be instrumented with thermocouples, strain
gages, and displacement gages,
using a placement configuration and instrumentation chain
similar to that employed for the wide-plate specimens [7].
The first
specimen
will be tested early in FY 1989.
2.3.2

Small dynamic-fracture specimens

Crack-arrest toughness data applicable to PTS conditions is being developed
through small-scale
specimen testing programs
by several HSST sub[31] has been
research
At
SwRI,
experimental
contracting
institutions.
directed toward obtaining dynamic crack-propagation data in A533B steel
using
small-scale specimens supplied by ORNL.
For this purpose, a series of duplex
A533B/4340 steel specimens of effective width, w = 127 mm, were instrumented
and tested at 23*C.
Crack growth was monitored on both surfaces of each
specimen using crack gages, whereas crack-line displacement was measured using
an eddy-current transducer.
Dynamic-strain measurements were also obtained
and used to examine the detailed interaction between stress-wave propagation
and crack-growth response.
Results from dynamic analyses performed with the
SwRI code VISCRK have been reported for two duplex experiments (SD2 and SD6)
in Ref. [31].
Figure 9 shows the Kla values from these analyses plotted with
the ORNL equation for Kla and the ASME KIR curve.
Similarly, the Kla values
crack-extension event in several of the WP-1
for SwRI analyses of the first
series of wide-plate experiments are shown in Fig. 9.
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duplex

A new technique developed at SwRI enables two relatively small specimens
to be tested simultaneously using stress-wave loading from Hopkinson-type
Precracked compact-type A533B steel specimens, without
pressure bars [311.
side grooves and having an effective width w = 44 mm, have been tested at 23
Two A533B specimens with
Crack growth of "15 mm was achieved.
and 37°C.
side grooves and a modified fastening mechanism to the pressure bars are being
prepared for testing at temperatures ranging from 37 to 50'C.
At UM,
efforts have focused on the development of two different rapid
to
The goal of one of these studies is
loading fracture experiments [12].
determine the limits of approximating the crack-arrest toughness, Kia, by the
explosively-loaded
Kid.
In
the latter
case,
dynamic initiation-toughness,
notched short-bars are being tested and the KId values so obtained are comIn the other study, a method is
pared with KIa values for the same material.
being developed to measure "lower bound" cleavage initiation-toughness in the
A notched round-bar subtransition
temperature range using a small specimen.
study.
jected to impact loading is being used for the latter
Feasibility

studies

demonstrated

that photoelastic and strain-gage tech-

niques could be employed to measure KId in the notched short-bar specimens.
integral dog-bone ends is accomplished
The loading of the short bar with its
Tensile stress
with four explosive charges that are detonated simultaneously.
waves produced at each end of the bar propagate to the central region of the
bar, where they combine to produce a rapidly increasing KI field that initiates a stationary crack.
The first
two notched short-bar specimens were fabricated from 12.7-mmthick 4340 steel hardened to R. = 51, with a fatigue-sharpened crack 17.5 mm
The first
test indicated that symmetric loading
deep used as an initiator.
was achieved and the central crack extended straight across the midsection of
Strain gage records were successfully obtained in the second test,
the bar.
The next
KId = 53.0 MPa-Ym.
and indicate a dynamic initiation-toughness
series of tests will focus on specimens of A533B steel subjected to very high
rates of loading.
These specimens will be extended to a length of 400 mm in
the straight-bar
region to move the crack-tip strain gages away from the
explosive charges and to allow more time for the loading wave to propagate to
the center notch.
The impact-loaded notched round-bar experiment was developed by UM in an
attempt to simulate the effects of constraint of a very thick specimen with a
The cylindrical shape of the bar should increase
relatively small round bar.
The specimen conthe effective thickness of the specimen by a factor of -3.
figuration used in testing consists of a notched bar with outside diameter of
The notch is machined with
38.1 mm and a machined notch of diameter 19.1 mm.
tool with
a notch tip radius
of
an
overly
sharp Charpy
notch-cutting
0.127 mm.
The loading system designed to apply impact loading to these
specimens is capable of delivering 1051 J of energy when the weight of 58.8 kg
Initial
experiments made with straindrops through a distance of 1.83 m.
rates approach 20 s-1 with this
gaged specimens indicate that nominal strain
rate at the notch is much higher because
system.
However, the actual strain
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of the 4/1 area
occurs at the tip

ratio and because of
of the root radius.

the

large

strain

concentration

that

In the first
test
series, five specimens of A508 steel were tested under
axial impact loading applied by dropping the 58.6 kg weight a distance of
1.78 m.
All five specimen failed, and data obtained for the determination of
KId were found to be consistent and repeatable, yielding an average value of
KId = 54 MPa,•.
For the next series of tests,
twenty notched round-bar specimens are being machined from A533B steel.
These specimens will be tested
under impact loading for a range of temperatures to determine the change in
initiation
toughness from the lower to the upper shelf.

3.

INELASTIC FRACTURE MODEL DEVELOPMENT

The basic postulate of LEFM requires that the inelastic
deformation surrounding the crack tip
be contained within the Kl-dominant region.
Furthergoverned by a unique
it
is
assumed that rapid crack propagation is
more,
geometry-independent material property, the dynamic fracture toughness, KID.
Propagation of a running crack occurs under the condition that the applied
dynamic stress-intensity
factor, KI, satisfies
KI .= KID (a,T),where KID is
taken to be a function of the crack-tip velocity, a, and the temperature, T.
However,
except for very short crack jumps,
LEFM assumptions may not be
strictly
valid characterizations of rapid crack propagation
[2].
In particular,
a wake of residual plasticity
left
behind the moving crack tip
can
violate the K1 -dominance reqtirement of LEFM.
An indication that LEFM conditions are not satisfied
occurs when elastodynamic analyses of crack run-arrest
data lead to geometry-dependent fracture toughness relations.
Dahlberg, et
al. [32] performed elastodynamic fracture analyses using crack run-arrest data
from tests
of single-edge-notched (SEN)
tension panel specimens of different
lengths.
Their results for different panel lengths coincide for low crack
velocities, but show a definite geometry dependence at higher velocities where
non-linear effects are more pronounced.
However,
Brickstad [3] has demonstrated that this geometry dependence can be removed through application of an
inelastic
fracture model that incorporates plasticity
and strain-rate
effects
(i.e.,
viscoplasticity).
These
studies
indicate
that strain-rate
effects
(_104
s-1)
can be
important for rapid loading situations such as cleavage crack propagation
events in ductile RPV steels.
The HSST Program research efforts at ORNL and
several subcontracting groups are supporting the development of viscoplasticdynamic
finite-element
analysis
techniques
and
validating
their
utility
through analyses of carefully controlled experiments.
Various viscoplastic
constitutive models and several proposed nonlinear fracture criteria
have been
installed
in general purpose (ADINA/VPF)
[19,20] and special purpose (VISCRK)
[11] finite
element computer programs.
The constitutive models include the
Bodner-Partom
[16],
the Perzyna
[17]
and the Robinson
[18] viscoplastic
formulations; the proposed fracture criteria
include three parameters,
fT*
from Ref. [33], J from Ref.
[34],
and y from Ref.
[311, that are based on
energy principles.
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3.1

Viscoplastic Material Model Characterization

Research efforts at ORNL and several subcontracting groups are directed
toward developing strain-rate
and temperature-dependent
constitutive models
for A533B steel.
These models will be used in dynamic fracture analyses to
assess the effect of viscoplastic material behavior on cleavage crack propagation and arrest in RPV steels.
As part of this effort, dynamic stress-strain
data have been generated by OSU,
SwRI, and SRI for A533B steel
for use in
deriving constants for proposed constitutive models..
Kanninen et al.
[14]
obtained dynamic stress-strain
data from tensile
and split-Hopkinson bar tests
for strain
rates ranging from 0.001 to 550 s-1 and for temperatures ranging
from -60
to 175°C.
To augment this data base,
Giovanola and Klopp [15]
recently performed 15 split-Hopkinson torsion-bar experiments at engineering
shear-strain rates ranging from 400 to 3000 s-1 and at temperatures of -60 to
150°C.
Using similar test
procedures,
Gilat
[13] has conducted tests
at
strain rates of "800 and 5000 s-1 and at temperatures of -150 to 20'C.
(All
specimens- for these tests
were taken from HSST Plate 13-A, which is the same
source plate for the wide-plate crack-arrest specimens).
Results for these
tests
show that both temperature and strain
rate have a significant effect on
the material response of A533B steel.
Kanninen et al. [14] used dynamic stress-strain
data to derive constants
for the Bodner-Parton constitutive model appropriate for A533B steel at test
temperatures ranging from -60 to 150'C.
At ORNL,
Chang [35) has employed
stress-strain
data from Refs.
[14-15] and an extended version of the Robinson
model to represent the viscoplastic behavior of A533B steel.
The extended
Robinson model was originally developed to describe strain-aging effects [36]
as exhibited by the phenomena of yield drop for Inconel 617 at 950'C and the
reverse
strain-rate
effect
for type
304. stainless
steel at
550'C.
As
illustrated
in Fig. 10, the Robinson model effectively models the yield drop
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4.0

4.5

5.0

constitutive model predictions
at a temperature of 100°C and

and strain-rate
sensitivity
of the A533B steel
at 100 0 C.
Numerical implementation of the extended Robinson model into ADINA/VPF following a technique due
to Hornberger [37] is
currently under way at ORNL.
Also, the SwRI stressstrain
data for A533B steel has been employed by Bricks.tad [381 to characterize a Perzyna viscoplastic formulation based on the von Mises yield criterion with linear strain
hardening.

3.2

Applications of Viscoplastic Analysis Methods

The predictive capabilities of the nonlinear techniques described in the
previous section are being evaluated through applications of the ADINA/VPF and
VISCRK
computer
programs
to
analyses
of
HSST
crack-arrest
exeriments.
Recently,
viscoplastic-dynamic
fracture analyses
[39]
of wide-plate tests
WP-1.2 to WP-1.7 were conducted with the ADINA/VPF program at ORNL using
finite-element models having improved mesh refinement near the plane of crack
propagation.
The finite-element model used to analyze tests
WP-1.2 to 1.6 is
shown in Fig. 1 1 (a); the model used for test
WP-1.7 is shown in Fig. 11(b).
Both models consist of 2258 nodes and 715 eight-noded isoparametric elements.
The dimensions of the elements along the crack path in Fig. 11 are 20
by 20 mm.

6.01

5.5

5.0

4.5-

4.0.

3.5

w
Z 3.02.5-

2.0-

1.5-

1.0-

0.5-

0-

(aaI WANa
0.0

0.5

(b)
1.0
0.0
DISTANCE (m)

'
0.5

1.0

Fig. 11.
Finite-element models used in dynamic analyses of tests
WP-1.2
through WP-1.7:
(a) model of WP-1.2 through WP-1.6, and (b) model of WP-1.7.
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From Ref.
[391, a generation-mode analysis of wide-plate test
WP-1.2 was
the estimate of crack position vs time from Fig. 12 and
performed utilizing
[14].
The crack position vs. time relation
the Bodner-Partom model from Ref.
part from strain-gage data recorded at the
in
Fig.
12 was constructed in
Figure 12 shows the
crack-line strain-gage locations identified in Fig. 1.
two measured crack arrests at a fm = 0.55 m and at afm2 = 0.65 m which
=
occurred at times t
ml
respectively.

other

0.96

ms

and

at t

=

2.7 ms

after

crack

initiation,

im2

Figure 13 compares results from this analysis with those obtained
models having different mesh refinements along the crack plane.
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/ r

1 .'

vs crack depth] from generationWP-1.2 for four crack-path mesh

results are expressed in terms of pseudo-KI values computed from the rate-ofrun/
[31) and plotted vs. crack length for the first
work function y (Ref.
arrest event..
The characteristic mesh size is defined as the ratio of the
The ORNL analysis results shown
crack-path element width to the plate width.
1/40 and 1/50 were obtained from ADINA
13 for mesh sizes 1/22,
in Fig.
Also shown in
analyses described in Refs. [21], [20] and [391, respectively.
[38]
at the Swedish Plant
obtained by Brickstad
Fig. 13 are results
Inspectorate (SA) using mesh sizes 1/40 and 1/80 and the Perzyna viscoplastic
model.
These combined results indicate that the viscoplastic-dynamic solutions of the wide-plate test expressed in terms of the inelastic fracture
parameters (T*, J, and y) have not yet converged for the mesh refinements
employed thus far in these studies.
Insight into the difficulties associated with modeling rapid crack propagation events in RPV steels exhibiting viscoplastic behavior are provided by
Ahmad [40] employed an asymptotic analysis by Freund
several recent studies.
and Hutchinson [41] for steady-state crack growth in an elastic-viscoplastic
material under small scale yielding to study an HSST wide-plate test specimen.
To accurately model the high-strain-rate zone, Ahmad [40] estimates that
the element size in the crack-tip region of the wide-plate model should be
(Thus far,
approximately 1 mm, or _10- 3 of the planar specimen dimensions.
HSST wide-plate analyses have been limited to elements with dimensions greater
than 10 mm.)
More recent studies by Sheu [24] and by Popelar [25] indicate
Sheu [24] studied the mode I
that the high-strain-rate zone is even smaller.
plane strain problem of dynamic steady-state crack growth in A533B steel using
[141 and the assumption of
the Bodner-Partom model characterized in Ref.
Focusing on the immediate area surrounding the elasticsmall-scale yielding.
plastic boundary, Sheu [24] resolved the near crack-tip singular fields using
a finite-element model with element dimensions approximately 10-3 of the
(For the Bodner-Partom model, the stress field is
elastic-plastic zone size.
r-1/ 2 singular and the elastic strain rates dominate the plastic strain rates
In Fig. 14, Popelar [25] has elaborated further on the
near the crack tip.)
study of Sheu [24] by estimating the size of the zone-of-dominance of the
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(N

Do =
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.011
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_
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Fig. 14.
Variation
limiting plastic
strain

of effective stress ahead of crack
rate, Do, in Bodner-Partom model.
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tip as a function

near-tip fields for values of the limiting plastic
108 S-1.
The zone-of-dominance becomes smaller

strain
rate as high as Do =
for increasing values of Do
and is approximately 10-3 of the plastic
zone size for Do = 108 s-1.
Furthermore, for A533B steel over a temperature range from -60 to 100°'C and, a crack
speed of one-half the Rayleigh wave speed, Popelar [25] estimates that the
zone-of-dominance extends from -5 to 55 lm compared to an inelastic
region
with dimensions 0.1 to
15 mm.
Representative
data for A533B. wide-plate
material lists
grain sizes at ASTM 7-8 corresponding to average diameters
from -27.5 jim to 19.8 pm,
respectively
[7].
Given that the computational
capacity were available to resolve such a small region using finite
elements,
it
is clear that elements of this size 'invade the micro-heterogeneity of the
material and broach the limits of isotropic continuum analysis.
Several
techniques
are being explored to circumvent these stringent
requirements on crack-tip mesh refinement and related difficulties
associated
with possible violations of continuum assumptions.
Motivated by the objective
of computing a convergent
non-zero value of T*-integral for viscoplastic
models, Nishioka [22] has proposed an exclusion zone technique that obviates
the need for highly-refined crack-tip elements.
In the viscoplastic calculations,- a small. rectangular domain of height 2 E is defined around the crack
tip
to approximate a finite
fracture process zone.
Typically this zone is
chosen such that E equals the height of one or two rows of elements along the
plane of crack propagation in
the finite-element model.
During the dynamic
analysis, this rectangle is extended in length (but not in height) to include
a portion of the plastic
wake behind the advancing crack.
Nishioka [22]
advocates excluding the integration of the volume term of the T*-integral (see
Ref.
[331)
from this extending exclusion zone.
According to a study by
Nishioka [22], the T*-integral should be essentially invariant with respect to
the size of this extending domain provided e is sufficiently small.
To investigate the potential of the foregoing technique for characterizing fracture behavior, 0'Donoghue [42] has performed studies of the geometry
independence of the two-component parameter (T*, E) using a center-crack panel
problem '(Fig. 15).
The panel had dimensions 2 w x 2 h x t (w = 40 mm, h =
20 mm and t = 25.4 mm) with an initial
crack length of a/w = 0.25.
A fixed
load was applied that produced a nominal stress of 300 MPa and an initial
stress-intensity
factor
of
KI(T*)
=
77 MPa/m.
The panel
was
analyzed
dynamically as a plane stress problem using the Bodner-Partom model [14] for a
constant crack velocity of a = 1000 m/s and a series of increasingly refined
meshes.
Results of these analyses presented in Fig. 15 indicate that the time
history of T* was relatively insensitive to mesh refinement for a given height
of the exclusion zone.
Based on these preliminary calculations,
further
studies will be conducted in the HSST program on the geometry independence of
the (T*,
e) parameter when applied to small- and large-specimen crack runarrest
data.
Moving

singular

element

formulations represent an alternative technique
for achieving convergent solutions for fracture parameters in the context of
viscoplastic-dynamic fracture analysis.
A review of the various computational
methods that have employed singular elements in elastodynamic fracture applications is
given by Nishioka and Atluri [43].
Two aspects associated with
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Comparison of results [KI(T*)
Fig.
15.
viscoplastic-dynamic analyses of center-cracked panel for three mesh refinements and fixed exclusion zone (E = 1.25 mm).
moving singular element formulations may improve convergence characteristics
is the influence of including
The first
fracture applications.
in inelastic
the
Ritz-Galerkin approximation.
space
of
singular functions in the solution
the capability of maintaining a
The second, possibly more subtle, aspect is
(Current nodal relaxnode positioned precisely at the moving discontinuity.
of
the crack-tip except
position
exact
the
specify
ation techniques do not
In preliminary work,
located at an interelement boundary.)
when the tip is
singular
implemented a variable-order
have
[23]
Thesken and Gudmundsson
formulation
finite-element
an
elastodynamic
[44]
into
by
Akin
proposed
element
its
advantages in modeling stationary cracks subjected to
and have illustrated
Thesken and Gudmundsson [45] have incorMore recently,
dynamic loading.
porated a moving element formulation which allows an adjustable region of conThe
body.
within a finite
vecting elements to be embedded at the crack tip
to be
singularity
crack-tip
of' the
the
order
permits
latter
technique
dynamic crack growth problems.
parameter for
by an adjustable
specified
[45] of this technique have shown good agreement with known
Applications
Work is currently
analytic solutions of elastodynamic crack growth problems.
under way in the HSST Program to update the moving element formulation of
Thesken and Gudmundsson [45] to accommodate viscoplastic material behavior.
potential in resolving
The resultant formulation will be investigated for its
the near crack-tip singular fields of the Bodner-Partom constitutive model
while remaining in the size regime of a continuum element.

3.3

Three-Dimensional

Constraint

Effects

thus
The finite-element calculations carried out for the wide-plate tests
However, in
far have assumed plane stress conditions over the entire plate.
the vicinity of the crack tip, there must be a transition from this plane
Within this
stress field to a zone dominated by three-dimensional effects.
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region,
the most
significant
of the three-dimensional
effects may be
transverse constraint.
Insight into the importance of the plane stress vs
plane strain issue is found in results reported by Freund and Hutchinson [461
for the extension of their asymptotic analysis of Ref.
[41] to plane stress.
In that study, the plastic dissipation under plane stress was found to be
about two times that under plane strain, all other factors being equal.
Studies being performed by UM on three-dimensional constraint effects
focusing on center-cracked panels, SEN and bend-bar geometries.
The SEN
bend-bar analyses have the same specimen geometries and differ only in
applied loading.
These studies should provide additional insight into
differences between tensile and moment loading of the crack-tip region.
portion of these results will be employed in the development of techniques
incorporating 3-D constrain effects into 2-D finite element formulations
inelastic-dynamic fracture analysis.

4.

are
and
the
the
A
for
for

CONCLUSION

This paper has summarized recent developments in a coordinated effort
being conducted under the HSST Program to develop the crack-arrest data base
and the analytical tools required to construct a more comprehensive fracture
technology for RPV steels.
Because crack initiation is a credible event in a
PTS transient, the technology must be available to treat all phases of fracture events.
These phases include crack initiation, nonisothermal propagation, arrest, and stable or unstable ductile tearing.
The discussion here has
focused on analyzing initiation, propagation and arrest of cleavage-fracture
behavior.
Experimentally,
the crack-arrest data base continues to be enlarged
through small- and large-scale experiments performed under the HSST Program.
The large-scale wide-plate and PTS experiments are being analyzed using stateof-the-art dynamic analysis techniques.
These analyses continue to produce
arrest-toughness values that increase at an accelerating rate with temperature
near and above the onset of the Charpy upper shelf.
In order to construct
valid dynamic fracture models for RPV steels, crack run-arrest data corresponding to higher temperature and toughness levels must be generated in
greater quantities than can be achieved with large specimens such as wide
plates.
The intermediate-size stub-panel specimen being developed and tested
at ORNL represents a promising technique for substantially augmenting the
crack-arrest data base at an affordable cost.
A key component of the fracture technology under development in the HSST
Program is evaluating the importance of viscoplastic effects in dynamic fracture analysis.
To this end, additional high-strain-rate testing (up to
5000 s-1 in shear) has been performed on A533B steel and used to update
material constants for the various viscoplastic constitutive models installed
in HSST computer programs.
The capabilities of these nonlinear techniques are
being evaluated, in part, through applications to small- and large-specimen
tests, including wide plates.
Viscoplastic-dynamic fracture analyses of the

(T*,
terms of the fracture parameters
when expressed in
wide-plate tests,
From
etc.),
were found to exhibit a strong dependence on mesh refinement.
asymptotic studies of Sheu [24] and Popelar [25], resolution of the crack-tip
singular fields in viscoplastic models of engineering structures using convenapparently not within reach currently
tional finite-element formulations is
Even if
this
for practical mesh sizes, even in a supercomputer environment.
remain concerning the possible
questions still
achieved,
resolution were
violation of continuum assumptions and the relevance nf the proposed parameters (T*, etc.) to predictions of fracture behavior in ductile RPV steel.
Alternative techniques are being investigated in the HSST program to deal
associated with the small dimensions of the high-strain-rate
with difficulties
These techniques include a two-component paramzones in viscoplastic models.
eter (T*, e) to exclude the high-strain-rate region from a portion of the calculations and a moving variable-order singular element formulation to build
These techthe crack-tip singularity into the finite-element approximation.
niques will be evaluated separately through analyses of dynamic fracture data
from small- and large-specimen crack-arrest experiments.
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ABSTRACT

have been completed to date,
Fifteen wide-plate crack-arrest tests
specimens fabricated from A533B class I material (WP-1
ten utilizing
and WP-CE series), and five fabricated from a low upper-shelf base
a single-edge notched
utilized
Each test
material (WP-2 series).
specimen that was subjected to a linear thermal gradient along the
Test results exhibit an. increase in
plane of crack propagation.
crack-arrest toughness with temperature, with the rate of increase
When the wide-plate
becoming greater as the temperature increases.
results are combined with other large-specimen results the data
test
show a consistent trend in which the Kla data extends above the
limit provided in ASME Section XI.
1.

INTRODUCTION

pressure-vessel safety assessment methods
Current light-water reactor (LWR)
III
and XI of the American Society of
are based in large measure on Sects.
Mechanical Engineers (ASME)
Boiler and Pressure Vessel Code (B&PVC).
In
flaws on the inner surface of a
(PTS) scenarios,
pressurized-thermal-shock
have
the greatest
propensity to propagate
reactor pressure
vessel
(RPV)
because they are in the region of highest thermal stress, lowest temperature,
If such a flaw begins to propagate radially
and greatest irradiation damage.
will extend into a region of higher fracture
through the vessel wall, it
toughness
due
to
the higher
temperatures
and less
irradiation
damage.
Although the thermal stresses may decrease with propagation depth, the stressintensity factor caused by the elevated-pressure loading will be increasing.
The fracture toughness correlations contained, in
the ASME B&PVC embody the
position that one cannot assume a crack-arrest toughness value (Kla) above
220 MPa-Vm for LWR pressure-vessel steels.
The imposition of this limit is
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based in part on the fact that no
because Charpy tests
showed that
the nature
Therefore,
behavior.
tions to temperatures higher than
be presumed.

Kla data existed at or above this level and
impact energy levels exhibit an upper-shelf
of crack-arrest behavior and Kia extrapolathat at which this
limit occurred could not

The ASME limit does not impose difficulties
in making assessments for LWR
pressure vessels undergoing thermal shock transients with low accompanying
pressure levels.
However, PTS scenarios could lead to conditions where the
driving force on a propagating crack increases to. levels well in excess of the
Thus, safety assessment methods for this type of condicurrent ASME limit.
tion would require an understanding of the following points.
1.

If the driving force on a crack exceeds 220 MPa.Vm by a significant
gin, can the material exhibit crack-arrest behavior?

mar-

2.

If the materials do exhibit high Kia values with-increasing temperature,
That is,
does a
what is
the relationship between Kia and temperature?
temperature limit exist above which cleavage crack propagation cannot continue regardless of how high the driving force?

3.

If crack arrest does occur at high temperatures where the material behavior is typically dominated by ductile behavior, then what interactions
exist between the various fracture modes, including arrest, stable crack
growth, unstable crack growth; and tensile instability?

2.

PROGRAM OBJECTIVE AND GOALS

The primary objective of the wide-plate crack-arrest studies is
to generate
data and associated analysis methods for understanding the crack-arrest behavior of prototypical RPV steels at temperatures near and above the onset of
the Charpy upper-shelf
region.
Program goals include
(1) extending the
existing Kia data bases to values above those associated with the upper limit
in the ASME B&PVC; (2) clearly establishing that crack arrest occurs prior to
fracture-mode
conversion;
and
(3)
validating the predictability of crack
arrest, stable tearing, and/or unstable tearing sequences for ductile materials.
The wide-plate tests and analyses provide bases for obtaining and
interpreting dynamic-fracture data (with relatively long crack runs) and bases
for validation of viscoplastic fracture models and analysis methods.
3.
3.1

MATERIAL PROPERTIES
WP-1 Test Series

(A533B Material)

The initial
series of wide-plate crack-arrest specimens is
taken from the
central portion of a 18.73-cm-thick plate of A533 grade B class 1 steel that
is
in
a quenched and tempered condition.
Properties of the plate include
Young's modulus (E)
= 206.9 GPa, Poisson's ratio (v) = 0.3, coefficient of
thermal expansion (a) = 11 x 10-%/OC,
and density (p)
= 7850 kg/m 3 .
The
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temperature-dependent

o

y

yield stress for the material

is

given by

= 374.87 + 5 9 . 8 9 e-0.00 7 9 3 T

(1)

where a and T have units in megapascals and degrees Celcius, respectively.
The ultimate strength of the material, for use in tensile instability calculations, is based on the average stress in the remaining ligament (ou) equal
to 550 MPa, which represents the lowest value determined for the temperature
range of interest.
For tearing instability calculations, the material tearing
resistance is assumed to be given in the form of a power-law J-resistance
curve
J

=

c(Aa)m

(2)

where c
0.3539, m = 0.4708, and the units of JR and Aa are MJ/m 2 and mm,
respectively.
Temperature-dependent fracture-toughness relations for initiation and arrest, based on small-specimen data, are given by

Klc = 51.28 +

5 1 . 9 0 e0.0

3 6

(T - RTNDT)

(3)

e0 .0

29

(T

(4)

Kla = 49.96 + 1 6 .

88

- RTNDT)

with units for K and T being MPa-/m and 'C, respectively.
Drop-weight and
Charpy V-notch test data indicate that RTNDT = -23°C,
and Charpy upper-shelf
energy is 160 J with its onset occurring at 55'C.
Analytical studies have used a dynamic fracture toughness relation in
lowing form:
KID

Kla + A(T)

where Kla is

ý2

(5)

,

given by Eq.

A(T)

= [329.7 + 16.25

A(T)

=

the fol-

(4)

and

(T -

RTN)] X 10-.

(6)

,

or
[121.71 + 1.296

(T -

RTNDT)] x

10-6

,

(7)

if (T - RTNDT) is greater or less than -13.9°C, respectively.
Units for KID,
A, 1 , and T are megapascals times root meters, megapascals times square
seconds times meters to the -3/2,
meters per second, and degrees Celcius,
respectively.
The form of the KID expression in Eq. (5) and relations for
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A(T)
RTNDT
3.2

[Eqs.
(6)
and (7)]
are derived
from Ref.
-6.1=C for the material used in that study.

[1]

by

estimating

that

=

WP-CE Test Series

(A533B Material)

The WP-CE specimens were made from a second heat of A 533 grade B class 1
material that was provided to ORNL by Combustion Engineering (CE),
Inc.
The
material was characterized by CE, and the detailed results are presented in
Pertinent material properties include:
Ref. [2].
1.

an ultimate tensile strength ranging from =580
to -560 MPa at 66%C to =520 MPa at 120 0 C,

MPa

2.

a nil-ductility

to - -23

3.

a

4.

the minimum
-49'C.

transition temperature from - -34

Charpy upper-shelf energy of -180
temperature

for

fully

to =203 J,
ductile

at

room

0

temperature

C,

and

behavior

occurring

at - 43

to

Temperature-dependent fracture-toughness relations for the WP-CE material used
for pretest planning were the same as Eqs. (3)
and (4) with the RTNDT changed
to the appropriate value for the WP-CE material.
3.3

WP-2 Test Series

(Low Upper-Shelf Material)

The WP-2 series of wide-plate crack-arrest specimens is taken from a 15.88-cm
thick plate of 2 1/4 Cr-1 Mo steel.
The material was supplied by Babcock and
Wilcox after
being heat treated in an effort to obtain a Charpy upper-shelf
energy of 68 joules (50 ft-lb),
or less.
Based on a limited number of tests,
the tentative drop-weight nil-ductility
temperature for the material is -60'C,
and the Charpy upper-shelf energy is
about 60 J with its
onset occurring at about 150°C.
The ultimate strength of
the material, for use in
tensile instability
calculations,
is
based on the
average stress in the remaining ligament (au) equal to 500 MPa.
For tearing
instability
conditions,
the values of c and m in
Eq.
(2)
are 0.1114 and
0.3832,
respectively.
Tentative
temperature-dependent
fracture-toughness
relations for initiation
and arrest, which have been used for planning the WP2 series tests
are given by:

KIc = 39.53 +

9 3

.

4 7e

Kla = 22.31 +

62

.

69

0

.

e0 .

0 36

(T

0 17 7

(T

DWNDT)

-

-

DW NDT)

(8)

(9)

with units of K and T being MPa-Vm and °C, respectively, and the material
DWNDT = 60°C.
The dynamic fracture toughness relation is presented in Eq. (5)
with 60°C used as the material RTNDT.
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4.
4.1

SPECIMEN PREPARATION,

INSTRUMENTATION AND TESTING PROCEDURE

Specimen Preparation

The 1 x 1 x 0. 1 m, or 1 x 1 x 0.15 m, specimens such as shown in Fig. 1, were
The precracking was done by hydrogen
by ORNL.
machined and precracked
charging an electron-beam (EB) weld located at the base of a premachined notch
crack length, notch depth plus EB weld, for each
The total
in the plate.
specimen was nominally 0.2 m (a/W - 0.2) and the flaw was oriented perpendicular
to the rolling direction. Each side of a specimen was side grooved to a
Starting with the third specimen
thickness.
depth equal to 12.5% of the'plate
the crack front of each specimen, with the
in
test
series WP-1 (WP-1.3),
exception of specimen WP-2.3, was machined into a truncated chevron configUpon
uration to reduce the tensile load required to achieve crack initiation.
completion of the machining operations each specimen was shipped to NIST where
it was welded to pull plates nominally having the same cross-section geometry
A specimen pin-to-pin length of approximately 9.6 m was
as the specimen.
Tables 1, 2 and 3 present dimenselected to minimize stress wave effects.
series,
WP-CE and WP-2 test
the WP-1,
sions for each of the specimens in
respectively, which have been tested to date.

CRACK PLANE (SIDE GROOVED) 7

~~9.6

'

1.0::
INITIAL FLAW

0.1
---

1'

- 1.0

I.--1.o

CRACK TIP
EB WELD
0.0127 RADIUS

0.0127

00C

VARIES
450

0.0127
PLAjN

RADIUS

PLAN
ENLARGED DETAIL
DIMENSIONS IN METERS

ELEVATION
B = 0.102 OR 0.152
Fig.

1.

Schematic of HSST wide-plate crack-arrest specimen.
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TABLE 1
WP-1 SERIES TEST SPECIMEN DIMENSIONS

Dimension (mm)
Dimension

Symbol

Specimen designation
WP-1.1

WP-1.2

a

196.9

199

Thickness

B

101

101.8

99.5

Notched

BN

76.3

77.5

Chevron thickness
(thickness at ao)

BC

NAa

NAa

Width

W

Initial

crack length

thickness

aNot applicable.

997

998

WP-1.3

WP-1.6

WP-1.7

WP-1.8

200

200

202

198

99.6

101.7

101.8

152.4

152.4

75.4

76.9

76.4

75.5

114.3

115.1

47.5

33.8

41.2

40.0

61.0

56.2

197

1000

WP-1.4
207.5

1000

WP-1.5

1000

1000

1000

1000

TABLE 2
WP-CE SERIES TEST SPECIMEN DIMENSIONS

Dimension
Symbol

Specimen designation
WP-CE-1

Initial

crack length

(mm)

WP-CE-2

a

200

201

Thickness

B

101.7

101.8

Notch thickness

BN

76.3

76.2

Chevron thickness

BC

40.0

40.4

(thickness

at a0 )

Width

W

1000

999.5

TABLE 3
WP-2 SERIES TEST SPECIMEN DIMENSIONS

Dimension (mm)
Dimension

Symbol

Specimen designation
WP-2.4

Initial

crack length

WP-2.1

WP-2.5

WP-2.3

WP-2.2

a

203

202.6

199

200

213

Thickness

B

101.7

152.3

101.6

152.4

152.4

Notch thickness

BN

76.3

113.9

76.2

113.8

113,8

Chevron thickness
(thickness at ao)

BC

40.5

61.5

40.7

Width

W

1000

1000

999

1000

Pop-in crack length

a,

251

NAa

264

NAa

NAa

NAa

b

0

Chevron thickness
(thickness at a-)
0
aNot applicable

BC
C

75.5

because either a pop-in did not occur

b

(WP-2.1,

71.9
1000.
NAa
b

WP-2.2

and WP-2.3) or the crack length after
pop-in (a-) was past the region
of the plate where the crack front had been chevroned (WP-2.5).
bspecimen non-chevroned.
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4.2

Instrumentation

Up to 40 thermocouples were positioned on each specimen as shown in Fig. 2.
During the heating-cooling processes, the 20 thermocouples adjacent to the
crack plane were displayed graphically in real time to indicate the relationship between the actual and desired thermal gradient across the specimen
width.
The 20 additional thermocouples indicated the temperature distribution
at other positions on the specimen and pull plates and were used primarily for
post-test analyses.
Although the number of strain gages has varied from test to test, up to a
total of 25 gages have been utilized to provide dynamic strain-field measurements for determination of crack velocity and assessing boundary conditions.
Strain gage locations utilized for tests WP-1.7 and WP-CE-1 are shown in
Fig. 3.
The crack-line gages (numbers 1 through 20 in Fig. 3) were twoelement, 90* stacked, 350-ohm Karma alloy (nickel-chromium alloy) gages on a
Near and far field gages were either uniaxial or threepolyimide backing.
The strain gage signals were recorded
element 350-ohm constantan alloy gages.
either by a transient digital oscilloscope or a combination of oscilloscopes
and a multichannel, wide band, frequency modulated, magnetic tape recorder.
Operations of the oscilloscopes and recorder during a test were controlled by
the microcomputer-based system shown schematically in Fig. 4.
Additional instrumentation that have been used in selected tests include:
gages mounted on the front
(1) capacitance-based crack-opening-displacement
an
and back plate faces at an a/W that varied from 0.120 to 0.175, (2)
a
acoustic emission transducer located on the specimen lower pull tab, (3)
displacement gage mounted on the specimen centerline approximately 3.5 m below
the crack plane, and (4) accelerometers mounted on the specimen centerline
More detailed
approximately 3.5 m below and 3.5 m above the crack plane.
information on the instrumentation systems can be obtained from Ref. [3].
4.3

Heating-Cooling-Insulation

Systems

the specimen was placed into the NIST testing
After being instrumented,
machine and individual electric-resistance strip heaters attached to the back
The primary heating zone was formed by two pairs of
edge of the plate.
The
heaters attached to the specimen edge above and below the fracture plane.
zone,
second heating zone, consisting of two areas on either side of the first
Temperature levels in the two
was heated by two outward pairs of heaters.
zones were independently controlled to better achieve and maintain a linear
thermal gradient.
The cold edge of the specimen (notch) was cooled by spraying liquid nitrogen
(LN 2 ) directly onto the specimen surface using a copper-tube manifold
system.
The specimen cooling level could be controlled by manually setting a
hand valve and with an on/off temperature controller interfaced with a
thermocouple at the cold edge of the specimen.
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* THERMOCOUPLE LOCATION
BOXED NUMBER INDICATES THERMOCOUPLE ON BACK OF SPECIMEN
250

250

2•0

250

500

-20
36

30

32

*

250

331

30-I-

1Q50

400
30

250

20
1000

28

Is

SS --I

22

27

-"-"

3124
2r

21

125

I

20

250

1000
23

400
28

4

2S

000

1950

24

-

ALL DIMENSIONS IN MILLIMETERS
Thermocouple locations for a typical HSST wide-plate
Fig. 2.
crack-arrest specimen.

-2S

I

---

A

3SO0

'--

170

250
2P
12411414

1000

12

II

30

T

I

22

23

-

11
al143

IS
to87654321
1

2000

w
0
0

T

1000

±
l 000
1000

x = 97.5 FOR WP-1.7

x = 65 FOR WP-CE-1
ALL DIMENSIONS IN MLLIMETERS

Fig. 3.
Strain gage locations.for a typical HSST wide-plate crackarrest specimen.

DIGITAL OSCILLOSCOPE
WITH FLOPPY DISKETTES
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,

.

•OUTPUT
DATA LOGGER WITH
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DISPLAYS TEMPERTULRE
GRADIENT DL JRING TESTING
Fig.
system.

4.

Schematic of HSST wide-plate

crack-arrest data acquisition

Two types of thermal insulation were used to insulate the hot and cold edges
On the hot edge of the plate mineral wool bats were posiof the specimen.
center line and extended beyond
tioned on the specimen face at the vertical
The cold side of the plate was
heaters.
the heated edge and the strip
insulated with styrofoam sheets which butt up against the mineral wool at the
specimen center and extend beyond the cooled edge.
4.4

Testing Procedure

instrumentation was attached to
After completion of specimen insulation, all
the data acquisition system and a checkout conducted to demonstrate operabilA temperature gradient was imposed across the plate by LN2 cooling of
ity.
Liquid nitrogen flow and power
the notched edge while heating the other edge.
to the heaters were continuously adjusted to obtain the desired thermal
Generally, the mid-plate (a/w = 0.5) temperature was selected to
gradient.
correspond to that of the onset of Charpy upper-shelf energy for the material
being tested and the crack-tip temperature was varied to provide the desired
gages, COD gages and the
Final calibration of the strain
load.
initiation
of specimen loading.
to initiation
just
prior
were completed
load cell
5) to the specimen at a rate of 11 to
Tensile load was then applied (Fig.
Four exceptions to this procedure occurred
fracture occurred.
312 kN/s until
Specimens WP-1.1, WP-CE-2 and
tests
conducted to date.
during the fifteen
at a low
warm prestressed to guard against initiation
WP-2.2 were initially
crack
a pillow jack device to initiate
and specimen WP-1.4 utilized
load,
propagation at a prescribed tensile load.
5.
5.1

TEST SUMMARY
WP-1 Test

Series

in
the WP-1 test
Table 4 presents a summary of conditions for each test
through WP-1.6 are
specimens WP-1.1
surfaces
for
The fracture
series.
presented in Fig. 6, and Fig. 7 presents the fracture surfaces for specimens
WP-1.1 through WP-1.7 has
Since a description of tests
WP-1.7 and WP-1.8.
Only a
it
will not be repeated.
a previous paper [4],
been presented in
WP-1.8 will be provided.
summary of test
in
the WP-1 series and the second which
Test WP-1.8 was the seventh test
After obtaining a satisfactory thermal
a 152-mm-thick specimen.
utilized
24.5 MN
gradient, the specimen was loaded at an average rate of 20 kN/s until
Since a crack run-arrest event did not occur, the specimen was
was reached.
rapidly unloaded in an effort to sharpen the crack tip prior to application of
the testing procedure
Two changes were then made in
a second load cycle.
the crack tip temperature was
prior to application of a second load cycle:
and the specimen loading rate was increased to
lowered about 11'C to -47*C,
and
the crack run-arrest events initiated
At a load of 26.5 MN,
312 kN/s.
Examination
lasted -34 ms (cleavage crack propagation plus ductile tearing).
gage records indicated that three cleavage
of the fracture surface and strain
crack run-arrest events had occurred.
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5.

Wide-plate crack-arrest specimen under test.
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Fracture surfaces of specimens WP-1.1 through WP--1.6.
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Fig.
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7.

Fracture surfaces of 152-mm-thick specimens WP-1.7 and

TABLE 4
SUMMARY OF HSST WIDE-PLATE CRACK-ARREST TEST CONDITIONS
FOR A533 GRADE B CLASS 1 STEEL:
WP-1 AND WP-CE SERIES

Crack
location
(cm)

Tes

Crack
temperature
(OC)

Initiation
load
(MN)

Arrest
location
(cm)

Arrest
temperature
(°C)

Arrest
T - 0 RTNDT
( C)

WP-1.

20

-60

20.1

50.2

51

74

WP-1.2A
WP-1.2B

20
55.5

-33
62

18.9
18.9

55.5
64.5

62
92

85
115

WP-1.3

20b

-51

11.25

48.5

54

77

WP-1.4A
WP-1.4B

20.7b'c
44.1

-63
29

7.95
9.72

44.1
52.7

29
60

52
83

WP-1.5A
WP-1.5B

2

0b
52.1

-30
56

11.03
11.03

52.1
58.0

56
72

79
95

WP-1.6A
WP-1.6B

20b
49.3

-19
54

14.50
14.50

49.3
59.3

54
80

77
103

WP-1.7A
WP-1.7B

20.2b
52.8

-24
61

26.2
26.2

52.8
63.5

61
88

84
111

WP-1.8A
WP-1.8B
WP-1.8C

19.8b
44.9
50.4

-47
40
55

26.5
26.5
26.5

44..9
50.4
59.4

40
55
79

63
78
102

WP-CE-1

20.0k

-34

10.14

42.0

36

70

WP-CE-2Ad
WP-CE-2B
WP-CE-2C

20.01
46.6
50.4

-40
42
51

14.60
14.60
14.60

46.6
50.4
52.5

42
53
60

76
88
95

aSpecimen was warm prestressed by loading to 10 MN at 70°C.
also preloaded to 19 MN.

Specimen was

bCrack front cut to truncated chevron configuration.
CPillow jack utilized to apply pressure
dSpecimen was warm prestressed

5.2

WP-CE Test

load to specimen's

machined notch.

to 14 MN at 25°C.

Series

Table 4 presents a summary of the conditions for the two tests
in the WP-CE
test
series.
The fracture surfaces for the two specimens comprising this
test
series are presented in Fig.. 8.
Test WP-CE-1 was the first
grade B class I material

wide-plate crack-arrest
provided by Combustion
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test
which used the A 533
Engineering,
Inc.
After

2

31 4

5

6

1 's

)

30

1

2

3

4

5

6

1 40
'

04

Fig. 8.

Fracture surfaces of specimens WP-CE-1 and WP-CE-2.

obtaining a satisfactory thermal gradient,
the specimen was loaded at an
average rate of 24 kN/s.
At a load of 10.14 MN, cleavage crack propagation
initiated
with a stable arrest occurring at a/w = 0.37 on the plate front face
and at a/w = 0.42 on the plate back face.
After holding the load constant for
150 s, loading was reinitiated
at 24 kN/s.
At a load of 15.26 MN, fibrous
crack propagation began and was followed by a rapid drop in
load to about
4.4 MN.
After maintaining the load at this value for about 30 s, loading was
reinitiated
at 24 kN/s until
at a load of 6.34 MN, complete separation of the
plate occurred.
Prior to testing, specimen WP-CE-2 was warm prestressed at room temperature
(-25°C) by loading it
to 14 MN, holding the load for 5 minutes, and slowly
reducing the load to 5 MN.
While maintaining the load at 5 MN, the temperature
gradient was developed.
Having
established a satisfactory thermal
gradient, the specimen was loaded at a rate of 9.6 kN/s.
At a load ot 14.6
MN,
the crack run-arrest events initiated.
Examination of the fracture surface and strain gage records indicated that three cleavage crack run-arrest
events occurred.
5.3

WP-2 Test Series

Table 5 presents a summary of the conditions for the
that have been conducted
to date.
The fracture
specimens that have been tested are presented in Fig.
of tests
WP-2.4, WP-2.1, WP-2.5 and WP-2.3 have been
paper [4,5],
it
will not be repeated. Only a summary
provided.

tests
in the WP-2 series
surfaces
for the five
9.
Since a description
presented in a previous
of test
WP-2.2 will be

Prior to testing, specimen WP-2.2' was warm prestressed at 120'C by loading it
to 16 MN,
holding the load for 5 minutes, and slowly reducing the load to
3 11N.
While maintaining the load at 3 MN,
the temperature gradient was
developed.
The specimen was loaded at a rate of 16.2 kN/s.
At a load of 17
MN,
the crack run-arrest
events initiated.
Examination of the fracture
surface and strain gage records indicated that six to seven cleavage crack
run-arrest events occurred.
6.

6.1

POSTTEST ANALYSES AND COMPARISON OF DATA WITH OTHER
LARGE-SCALE TEST RESULTS
Posttest Analyses

Posttest analyses were conducted for each wide-plate crack-arrest test to
investigate the interaction of parameters
(plate geometry, material properties,
temperature profile and mechanical loading) that affect the crack run
arrest events.
Three-dimensional (3-D), static,
finite-element analyses were
performed to determine the stress-intensity
factor at the time of crack initiation
using the ORMGEN/ORVIRT [6,7] fracture analysis system in conjunction
with the ADINA-84 [8] finite-element code.
Quasistatic analyses utilized
the
ORNL computer code WPSTAT [9] to evaluate the static
stress-intensity
factors
as a function of crack length and temperature differential
across the plate.
WPSTAT also categorizes arrested crack lengths in
terms of three types of

TABLE 5
SUMM4ARY OF HSST WIDE-PLATE CRACK-ARREST TEST CONDITIONS FOR
WP-2 SERIES
SPECIALLY HEAT TREATED 2 1/4 Cr-i Mo STEEL:

Crack
location

Tes
No.(C)

Crack
temperature
0

Initiation
load

Arrest
location

Arrest
temperature
0

Arrest
T - RTNDT

( C)

(MN)

(cm)

( C)

( 0 C)

WP-2.4Aa
WP-2.4B
WP-2.4C
WP-2.4D

20.3
25.1
33.8
39.7

45
61
86
102

7.52
8.85
8.85
8.85

25.1
33.8
39.7
41.3

61
86
102
107

1
26
42
47

WP-2.4E
WP-2.4F
WP-2.4G
WP-2.4H

41.3
46.2
48.4
51.5

107
121
127
137

8.85
8.85
8.85
8.85

46.2
48.4
51.5
55.5

121
127
137
149

61
67
77
89

WP-2.1Aa
WP-2.1B
WP-2.1D
WP-2.1E
WP-2.IF
WP-2.1H
WP-2.11
WP-2.IJ

19.9
27.5
33.5
37.0
40.0
45.0
49.0
52.7

55
80
96
105
112
125
135
145

11.90
11.90
11.90
11.90
11.90
11.90
11.90
11.90

27.5
33.5
37.0
40.0
45.0
49.0
52.7
55.5

80
96
105
112
125
135
145
152

20
36
45
52
65
75
*85
92,

WP-2.5Aa
WP-2.5B
We-2.5C
WP-2.5D
WP-2.5E
WP-2.5F

19.9
2 7 . 2b
35.0
43.5
47.8
51.6

66
86
104
124
135
144

7.53
8.90
8.90
8.90
8.90
8.90

27.2
35.0
43.5
47.8
51.6
56.0

86
104
124
135
144
154

26
44
64
75
84
94

WP-2.3A
WP-2.3B
WP-2.3D
WP-2.3F

20.0
34.0
37.5
39.7

66
97
106
111

15.3
15. 3
15.3
15.3

34.0
37.5
39.7
45.7

97
106
111
126

37
46
51
66

WP-2.2Ae
WP-2.2B
WP-2.2C
WP-2.2D
WP-2.2E
WP-2.2F
WP-2.2G

21.1
43.5
46.5
47.8
49.9
51.0
53.8

58
120
129
133
139
142
150

17.0
17.0
17.0
17.0
17.0
17.0
17.0

43.5
46.5
47.8
49.9
51.0
53.8
58.2

120
129
133
139
142
150
162

60
69
73
79
82
90
102

aCrack

front cut to chevron

configuration.

After pop-in.
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Fracture surfaces of specimens WP-2.4,

-310-

-2.1,

-2.5,

-2.3

instability
limits;
i.e.,
reinitiation,
tearing
instability
and
tensile
instability.
Elastodynamic analyses are carried out using the ADINA/VPF [81
dynamic crack analysis code.
The code is capable of performing both application-mode (crack tip is propagated incrementally when KI, the dynamically computed stress-intensity
factor, equals the specified dynamic fracture toughness
value,
KID)
and
generation-mode
(crack
tip is
propagated
incrementally
according to a prescribed crack position vs time relationship with the values
of fracture toughness determined from the dynamically computed KI) analyses.
For both modes of analysis, the dynamic stress-intensity
factor is determined
in
each time step from the dynamic J-integral containing the appropriate
inertial
and thermal terms.
Tables 6 and 7 summarize crack-arrest toughness values for the WP-l, WP-CE and
WP-2 series, which were computed by both static
and dynamic analyses as well
as
those
determined
using
handbook
techniques
[11,12].
The
dynamic
generation-mode
(fixed-load)
crack-arrest
toughness
results,
presented in
Fig. 10, extend consistently above the limit provided in ASME Sect. XI and
exhibit a significant increase in
toughness with temperature (T - RTNDT).
This increase in arrest toughness with temperature occurs at an accelerating
rate suggesting that a temperature limit exists at or below which a cleavage
crack propagation will arrest, no matter how high the applied driving force.
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Comparison of Data with Other Large-Scale

toughness

data

Test Results

The trend for Kla values to extend consistently above the limit provided in
ASME Sect. XI is
further substantiated in Fig. 11, which presents data from
several large-scale tests
[13-24] plus the wide-plate test
results.
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TABLE 6

SUMM4ARY OF CRACK-ARREST TOUGHNESS VALUES
FOR A533 GRADE B CLASS I STEEL:
WP-1 AND WP-CE SERIES

Crack-arrest toughness values
(MPa-/m)
Test
No.

static

Tada
SEN formulas

Fedderson
alternate
secant

Displ. a
control

Load
control

b

formula

Dynamic FE

d

Gnrto

Generation
mode

WP-I 1

391

813

340

NA

WP-i. 2A
WP- 1. 2B

384
416

942
1489

349
419

424
685

WP-I. 3

215

424

185

235

WP- 1. 4A
WP-1. 4B

145
331

248
433

120
170

NA
387

WP- 1. 5A
WP-1. 5B

217
229

472
616

191
213

231

WP- 1. 6A
WP-1. 6B

279
306

565
881

242
290

275
397

WP- 1. 7A
WP-1. 7B

351
385

793
1312

311
381

319
555

WP- 1. 8A
WP-1. 813
WP-1. 8C

325
344
374

576
723
1083

273
301
356

345
484
563

WP-CE-1

180

293

148

170

WP-CE-2A
WP-CE-2B
WP-CE-2C

274
285
291

509
597
653

232
249
258

218
354
576

509

a

Fr om Ref. [11] (pp. 2.10-2.11) while assuming
a = af and no further bending occurs due.to propagation
of the crack.

b
From Ref. [11] (pp. 2.10-2.11) while assuming a = af
and full bending according to SEN formula when the final
crack depth is used.
KI = C lTa sec(w)•
stress,

a = af = final

width (Ref.

d

,/2 with a

=

crack length,

far-field tensile
and w = full plate

[12]).

Dynamic finite element
ORNL program ADINA/VPF (Ref.

analyses
[10]).
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(fixed load)

using

TABLE 7
SUMMARY OF CRACK-ARREST TOUGHNESS VALUES
FOR THE WP-2 TEST SERIES

Crack-arrest toughness
(MPa./m)
Test
No.

static

Tada
SEN formulas

values

Fedderson
alternate

Dynamic FEd

secant
formulaC

Generation
mode

Displ.
controla

Load
controlb

WP-2.4A
WP-2.4B
WP-2.4C
WP-2.4D
WP-2.4E
WP-2.4F
WP-2.4G
WP-2.4H

104
155
168
171
181
185
191
198

113
186
234
249
303
332
378
451

ill
124
128
140
145
153
165

137
188
281
249
307
381
397

WP-2.1A
WP-2.1B
WP-2.1D
WP-2.1E
WP-2.1F
WP-2.1H
WP-2.11
WP-2.1J

114
126
133
138
146
153
158
163

132
166
190
213
260
306
359
406

88
100
106
112
123
132
141
149

106
153
158
170
201
293
371
406

WP-2.5A
WP-2.5B
WP-2.5C
WP-2.5D
WP-2.5E
WP-2.5F

108
165
184
193
200
209

123
196
273
326
382
464

83
114
134
144
155
167

171
190
268
306
366

WP-2.3A
WP-2.3B
WP-2.3D
WP-2.3F

164
172
177
190

217
249
271
344

129
138
144
160

144
232
255
258

WP-2.2A
WP-2.2B
WP-2.2C
WP-2.2D
WP-2.2E
WP-2.2F
WP-2.2G

210
217
220
225
227
233
242

350
395
416
454
476
538
656

171
180
185
192
195
206
223

201
259
281
299
380
364
446

aFrom Ref.

[11]

(pp.

---

79

2.10-2.11) while

assuming a = af

and no further bending occurs due to propagation of
crack.

the

bFrom Ref. [11] (pp. 2.10-2.11) while assuming a = af
and full
bending according to SEN formula when the final
crack depth is used.
CKI = a Ia

sec(!-aw)1

stress, a = af = final crack
width (Ref.
[12]).
dDynamic finite

element

ORNL program ADINA/VPF

(Ref.

with a = far-field
length,

tensile

and w = full

analyses
[10]).
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(fixed load)

plate
using
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Fig. 11.
High temperature crack-arrest toughness data versus
temperature (T - RTNDT) for wide-plate and other large specimen tests.

7.

CONCLUSIONS

In conclusion, the HSST program has an integrated effort underway to extend
the range of applicability of current state-of-the-art
crack-arrest practices
and to develop alternatives where improvements are needed.
Fractographic
examinations
confirm that the crack propagation
in
the wide-plate tests
occurred by a predominately cleavage mode and that the arrest
events were not
preceded by conversion to ductile tearing.
Arrest may be followed by stable
or unstable ductile crack growth, but these modes of fracture may be analyzed
independent of the cleavage run-arrest events.
A consistent trend is formed
when the crack-arrest data from the three types of HSST large-specimen tests
are combined on a plot of KI
vs T - RTNDT with other large-specimen data.
Collectively these data show t•at arrest can and does occur at temperatures up
to and above that which corresponds to the onset of Charpy upper-shelf behavior,
and' the measured Kla values extend above the limit included in
Section XI of the ASME code.
Further, the data suggest the existence of a
limiting temperature above which a cleavage crack cannot propagate no matter
how high the applied driving force.
In summary, the data being obtained under
the HSST wide-plate crack-arrest program support:
(1) the use of fracturemechanics concepts to analyze cleavage run-arrest events, (2) the treatment of
cleavage- and ductile-fracture modes as separate events, and (3)
the fact that
cleavage arrest can occur at toughness levels well above the ASME limit.
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SUMMARY OF THE HEAVY-SECTION STEEL TECHNOLOGY PROGRAM
IRRADIATION SERIES*
Randy K.
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ABSTRACT
The Heavy-Section Steel Technology (HSST) Program has considered the effects of radiation on pressure vessel steels
since its
inception in 1967.
Research has focused on the conduct of experiments in test
reactors to investigate the fracture toughness of both
base metals and welds as a consequence of neutron irradiation
under
conditions similar (with the exception of irradiation
rate) to those
experienced by commercial power reactor vessels.
The materials used
for all
the studies have been prototypic of commercial practice.
The welds and plates are procured from commercial nuclear fabricators and fabricated using the same procedures used for reactor
vessels.
The HSST irradiation
task currently includes ten separate
series; four have been completed, three are active, and three are
under planning.
This paper briefly
summarizes the results
from the
completed series, discusses the results from Series 5 on the KIc
curve shift
and shape in some detail,
and briefly
summarizes the
remaining series.
The first
four series dealt with dynamic
fracture, ductile tearing resistance of low upper-shelf welds, and
fracture toughness of current welding practice, low copper/nickel
welds.
Series 5 incorporates a large number of small and large
specimens (up to 203-mm-thick compact specimens) of two welds to
provide a basis for statistical
analyses used to determine the
temperature shift
and shape of the postirradiation Klc curve.
The
testing
is completed and preliminary analyses indicate that the
fracture toughness shift
can be greater than the Charpy impact shift
and the Klc curve can change shape.
Series 6 on crack-arrest
toughness is well under way, while Series 7 on stainless
steel
cladding is virtually
completed.
Series 8 on the KIc curve shift
and shape for low upper-shelf welds, Series 9 on the effects of
thermal annealing in thick sections, and Series 10 on fracture
toughness of the low upper-shelf weld in the Midland Unit 1 reactor
vessel are in various stages of planning.

*Research sponsored by the Office of Nuclear Regulatory Research,
Division of. Engineering, U.S. Nuclear Regulatory Commission under Interagency
Agreement DOE 1886-8011-9B with the U.S. Department of Energy under contract
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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INTRODUCTION

The degrading effects of neutron irradiation on carbon and low-alloy
pressure vessel steels have been recognized and investigated since the early
1950s.
In those steels at light-water-reactor (LWR) operating temperature
(-288°C), radiation damage is produced when neutrons of sufficient energy
displace atoms from their lattice sites.
The defects formed in the steel as a
result of those displacements typically cause hardening and a decrease in
toughness.
Tensile behavior exhibits an increase in yield strength, a
decrease in the ultimate to yield strength ratio, and a loss of ductility as
measured by specimen elongation.
The decrease in toughness is most commonly
represented by an increase in the ductile-brittle transition temperature and a
decrease of the ductile shelf energy as measured by the Charpy V-Notch (CVN)
impact test. When the Heavy-Section Steel Technology (HSST) Program was
initiated in 1967, irradiation effects was one of the designated major topics
of investigation.
It was well recognized that the effects of irradiation
could degrade the materials, but definitive effects on fracture properties,
especially in thick sections, were not available.
At that time, the field of
fracture mechanics was in the early stages and even the amount of data on
other material properties under LWR conditions was deficient.
The United
States Atomic Energy Commission (USAEC) had, in fact, already sponsored two
irradiation effects projects, and the HSST Program assumed managerial
responsibility for them.
That role included the formulation of plans for
extensions of those projects.
During the intervening time, Title 10, Part 50
of the Code of Federal Regulations (10CFR50)'
evolved to include requirements
for fracture toughness of reactor pressure vessels.
Those requirements
include surveillance testing; CVN specimens are required, tensile specimens
are recommended, and fracture toughness specimens are required if the
surveillance materials are predicted to exhibit marginal properties.
Furthermore, 1OCFR50 requires prediction of radiation effects using Regulatory
Guide 1.99 (Rev. 2)2 and, if those predictions indicate unacceptable end-oflife toughness, thevessel must be designed to accommodate thermal annealing.
Additionally, criteria are specified for toughness transition temperatures
which, if attained by the surveillance tests, require plant-specific analyses
to demonstrate adequate protection against pressurized thermal shock.
As part
of those requirements, 10CFR50 refers to the ASME Boiler and Pressure Vessel
Code, Sections III and X1 3 for fracture toughness requirements and ASTM E-185
for surveillance testing and analysis as well as application of the test
results.
This paper summarizes the early irradiation projects as well as the
resultant series of investigations which embody the HSST Program irradiation
series.

EARLY IRRADIATION PROJECTS

When the HSST Program was initiated in 1967, the USAEC transferred
managerial responsibility for two ongoing irradiation projects to the HSST
Program.
The U.S.-Euratom Joint Research and Development Program was then
being coordinated by Westinghouse Electric Corporation while the Irradiation
Effects to Heavy-Section Pressure Vessel Steels Program was coordinated by
Battelle Pacific Northwest Laboratories (PNL).
Both of those programs were
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directed toward fracture toughness using developmental specimens of limited
Prior irradiaspecimens used were 50.8-mm (2-in.) thick.
size.
The largest
could
tion effects research demonstrated clearly that neutron irradiation
steels,
but the effects
severely degrade the CVN impact toughness of ferritic
It is also
fracture toughness, Klc, had not been demonstrated.
on initiation
was in
important to note that the ASTM standard for fracture toughness testing
from those early programs,
The results
the early stages of development.
however, were important in that they showed irradiation-induced degradation of
fracture toughness, a strong temperature dependence of postirradiation
Figure 1 shows some
fracture toughness, and a need for larger specimens. 4
experithe irradiation
As with all
from the Westinghouse program. 5
results
ments, the target irradiation temperature was 288°C (550°F), considered the
nominal operating temperature for commercial light-water reactor pressure
the
vessels.
The highest fracture toughness values measured which satisfied
(75 ksiv'Th.).
were about 82 MPax/-mi
suggested ASTM criteria

160
MATERIAL:
ASTM A533 GRADE B CLASS 1 STEEL
HSST PLATE 02
-
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Fig. 1. Pre- and postirradiation temperature dependence of the fracture
Source: T. R.
toughness KIc of A533 grade B class 1 steel (HSST plate 02).
Mager, Post-IrradiationTesting of 2T Compact Tension Specimens, Heavy
Section Steel Technology Program Technical Report No. 9, Westinghouse Nuclear
Energy Systems, Pittsburgh, Pa., August 1970.
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The PNL program determined that the double-cantilever beam specimen
offered no advantage over the compact specimen geometry in terms of irradiation experiments and, more importantly, that the measuring capacity of the
It also showed that the
compact specimen was higher for a given thickness.
KIc temperature shift was about the same as the CVN 41-J (30 ft-lb) shift and
that postirradiation annealing of tensile specimens at 385C. (725 0 F) resulted
References-6, 7, and 8 provide more
in significant recovery of properties. 4
Additionally,'ORNL produced
detailed descriptions of those programs.
irradiation effects data on CVN and tensile properties for HSST plates 01 and
irradiated at the
02, submerged-arc weldments, and electroslag weldments
9
poolside facility of the Oak Ridge Research Reactor.

SERIES 1 - DYNAMIC FRACTURE TOUGHNESS USING LARGE SPECIMENS
The irradiation of large fracture mechanics specimens represents a major
In terms of linear elastic fracture
factor in the HSST irradiation series.
mechanics, the KIc measuring capacity increases with increasing specimen
thickness with the actual value dependent on the material yield strength at
If the maximum KIc value for a 50.8-mm-thick (2-in.)
test temperature.
specimen of a given material is 75 MPaVIW, for example, a 101.6-mm-thick
Size effects are also
(4-in.) specimen can measure a value of 106 MPax/m-.
important in elastic-plastic fracture mechanics as will be discussed in
The largest practical size for irradiation experiments
subsequent sections.
was determined to be 101.6 mm (4 in.) in thickness; for HSST Series 1, the
newly developed ASTM compact tension (CT) specimen was used. Thus, the
designation 4TCT was often used to designate the size (in English units) of
That specimen is now designated the compact
the compact tension specimen.
The
specimen (CS) and, thus, the size designation commonly used is 4TCS.
objective of Series 1 was to verify that high values of fracture toughness
under dynamic (high loading rate) conditions could be achieved in material
irradiated to typical reactor vessel end-of-life neutron fluence [-2 x 1019
neutrons/cm2 (>1 MeV)].
A critical factor in the performance of these 4TCS irradiations was the
development of a capsule for encapsulating the specimens that would minimize
The internal
temperature and neutron fluence gradients in the specimens.
generation' of heat due to gamma ray absorption was overcome by incorporation
of flowing gas through gas gaps to reject heat and electric heaters to control
Later improvements
the temperature gradient through the specimen thickness.
in capsule design incorporated a separate gamma shield and.controllable zoned
heaters to provide excellent temperature control.
Specimens were fabricated from HSST Plate 02 and submerged-arc weldment
with irradiations conducted in the Battelle Research Reactor in Columbus,
Specimen testing was performed by
Ohio, from October 1972 to December 1973.
and Westinghouse.
ORNL, Hanford Engineering Development Laboratory (HEDL),
The static and dynamic tests showed that fracture toughness of irradiated
Figure 2 shows the results of dynamic
large specimens reached high values.
The fracture toughness
testing with various specimen types, including 4TCS.
values were calculated using the equivalent energy method1 0 (now an ASTM
Indications were that the CVN energy shifts conservatively
practice, E992).
predicted the fracture toughness shifts but statistical analyses were not
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Dynamic irradiated and unirradiated fracture-toughness,

(calculated using equivalent energy method),

results

KId

for A533 grade B class 1

(HSST plate 02).
The 4TCS data lie well above the shifted KIR curve and
attained relatively high values of fracture toughness.
Source: J. A.
Davidson et al., The IrradiatedDynamic Fracture Toughness of ASTM A533,
Grade B, Class 1 Steel Plate and Submerged Arc Weldment, Heavy Section Steel
Technology Program Technical Report No. 41, Westinghouse Nuclear Energy
Systems, Pittsburgh, Pa., October 1976.

feasible due to the limited data.
This series also demonstrated that large
specimens could be irradiated to *reactor vessel end-of-life fluences in a
practical manner and with acceptable control of temperature and fluence
gradients.
The smaller specimens, contained in regions of the capsules far
from the 4TCS crack-line, were of limited usefulness because of substantial
temperature and fluence variability.
Detailed results from this series are
discussed in refs. 11, 12, and 13.

SERIES 2 AND 3

-

DUCTILE SHELF FRACTURE TOUGHNESS WITH 4TCS

In November 1975, the Nuclear Regulatory Commission (NRC) initiated an
investigation of ductile fracture toughness of submerged-arc welds which
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exhibited low CVN upper-shelf toughness and which contained high copper
reported in late
Studies at the Naval Research Laboratory (NRL),
contents.
1968, revealed that certain residual elements, especially copper, substantially
increased sensitivity
of ferritic
pressure vessel steels
to neutron
14
irradiation.
A number of reactor vessels had been fabricated with weld wire
having copper flashing (to increase conductivity and corrosion resistance) and
Use of that flux produced welds with a uniform
with Linde 80 welding flux.
dispersion of fine inclusions which resulted in CVN energies in the upperin the
shelf region ranging approximately from 68 to 95 J (50 to 70 ft-lb)
unirradiated condition.
Combined with sensitive radiation response due to
relatively
high copper contents, the postirradiation upper-shelf toughness of
these "low upper-shelf" welds was predicted by Regulatory Guide 1.99 to go
By that time, 10CFR50
minimum allowed in 1OCFR50.
below the 68-J (50 ft-lb)
which had incorporated a reference
referred to the ASME Code, Section III,
fracture toughness curve, KIR, for protection against nonductile failure.
The
curve was indexed to a normalized temperature scale which required determination of a reference nil-ductility
transition
temperature (RTNDT).
The RTNDT
is determined through testing of drop-weight specimens to. determine the NDT
and CVN specimens to establish the temperature at which 68 J (50 ft-lb)
is
attained.
Thus, if 68 J is not achieved with CVN specimens, the RTNDT is
infinite
according to the definition, and the reference fracture toughness
would be very low [30 MPaVi-i (27 ksiN/IH.)] at all
temperatures.
The HSST Irradiation Series 2 and 3 were conceived to investigate the
postirradiation ductile fracture toughness of these low upper-shelf welds to
include the use of large fracture mechanics specimens,- 4TCS.
Six submergedarc welds were supplied by Babcock and Wilcox Company and one weld was
supplied by Westinghouse, all
fabricated with copper-coated wire and Linde 80
flux.
Mean copper contents ranged from 0.21 to 0.42 wt %.
In addition to the
capsule fabrication and irradiation requirements, a separate and complicated
objective was the development of experimental procedures'for obtaining as much
data as practicable from each specimen to facilitate
ductile instability
analyses.
Considerable effort
was expended by many organizations in concluding that the single specimen unloading compliance procedure should be used
to obtain J-integral
resistance (J-R) curves. 4
The irradiation
and testing
program included CVN, tensile,
precracked CVN, 0.5TCS, 0.8TCS, 1.6TCS, and
4TCS.
The irradiations were performed in the Bulk Shielding Reactor (BSR) at
ORNL from October 1976 to March 1978.
The irradiation
temperature at the
crack-tip region on the 4TCS was controlled at 288°C, while the temperatures
for the smaller specimens, located in the notches and pinholes of the large
specimens, varied from 233°C to 343°C.
Fluences varied from 0.4 to
2.1 x 1019 neutrons/cm2 .
ORNL tested all
of the CVN specimens and the Series
Tensile specimens from Series 2 were tested by HEDL16
3 tensile specimens. 1 5
while initial
compact specimen tests
were performed by HEDL and NRL.
Most of
the compact specimen tests
were performed by NRL and Materials Engineering
Associates (MEA).
Figures 3 and 4 show the effects of irradiation on the CVN toughness of
weld 63W and the J-R curve for weld 61W, tested at 200°C.
As Fig. 4 indicates, side-grooves were incorporated in the compact specimens to minimize
crack front curvature during stable ductile tearing.
It
is obvious that
irradiation
substantially reduced the J-R curve and CVN upper-shelf toughness
and increased the CVN transition
temperature.
Those are typical results
for
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J-integral
vs crack extension for 4TCS specimens of HSST
weld 61W tested at 200'C, unirradiated and irradiated.
The ductile tearing
resistance of this low upper-shelf weld has been substantially reduced by
irradiation
at -288°C to a fluence (>1 MeV) of -1.2 x 1019 neutrons/cm2 .
Source: A. L. Hiser, F. J. Loss, and B. H. Menke, J-R Curve Characterization
of Irradiated
Low Upper-Shelf Welds, NUREG/CR-3506 (MEA-2028),
Materials
Engineering Associates, Inc., Lanham, Maryland, April 1984.

all the welds tested in these two series, with'the results varying dependent
on copper content, etc.
Results of the fracture toughness tests are described
in ref. 17.
Figure 5 presents the correlation between the ductile fracture
toughness (modified J-integral vs material tearing modulus) and CVN uppershelf energy results developed in that study.1 7 The two test series produced
very valuable data directly related to structural integrity analyses of
reactor pressure vessels containing low upper-shelf welds in regions of high
neutron flux.
The results from Series 2 and 3 can be summarized as follows:
1. A data base of J-R curves for irradiated low upper-shelf welds was
established for use in elastic-plastic fracture mechanics analyses of reactor
pressure vessels.
2.
Irradiation to -1 x 1019 neutrons/cm2 substantially decreased both
the ductile initiation toughness, JIc, and tearing modulus.
3.
The tearing modulus is a more discriminating indicator of degradation
than JIc4.
No specimen size effects were observed for irradiated low uppershelf welds.
5.
A correlation was developed between J-R curve parameters and CVN
upper-shelf energy which offers potential for use in interpretation of
surveillance data from CVN specimens
6.
The CVN results showed Regulatory Guide 1.99 to be generally
conservative for these test reactor irradiations.

SERIES 4 -

FRACTURE TOUGHNESS OF STATE-OF-THE-ART WELDS

As a natural sequel to Series 2 and 3 on low upper-shelf welds, Series 4
was conceived to investigate submerged-arc welds fabricated with modern
techniques and materials.
Much previous work had demonstrated that relatively
low contents of copper and nickel provided high resistance to neutron
irradiation as measured by CVN and tensile tests.
The objective of Series 4
was to validate those observations relative to fracture toughness, especially
in the ductile shelf region.
Studies of the effects of irradiation on
fracture toughness properties of steels have generally included a minimum
number of tests for each material condition.
A secondary objective of
Series 4 was to apply statistical analyses with multiple testing at selected
temperatures to assess the accuracy and reliability of the results.
The plan
provided for at least half the specimens to be tested in the ductile shelf
region using elastic-plastic fracture mechanics techniques.
This series took
advantage of the results from Series 2 and 3 regarding a lack of specimen size
effects, and used 1TCS for all fracture toughness testing.
Additionally, a
large number of CVN specimens were also tested to allow for a statistical
comparison of results from those tests.
The testing was divided between ORNL
and MEA which provided an interlaboratory comparison, except for the tensile
testing which was performed only by ORNL.
The materials used for Series 4 were four commercially fabricated
submerged-arc welds with copper contents from 0.04 to 0.12 wt %, nickel.
contents from 0.10 to 0.63 wt %, and one of three different welding fluxes,
Linde 80, 91, and 124.
The Electric Power Research Institute supplied the two
welds fabricated by Combustion Engineering, Inc., while the other two welds
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Additionally, an
were fabricated and supplied by Babcock and Wilcox Company.
A533 grade B class 1 plate (HSST plate 02), with a copper content of 0.14 wt %
The irradiations
and nickel content of 0.67 wt %, was used for comparison.
were performed in the BSR at 288°C to fluences from about 1.2 to 2.0 x 1019
neutrons/cm2 (>1 MeV).
Three different capsules were designed and fabricated
and the irradiations were conducted from December 1979 to July 1982.
The
improved capsule designs resulted in much improved temperature control which
facilitated
the analysis of results.
of tensile tests
showed average irradiation-induced yield
The results
strength increases (over the range 22 to 288°C) ranging from 12 to 19% for
the welds and 31% for the plate.
The flow strength (average of yield and
ultimate strength) increases ranged from 10 to 12% for the welds and 24% for
the plate.
The flow strength is used in analysis of J-R curves to calculate
the blunting line and the tearing modulus.
The results
of CVN testing showed 41-J temperature increases ranging
from 10 to 27°C for the welds and 68°C for the plate.
The observed shifts
for the welds are all
within the predictions of Regulatory Guide 1.99 (Rev. 2)
while that for the plate is 3°C greater than the Regulatory Guide without the
margin discussed in that guide.
The greatest CVN upper-shelf decrease for the
welds was only 10%, while the decrease for the plate was 16%.
Agreement in
results between ORNL and MEA was very good.
Figure 6 shows the CVN results
for weld 71W with 0.046 wt % copper and 0.63 wt % nickel.
At a fluence of
1.6 x 1019 neutrons/cm2 , the 41-J shift
is only 23°C,
and the upper-shelf
actually shows an increase of 10%.
All fracture toughness tests
were conducted with computer-controlled
single-specimen compliance techniques by both ORNL and MEA.
Specimens which
cleaved were analyzed by determining the J-integral
(J 6 ) at the point of
cleavage and calculating a Kjc from (E x Jc)½
For specimens which exhibited
a J-R curve, JIc was determined from the J-R curve and used to calculate Kjc.
Figure 7 shows the fracture toughness results for weld 70W with 0.056 wt %
copper and 0.63 wt % nickel.
At a fluence of 1.7 x 1019 neutrons/cm2 , the Kjc
shift
(at a value of 125 MPa/m) is 25°C while the ductile shelf fracture
toughness increased 3%.
For test
temperatures above 0°C, the fracture
toughnesses were calculated from 'Ic results.
Table 1 summarizes the effects
of irradiation
on the tensile, CVN, and fracture toughness properties of all
five materials tested in Series 4.
The KEc parameter listed
is the result
of
an adjustment to the Kjc value to account for lack of constraint due to small
specimen size.' 8 ,1 9
The largest shift
of Kjc in the transition
region for the
welds was 47 0 C, and the greatest drop in fracture toughness on the ductile
shelf was 3%.
Thus, the results validated that welds withrelatively
low
concentrations of copper and nickel would exhibit relatively
low sensitivity
to irradiation.
Regarding statistical
analyses, the coefficients of variation were
somewhat greater for the postirradiation condition than the unirradiated
condition.
Even though temperature control and fluence differences were
considered good for this type of experiment, the differences among specimens
were enough to cloud a conclusion regarding those variations.
It was also
observed that the variations for both CVN energy and fracture toughness were
greater in the transition
region than on the ductile shelf.
Finally,
predictions of transition
temperature shifts
show larger 95% confidence
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Table 1.

Summary of irradiation-induced changes in material properties for HSST Irradiation Series 4

Mean
Maeral[n/m2

Plate 02,
0.14% Cu,

0.67% Ni

Weld 68W,
0.04% Cu,

0.13% Ni

Weld 69W,
0.12% Cu,

0.10% Ni

X 1023
fluence
(> MeV)]
1

Flow
increase8
strength
irs

Transition temperature
CVN at
41 J

increase (°C)
KJc at
Koc at
125 MPaV/m- 90 MPaV'-

Ductile-shelf
change (%)

Tearing
modulus
changeJ
chang&

(%)

CVN

KJcb

-14

-6

-46

9

-3

-17

-2

-22

1.9

24

68

81

66

1.3

10

10

-6

-2

1.2

12

27

47

39

-l

1.7

10

.23

25

21

-2

3

-29

1.7

10

23

-1

16

10

2

-12

wo

Weld 70W,
0.056% Cu,

0.63% Ni

Weld 71W,
0.046% Cu,

0.63% Ni

8

Average change from 22 to 288 0 C.

bAverage at 204 0 C.

intervals for fracture toughness than for CVN tests. More detailed presentations of Series 4 are available in refs. 20, 21, and 22.
The results of
Series 4 can be summarized as follows.
1. The degradation of fracture toughness due to irradiation is relatively slight for "current practice" welds with low copper and nickel
contents.
2.
Generally good agreement was observed between CVN and fracture
toughness results from the two laboratories, ORNL and MEA.
3.
Variations of both CVN and fracture toughness are greater in the
transition region than on the ductile shelf.
4.
Qualitative agreement was generally observed between transition
temperature shifts determined from CVN and fracture toughness results for
welds that exhibit CVN 41-J shifts from 10 to 27°C.
5.
For materials which exhibit relatively low sensitivity to irradiation, caution must be applied in quantitatively correlating fracture toughness
behavior from CVN and tensile results.

SERIES 5 - Kic CURVE SHIFT AND SHAPE
The primary objective of Series 5 is to validate the temperature shift
and shape of the ASME Code Section XI KIc curve for irradiated reactor vessel
materials.
As mentioned earlier, IOCFR50, Appendix G, requires determination
of the unirradiated RTNDT using CVN and drop-weight specimens as specified in
Section III of the ASME Code.
Appendix A of Section XI contains the KIc curve
which is normalized on the temperature scale to the RTNDT.
For determination
of the adjusted RTNDT, 10CFR50 refers to ASTM E185 which specifies the method
for using surveillance test results.
Standard E185 specifies that a minimum
of 12 CVN specimens be used to obtain a "full" Charpy energy vs test temperature curve and to determine the transition temperature shift at an energy
value of 41 J using the average curve fits
to both the unirradiated and
irradiated results.
The 41-J shift is then added to the unirradiated RTNDT to
obtain the adjusted RTNDT.
Thus, the KIc curve for irradiated material would
simply. be shifted to higher temperatures by an amount equal to the CVN 41-J
shift.
The implicit assumptions in this procedure are that:
(1) the CVN 41-J
temperature shift represents the RTNDT shift, (2) the Klc shift is the same as
the CVN shift, and (3) the shape of the KIc curve does not change for irradiated materials.
Furthermore, E185 does not contain any distribution
requirements (in terms of test temperature) for testing of the CVN surveillance specimens, nor does it discuss statistical variation in test results.
Series 5 was conceived to verify the postirradiation KIc curve to as
high a fracture toughness level as practicable.
Additionally, a comparison
of the KIc, CVN, and drop-weight (DWT) NDT shifts are supporting objectives
within a framework of multiple tests for statistical analyses.
The materials
of choice are two submerged-arc welds with relatively high but different
copper contents.
The weld wire was specially produced with copper in the melt
to minimize copper variability in the fabricated welds.
The welds were fabricated by Combustion Engineering, Inc., in 216-mm-thick (8.5-in.) plate using
Linde 124 welding flux; Fig. 8 shows a typical cross-sectional view of one of
the welds.
Table 2 gives the chemical composition of the two welds, designated HSST 72W and 73W, and shows they have virtually identical composition
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Fig. 8.
Cross-sectional view of HSST weld 72W, a submerged-arc
weld fabricated using Linde 124 flux and specially produced weld
wire, with copper added to melt, in 216-mm-thick A533 grade B plate.

Table 2.

Chemical compositions of the two submerged-arc welds
in HSST Irradiation Series 5

Composition, wt %
Material
C

Mn

P

72W

0.093

1.60

0.006

73W

0.098

1.56

0.005

Cr

Ni

Mo

Cu

V

0.006- 0.44

0.27

0.60

0.58

0.23

0.003

0.005

0.25

0.60

0.58

0.31

0.003

S

Si

0.45

except for copper contents of 0.23 and 0.31 wt %, respectively.
About
14 lin
m of each weldment were fabricated in -1.3-m (4-ft)
lengths and
postweld heat treated at 621°C for 40 h.
As discussed earlier,
the largest practical specimen for irradiation
is a
4TCS and, given the yield strength of the materials and the expected increase
due to irradiation,
the maximum expected valid (according to ASTM E399) KIc
was about 130 MPa m.
Thus, to obtain similar measuring capacity in the
unirradiated condition (lower yield strength than in the irradiated condition), 6TCSAND 8TCS were tested in Series 5.
Figure 9 provides a visual
comparison of the compact specimens ranging from 1TCS to 8TCS.
The irradiations were conducted at the poolside facility
of the ORR from
May 1984 to December 1985.
Twelve separate capsules were designed and .
fabricated and were irradiated two at a time in a mobile structure which
allowed the capsules to be inserted into the irradiation
area after
the
reactor was stabilized
at full
power.
A gamma shield was also designed and
inserted in front of the capsules to minimize gamma heating inside the
capsules.
The design, fabrication, and operation of the capsules are
discussed in a separate report. 2 3
Irradiation temperatures were controlled
at 288°C and the target neutron fluence (>1 MeV) was 1.75 x 1011 neutrons/cm2 .
The temperature control was excellent considering the large numbers of
specimens in the capsules contained in the small specimen capsules.
Greater
than 90% of the CVN, tensile,
and 1TCS were 288 ± 9°C, while the 4TCS were
288 ± 4°C.
The tensile
and CVN specimens show an average fluence of about
1.75
x 1019 neutrons/cm2 , while the compact specimens show an average of about
1.6 x 1019 neutrons/cm2 .
Two groups of DWT specimens were used and designated
primary and scoping.
The scoping groups had an average irradiation
temperature and fluence of about 276°C and 1.5 x 1019 neutrons/cm2 , respectively.
The primary groups had averages of 291'C and 1.0 x 1019 neutrons/cm',2
respectively.
The primary groups were so designated because they were
irradiated at about the target temperature.
Due to placement in the capsules,
however, they received less exposure than the CVN specimens and fluence
*adjustments are discussed later.
Dosimetry, neutronics, etc. are discussed in
refs. 24, 25, and 26.
The effects of irradiation
on yield and ultimate tensile
strength are
summarized in Fig. 10.
As seen in the figure, the yield strength increases
range from about 22 to 30%, depending on test
temperature, and weld 73W
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Photograph of the various compact specimens tested in HSST
Fig. 9.
All the specimen sizes were tested in the unirradiated
Irradiation Series 5.
condition while only the 1TCS, 2TCS, and 4TCS were irradiated.
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Fig. 10.
Comparison of yield and ultimate strength increases due to
irradiation
at -288°C to an average fluence (>1 MeV) of 1.75 x 1019
neutrons/cm2 for HSST welds 72W and 73W.
Weld 73W has a higher copper content
(0.31 wt %) than that of weld 72W (0.23 wt %) and shows greater strength
increases.
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higher copper
experienced greater strengthening, as expected, due to its
concentration.
Figures 11 and 12 show the CVN energy results
for welds 72W
were 72 and
temperature shifts
The 41-i transition
and 73W, respectively.
82°C, respectively, and, again, reflect
the difference in copper contents.
to the data
The shifts
were determined using hyperbolic tangent curve fits
The
analyses have not yet been performed.
Statistical
for each weld.
results
of CVN and DWT testing are summarized in Table 3.
The actual 41-J
shifts
for both welds were substantially less than the predictions of
Regulatory Guide 1.99 (Rev. 2) and a model developed by Metal Properties
for the two
It is also noted that the 68-J shifts
Council Subcommittee 6.27
welds show greater difference than do the 41-J shifts;
this
will be discussed
later.
The primary group of DWT specimens showed somewhat lesser NDT shifts
but, as mentioned earlier,
the fluence of those specimens was much less than
that of the CVN specimens.
The scoping group of DWT specimens showed greater
shifts
than those of the primary groups, but a comparison is difficult
because
the fluences and, especially, irradiation
temperatures are significantly
different.
Table 4 shows the results of applying a linear adjustment scheme to
the primary DWT data.
The adjustment is made by normalizing the actual
observations to the Regulatory Guide 1.99 predictions and accounting for the
fluence differences assuming a linear material sensitivity
to irradiation
over
the relatively
small fluence range from 1.0 to 1.75 x 1019 neutrons/cm2 .
As
shown in the table, the adjusted NDT shifts
of 70 and 83°C are very close to
the observed CVN shifts
of 72 and 82°C for welds 72W and 73W, respectively.
Thus, the conclusion from these tests
is that the CVN 41-J shifts
represent
the DWT NDT shifts
for these materials.
This conclusion is in agreement with
results
shown previously by experiments at the .NRL. 2 s
The fracture toughness results for unirradiated specimens are shown in
Figs. 13 and 14.
All of the Kjc values shown were calculated from the
J-integral
value at the onset of cleavage as previously described for Series 2
and 3.
The dashed lines delineate the maximum Kic which can be measured by
the indicated specimen size according to ASTM E399, and valid KIc results
are
indicated by filled
symbols.
The ASME KIc curve was constructed relative
to
the unirradiated RTNDT for the specific material.
It is notable that no data
fall
below the ASME curve.
It is also notable that the 6TCS and 8TCS results
do not always define the lowest fracture toughness results
at their
test
temperatures as would be expected based on considerations of constraint in
larger specimens.
It is recognized, from a statistical
perspective, that the
number of large specimens is limited; however, at the highest test
temperature
for 72W, for example, the 8TCS scatter
much higher above the 4TCS results
than
would be expected given statistical
variation and further examinations of
those results
are warranted.
The results
of tests
with irradiated specimens are shown in Figs. 15 and
16.
The unirradiated data are depicted by range bars and the irradiated KIc
curves were constructed by shifting the unirradiated curves upward in
temperature according to the CVN 41-J shifts
as specified by E185.
Both
figures note "pop-in" values which represent cleavage events which occurred
but did not fracture the specinmen.
The two results
which fall
below the KIc
curve for 72W are both pop-ins, while the five results
which fall
below the
curve for 73W are represented by two pop-ins and three specimen failures.
As
with the unirradiated results, the large specimens (4TCS) do not always define
the lowest results
at a given test
temperature.
The shift
of the KIc curve
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Fig. 11.
Charpy impact energy vs test
temperature for HSST weld 72W
before and after
irradiation at -288°C to an average fluence (>1 MeV) of
1.75 x 1019 neutrons/cm2 .
The slope of the curve appears to have changed only
slightly
as 'a consequence of irradiation.
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Fig. 12.
Charpy impact energy vs test temperature for HSST weld 73W
before and after irradiation at -288°C to an average fluence (>1 MeV) of
1.75 x 1019' neutrons/cm2 . The slope of the curve has substantially decreased
after irradiation compared to that for weld 72W.
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Table 3.

Effects of irradiation on Charpy V-notch and drop-weight
transition temperatures for welds 72W and 73W
Drop-weight NDT 8 temperature shift
(°C)

Charpy transition temperature shift
(OC)

Primaryb

41 J

Scopingc

Fracture

Actual

MPC-6d

Draft
RG 1.99
Rev. 2 e

0.89 mm
appearance

Actual

Draft
RG 1.99
Rev. 2 e

Actual

Draft
RG 1.99
Rev. 2 e

93

72

105

110

94

123

Weld 72W, 0.23Z Cu, 0.60%Ni
72

90

107

59

92

61

Weld 73W, 0.31% Cu, 0.60Z Ni
82
IL

wo

123

127

70

115

72

aNil-ductility temperature.
bAverage irradiation temperature of 291 0 C, fluence (>1 MeV) =
1 x 1019 neutrons/cm2 .
CAverage irradiation temperature of 275 0 C, fluence (>1 MeV) =
1.5 x 10"9 neutrons/cm2 .
dMetal Properties Council Subcommittee 6 on Nuclear Materials.
eRegulatory Guide 1.99 (Rev.

2).

Table 4.

Charpy impact ATT4,1 and drop-weight ANDT for HSST Irradiation Series 5
welds after adjusting for fluence differences

Drop-weight

Charpy impact
Fluence

ATTI

(n/cm2 )

(°C)

Draft
Draft
RG
1.99
Rev..0C)
2b

Actual

Actual

fluence
2

(n/cm )

ANDT

(C

Draft
RGra 1.99
Rev.
(Oc)

((c)C(n/n)()

Weld 72W,
1.75 x 10's

72

107

1.0 x 10i9
Weld 73W,

1.75 x 1019

82

127

aWeld 73W adjustment:
I

0.23% Cu,

1.0 x 10' 9
ARG 1.99 (1.75 (72/110)
72
Adjusted

bRegulatory Guide 1.99 (Rev.

2).

93

1.75 x 10's

70

1.75 x 1019

83

0.60% Nia

72
1.0)
* 17
+ 11
ANDT

(n/cm2)

0.60% Ni

61

0.31% Cu,

2b

Adjusted
AD
ANDT
(C)

Adjusted
fluence

110
170 C
1100

830C
83 0 C
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Fig. 13.
Fracture toughness, Kjc, vs test
temperature for HSST weld 72W
in the unirradiated condition.
The ASME Klc curve is indexed to the RTNDT and
the figure shows that all
data lie
above the curve and that the curve is a
good lower bound representation for this material.
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Fig. 14.
Fracture toughness, Kjc, vs test
temperature for HSST weld 73W
in the unirradiated condition.
The ASME Klc curve is indexed to the RTNDT and
the figure shows that all
data lie
above the curve.
A curve constructed as a
lower bound representation of the data would lie
about 5°C lower than the Klc
curve.
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Fig. 15.
Fracture toughness, Kjc, vs test
temperature for HSST weld 72W
irradiated at -288°C to an average fluence (>1 MeV) of 1.5 x 1019
neutrons/cm2 .
The Kic curve has been shifted 72°C, equal to the Charpy 41-i
shift,
as required by ASTM E185.
Two Kjc values determined at the onset of
cleavage pop-ins lie
below the shifted curve.
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temperature for HSST weld 73W
Fracture toughness, Kjc, vs test
Fig. 16.
irradiated at -28.8°C to an average fluence (>1 MeV) of 1.5 x 1019
neutrons/cm2 .
The Kic curve has been shifted 82°C, equal to the Charpy 41-J
below the curve, three
Five Kjc values lie
shift,
as required by ASTM E185.
results
which fractured the specimens and two values determined at the onset
of cleavage pop-ins.
The dashed line drawn to the right of the Kic curve was
constructed as a preliminary lower bound curve to the irradiated data and
indicate a change in the shape of the curve.
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but that for weld 73W
for weld 72W is similar to that of the CVN 41-J shift,
For this
purpose, a
appears to be substantially greater than the CVN shift.
KIc value of 125 MPav'/m was chosen for the comparison and was determined to be
of 82°C and, interestThat compares to a CVN 41-J shift
101°C for weld 73W.
ingly, a CVN 68-J shift
of 104°C.
The better
comparison with the 68-J shift
is reflective
of the previously noted shape change of the CVN curve for the
irradiated weld 73W.
It
is clear that the interpretation of the significance of cleavage popKIc
ins to conclusions regarding the shift
and shape of the postirradiation
have been
curve is crucial.
Various schemes for such an interpretation
discussed within the technical community but have not yet been applied to
of about 12 popis noted that a total
these results.
In that context, it
while only one was observed in the
ins were observed in the irradiated tests
unirradiated tests.
Thus, an investigation of such a preponderance of pop-ins
It
is also clear that a
in the irradiated condition is certainly warranted.
reasonable construction of postirradiation curves will involve the use of
fracture mechanics
fracture toughness data outside the range of linear elastic
The use of fracture toughness data determined by elasticas defined by E399.
temperature region
plastic
fracture mechanics techniques in the transition
will involve consideration of specimen size effects, stable ductile tearing
preceding cleavage, and statistical
analyses such as the Weibull method.
The preliminary observations from Series 5 are summarized as follows:
is large; statisin fracture toughness and CVN results
1. The scatter
tical
analyses and elastic-plastic
fracture mechanics are required for
interpretation.
are about the same as the DWT NDT tempera2.
The irradiated CVN shifts
ture shifts.
for weld 73W is greater than that
curve shift
3.
The KIc (at 125 MPaVimi)
about 101 C compared to 82 0 C.
It is similar, however,
of the CVN 41-J shift,
to the CVN 68-J shift
of 104 0 C.
' 4.
The shape of the Kic curve changed for weld 73W, but the change is
similar to that for the CVN curve.
5.
The evaluation of cleavage pop-ins is significant to conclusions
and shape.
regarding the KIc curve shift

SERIES 6 -

Kla CURVE SHIFT AND SHAPE

The primary objective of Series 6 is to validate the temperature shift
and shape of the ASME Section XI crack-arrest toughness, KIa, curve for
Because the Kla curve also describes the
irradiated reactor vessel materials.
of the ASME Code,
reference fracture toughness, KIR, curve in Section III
and shape of the KIR curve.
The
Series 6 is directly applicable to the shift
available data base for crack-arrest toughness of reactor vessel steels is
Thus, an
very limited compared to that for initiation
fracture toughness.
important supporting objective of Series 6 is to expand both the unirradiated
The current
and irradiated data bases for prototypic reactor vessel steels.
known available data base for irradiated crack-arrest toughness consists of 19
data points for base metal and 17 data points for weldments.
The materials for this series are the same welds as used for Series 5,
of the
72W and 73W.
The irradiations were conducted at the poolside facility
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ORR from December 1985 to May 1986 using the same capsule irradiation
facilities and with the same target irradiation temperature and fluence as
described for Series 5.
Two capsules, each containing 30 crack-arrest
specimens of various types, were irradiated.
To account.for any unexpected
differences in irradiation temperature and fluence relative to Series 5, CVN
specimens were placed in the notches of some of the crack-arrest specimens.
Given the current validity limits of ASTM E1221 on crack-arrest testing, a
33-mm-thick compact crack-arrest (CCA) specimen (I.3TCCA) of 73W can measure a
valid KIa value of about 150 MPa/-m-.
In the unirradiated condition, a 2TCCA
specimen is required to achieve the same measuring capacity.
In addition to
the standard CCA specimen which uses a starter notch located in a brittle
weld
material, duplex specimens are included in this series.
The duplex specimen
consists of a crack starter hole located in a section of hardened 4340 steel
which has been electron beam welded to a section of the test material.
For
both types of specimens, the crack starter only serves to provide the driving
force necessary to drive the crack well into the test material prior to
arrest.
The use of the duplex design allows tests to be conducted at higher
temperatures than with weld-embrittled specimens of the same thickness.
Thus,
the plan is to perform multiple tests at each of several temperatures within
about 50°C below and above the RTNDT.
Weld-embrittled specimens would be
primarily used in the lower part of that range while duplex specimens would be
primarily used at the higher temperatures.
Both 1TCCA and 1.3TCCA weldembrittled specimens were included in the irradiation capsules while only
1.3TCCA duplex specimens were included.
The unirradiated specimen complement
is similar but includes 2TCCA specimens of both types.
Most of the unirradiated KIa tests have been completed for both welds.
Figure 17 shows those results for weld 72W relative to the ASME KIa curve
which is indexed to the RTNDT.
The open symbols represent data which are
valid according to E1221;
The half-filled symbols representing "marginally
invalid" results are noted because they failed one or more of the criteria by
very small margins (i.e., a few percent) and may be used to interpret the
results in addition to the strictly valid values.
It is interesting to note,
that the lowest KIa data fall further above the curve than did the corresponding KIc data above the KIc curve.
It is encouraging that, at comparable test
temperatures, the weld-embrittled and duplex specimens provide about the same
results.
A special fixture has been designed, fabricated, and evaluated for
remote testing of irradiated CCA specimens in the hot cell.
It is an enclosed
environmental chamber which allows for cooling with cold nitrogen gas, heating
with resistance heaters, self-alignment of the specimen and loading wedge, and
specimen temperature measurement with a contact thermocouple.
Testing of
irradiated specimens will commence during 1989.

SERIES 7 - REACTOR VESSEL STAINLESS STEEL ClADDING
The objective of Series 7 is to evaluate the postirradiation mechanical
properties, including fracture toughness, of the stainless steel cladding
applied to the inside surfaces of LWR vessels.
Cladding is applied to
reactor vessels primarily to protect the coolant from contamination by
corrosion products.
Analyses of certain thermal shock scenarios have been
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Fig. 17.
Crack-arrest toughness, KIa, vs test
temperature for HSST
weld 72W in the unirradiated condition.
Various size duplex and weld
embrittled compact crack-arrest specimens were tested and the results
lie
substantially above the ASME KIa curve.

inhibited by a lack of information regarding the fracture resistance of the
cladding, but the little
information available in the literature
indicated
that austenitic stainless steel cladding may undergo severe embrittlement as a
consequence of neutron irradiation. 2 9
Series 7 was conceived to investigate
irradiation effects on stainless steel
claddings representative of those used
in early pressurized water reactors that are being examined for their
fracture
resistance under overcooling situations.
The series was conducted in two
phases with the phases being distinguished primarily by the cladding fabrication method.
The materials were austenitic stainless steel
claddings deposited on
A533 grade B class I steel plate using two weld cladding procedures.
The
fabrication techniques and postweld heat treatments duplicate commercial
procedures as closely as possible.
However, to permit fabrication of
mechanical test
specimens of the cladding, multilayer depositions were
utilized
to provide a cladding thickness of -15 mm.
This is thicker than the
usual reactor vessel cladding (4 to 6 mm), but it should represent multilayer
cladding, and test
specimens were machined with due regard to location within
the cladding.
The two weld cladding procedures chosen for Series 7 are the
single-wire oscillating
submerged-arc procedure (Phase 1) and the three-wire
series-arc procedure (Phase 2).
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layer of cladding was deposited using type 309
In Phase 1, the first
The materials were given a
weld wire and subsequent layers using type 308.
Very high heat input
postweld heat treatment equivalent to 40 h at 621°C.
layer resulted in substantial base metal
during application of the first
dilution (up to 50%), and the effects on properties were significant.
Specimens for unirradiated characterization and irradiation testing were
CVN and tensile specimens were
carefully machined from the different layers.
irradiated by MEA in the core of the 2-MW University of Buffalo Reactor (UBR)
from June to July 1985 at a nominal temperature of 288°C to a fluence of
All testing was conducted at ORNL.
about 2 x 1019 neutrons/cm2 (>1 MeV).
CVN and tensile tests showed that the highly diluted cladding layer (adjacent
to the base metal) experienced substantial radiation damage, while the
cladding layers not diluted with base metal showed almost no effects of
irradiation.°3 0 , 3
Significant observations were reported in this study
regarding the ductile-brittle transition behavior exhibited by the stainless
steel cladding, and detailed discussions have been presented concerning the
important role of the delta-ferrite phase to the fracture process in the weld
32
metal.
In Phase 2, a three-wire series-arc procedure was used in which weld
wires of types 308, 309, and 304 stainless steels were independently fed into
the welding arc to obtain the desired cladding composition.
Combustion
Engineering, Inc., developed the procedure and produced a characterization
block with three layers of cladding which was fabricated in such a way that
all three layers had nominally the same mechanical properties.
Furthermore,
the three-wire series-arc process resulted in very little
base metal dilution.
Following fabrication, the material was given a postweld heat treatment
equivalent to 40 h at 621°C.
All irradiations were performed by MEA in the
core of the UBR from September to December 1985 at a nominal temperature of
288°C.
Tensile and CVN specimens were irradiated to fluences of about 2 and
5 x 10'" neutrons/cm2 . Compact specimens (0.5TCS) were machined from both the
three-wire and single-wire cladding.
Specimens from the single-wire cladding
were machined from the highly diluted type 309 layer and from the type 308
2
The 0.5TCS were all irradiated to about 2 x 1019 neutrons/cm
layer.
(>1 MeV).
Tensile and CVN specimens of the three-wire cladding were tested from 125 to 288 0 C and showed that yield strength increased about 20% (about the
same for both fluences) at room temperature, while ultimate strength and
tensile elongation.were essentially unaffected by irradiation.
As shown in
Fig. 18, the CVN energy of the three-wire cladding exhibited transition
temperature shifts of 13 and 28°C at 2 and.5 x 1019, respectively.
The CVN
upper-shelf energy decreased by 15 and 20% at the low and high fluences,
respectively.
Figure 19 shows the effect of irradiation of the CVN lateral
expansion was substantial both on the ductile upper shelf, the transition
region, and the brittle
lower shelf.
The 0.5TCS were tested from -75 to
288°C and showed consistent irradiation-induced decreases in both the JIc and
the tearing modulus.
The results of Phase 2 are discussed in more detail in a
33
separate paper by Haggag and Iskander in these proceedings.
The results of Series 7 can be summarized as follows:
l. Yield strength of both single-wire and three-wire series-arc
stainless claddings were increased by irradiation at prototypic LWR conditions.
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Charpy impact lateral expansion vs test temperature for threewire series-arc stainless steel weld overlay cladding, unirradiated and
irradiated at -288°C to average fluences (>1 MeV) of -2 and 5 x 1019
neutrons/cm2 . Irradiation substantially degraded the lateral expansion of
this cladding.
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The CVN toughness of good quality stainless claddings is somewhat
2.
degraded by irradiation while highly diluted cladding exhibits very poor
toughness and is significantly degraded by irradiation.
3.
Irradiation exposure reduced both the Jlc and the tearing modulus of
both single-wire and three-wire cladding.

SERIES 8 - KIc, Kla CURVE SHIFT AND SHAPE,

LOW UPPER-SHELF WELDS

The primary objective of Series 8 is to validate the postirradiation
temperature shift and shape of the ASME Code Section XI KIc and KIa curves for
low upper-shelf, high copper welds.
Considerable testing was performed with
prototypic low upper-shelf welds in Series 2 and 3, but only CVN tests were
performed in the transition temperature region. All fracture toughness tests
were performed on the ductile-shelf and no crack-arrest tests were performed.
This series is closely related to Series 5 and 6 in its objectives except for
the specific material of interest. The existing data base for KIc and Kla
data of low upper-shelf welds is sparse and inadequate for determining the
postirradiation temperature shift and shape of the fracture toughness and
crack-arrest toughness curves.
The high concentration of inclusions which
promote void formation and coalition leading to low energy tearing on the
ductile shelf will likely result in different behavior in the ductile-brittle
transition region as well.
It is the effects of irradiation on the transition
region fracture behavior of these materials which is of concern in Series 8,
and direct comparisons will be made with the results

of Series

5 and 6.

Series 8 is currently in the planning stage; thus, specific materials
and irradiation conditions cannot be reported.
However, because the materials
of concern in commercial LWRs are the low upper-shelf welds with high copper
contents, it is anticipated that one or more weldments with copper content in
the range 0.20 to 0.40 wt % will be utilized. The possibility of obtaining
welds from existing reactor vessels (see discussion of Series 10) has been
investigated but, because the known low upper-shelf, high copper welds which'
might be appropriate in terms of properties and chemical composition were
fabricated with copper-coated welding wire, they are probably not acceptable
for this research project.
The range of copper concentration reported in
typical welds fabricated with copper flashing on the welding wire, even when
only one lot of wire is used, is very wide.
Because the irradiation sensitivity of these materials is strongly dependent on copper content, and the
scatter of fracture toughness is high in the transition region, a wide
specimen to specimen copper variation would exacerbate the variations and
confound the results relative to determinations of curve shifts and shapes.
Thus, it is likely that high-copper weld wire would be manufactured for this
series as it was for Series 5 and 6, with welding flux and procedures used t*o
commercially fabricate low upper-shelf welds.
The specimen complement will' be
similar to that for Series 5 and 6 with the possible exception of 4TCS.
The
results of Series 5, which provide a direct comparison of irradiated 2TCS and
4TCS, will be used as the basis for a determination of the need for the
larger specimens.
Because only two 4TCS will fit
in a capsule compared to 18
2TCS, the economic and statistical advantages are obvious.
However, because
this series will likely use the same material as Series 9, some 4TCS will be
irradiated; it is the number of specimens which is yet to be determined.
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conditions for this series will be similar to those of
The irradiation
temperature of 288°C and a target fluence of
Series 5 and 6; an irradiation
Because the ORR has been permanently
1.5 to 2.0 x 1019 neutrons/cm2 (>1 MeV).
closed and the operating future of the BSR is uncertain, other irradiation
Although there are no firm schedules estabare under review.
facilities
lished, this series will probably begin about 1992.

SERIES 9 -

THERMAL ANNEALING

IN THICK SECTIONS WITH 4TCS

The primary objective of Series 9 is to validate the effectiveness of
thermal annealing in restoring irradiation-induced degradation of thicksection reactor vessel steels to include reirradiation
response.
It has been
well established that postirradiation thermal annealing at temperatures in
excess of the irradiation
temperature can result
insignificant
recovery of
mechanical properties.
Thermal annealing is being examined in specific cases
as a means to restore reactor vessel safety margins and, in fact, 10CFR50
requires that PWRs predicted to reach the pressurized-thermal-shock (PTS)
screening criteria
before design end-of-life be designed for incorporation of
a thermal annealing procedure.
Guidelines for in-service annealing of LWR
vessels are contained in ASTM E509.
Furthermore, annealing is one potential'
factor in plant life
extension considerations.
Annealing studies reported to
date have used small specimens, e.g., CVN, 0.5TCS, and ITCS.
There are
concerns that the larger amount of constraint in thick sections may affect the
operative micromechanisms controlling fracture in postirradiation annealed
microstructures.
Series 9 would, therefore, directly compare the annealing
response of small and large fracture mechanics specimens.
An important aspect
of the study would be a direct comparison of the reirradiation
behavior of
small and large specimens.
Fracture toughness in the transition
temperature
and.ductile-shelf regions will be investigated.
Series 9 is currently in the planning stages; thus, specific materials
and irradiation
conditions cannot be reported.
The materials likely
to
result
in decisions to thermally anneal a reactor vessel are the low uppershelf, high copper welds.
Thus, such a weld would be the primary candidate
material for this
series.
Furthermore, if sufficient
material were procured
for Series 8, the same weld could be used for Series 9 with considerable
savings in that unirradiated characterization and initial
irradiations would
have been performed.
If that were the case, specimens would only be.needed
for the annealing and reirradiation phases.
The specimen complement has not
been planned for this series but would, of course, include CVN, tensile,
and
fracture toughness specimens up to 4TCS.
The initial
irradiation
conditions for Series 9 will probably be the
same as for Series 5, 6, and 8, with an irradiation
temperature of 288°C and
a target fluence from 1.5 to 2.0 x 1019 neutrons/cm2 (>1 MeV).
The thermal
annealing temperature will likely be in the range 399 to 454°C (750 to 850'F).
Reirradiation would be performed at 288 0 C with the target fluence dependent
on annealing results.
The irradiation facility
will probably be the same as
that for Series 8.
Although there is no established schedule for Series 9, it
is not likely that annealing studies would commence before 1995.
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SERIES 10 -

LOW UPPER-SHELF WELD FROM MIDLAND REACTOR VESSEL

The primary objective of Series 10 is to investigate the postirradiation
fracture toughness of the submerged-arc weld from the beltline
region-of the
Midland Unit I reactor vessel.
The reactor is a PWR owned by Consumers Power
Company and was cancelled prior to start-up.
The weld from that vessel is of
considerable interest
because it carries the Babcock and Wilcox designation
WF-70, a submerged-arc weld fabricated with a specific heat of weld wire and
specific lot
of flux.
Welds with the WF-70 designation are the controlling
materials (regarding irradiation
effects) in five operating nuclear plants.
The WF-70 weld was fabricated using copper-coated wire and Linde 80 flux and
is known to be a low upper-shelf, high copper weld., The fact that this
particular weld exists in numerous operating reactors is the driving force for
this
series.
The material from the Midland reactor was initially
considered
for Series 8', but concerns about the copper variability
resulted in its
inclusion in a separate irradiation
series.
An important supporting objective
is the determination of local and global copper variation.
The results of
that study could conceivably lead to use of the Midland weld for Series 8, but
that is considered unlikely.
Another specific supporting objective is a
complete unirradiated characterization to include determination of the RTNDT
and the CVN upper-shelf energy.
Fracture toughness specimens will be used to
examine size effects in J-R curve testing with this material.
A long-term
irradiation
capsule will also be included to investigate irradiation
rate
effects.
The planning for Series 10 is not complete, but will probably include
irradiation
of CVN, tensile,
DWT, and fracture toughness specimens up to
2TCS.
All those specimens would be irradiated at 288°C to a fluence of about
5 x 1018 neutrons/cm2 (>1 MeV).
A similar complement, less the 2TCS, would be
irradiated to 5 x 1019 to investigate irradiation saturation.
Both of those
irradiations would be performed under usual test
reactor conditions.
Additionally, a complement of tensile, CVN, and ITCS would be irradiated at a
relatively
low neutron flux to investigate irradiation rate effects.
The
results
of those studies would be used to determine the need for inclusion of
4TCS and the possibility
of thermal annealing studies.
It
is not yet known
which irradiation
facility
will be used for this series.
Activities are now
under way to procure about 11 m of weld from the Midland vessel.
Unirradiated
characterization will begin upon receipt of material in 1989 and irradiations
will begin in 1990.

SUMMARY
The HSST irradiation
effects studies now span two decades of investigations which have sought to validate irradiated reactor vessel behavior.
All of the investigations have contributed results having significance to the
integrity
analyses of reactor vessels.
The observations are summarized as
follows:
1. Crack initiation
fracture toughness can attain
high values even
after
irradiation.
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2.
Fracture toughness vs temperature curves are shifted to higher
temperatures by irradiation; the amount of shift is a function of chemical
composition (e.g.., Cu, Ni, P).
3.
Irradiation can markedly reduce resistance to ductile tearing, even
for welds with unirradiated low tearing resistance.
4.
Irradiation-induced decreases in ductile toughness and tearing
resistance are roughly, related to those from. Charpy impact toughness.
5.
The use of current welding practices and materials with low copper
and nickel contents significantly reduces the irradiated fracture. toughness
degradation.
6.
Some stainless steel weld overlay cladding procedures can result in
cladding that is significantly embrittled by irradiation.
7.
Based on irradiation of two different claddings, type 308 weld
overlay cladding fabricated with low base metal dilution exhibits relatively
high resistance to irradiation.
8.. Preliminary analyses show that the KIc curve shift can be greater
than the CVN 41-J shift and can change shape.
9.
Irradiation series are either under way or planned to validate the
shift and shape of the Kia curve, the shift and shape of the KIc and KIa
curves for low upper-shelf welds, the response of thick sections to thermal
annealing, and the fracture behavior of an actual weld removed from an
unoperated commercial PWR.
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RESULTS OF IRRADIATED CIADDING TESTS
AND CLAD PLATE EXPERIMENTS*
F. M. Haggag and S.

K.

Iskander
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ABSTRACT
Two aspects critical to the fracture behavior of three-wire
stainless steel cladding were investigated by the Heavy-Section
Steel Technology (HSST) Program:
(1) radiation effects on cladding
strength and toughness, and (2) the response of mechanically loaded,
flawed structures in the presence of cladding (clad plate
experiments).
Postirradiation testing results show that, in the test tempera-ture range from -125 to 288°C, the yield strength increased, and
ductility insignificantly increased, while there was almost no
change in ultimate tensile strength.
All cladding exhibited
ductile-to-brittle transition behavior during Charpy impact testing.
Radiation damage decreased the Charpy upper-shelf energy by 15 to
.20% and resulted in up to 28°C shifts of the Charpy impact transition temperature.
Results of irradiated 12.5-mm-thick compact
specimens (0.5TCS) show consistent decrease's in the ductile fracture
toughness, JIc, and the tearing modulus.
Results from clad plate
tests have shown that (1) a tough surface layer composed of cladding
and/or heat-affected zone has arrested running flaws under conditions where unclad plates have ruptured, and (2) the residual loadbearing capacity of clad plates with large subclad flaws significantly exceeded that of an unclad plate.

INTRODUCTION
The ability of' stainless steel cladding to enhance the fracture resistance'of an operating nuclear reactor pressure vessel, particularly during
certain overcooling transients, depends greatly on the properties of the
irradiated cladding.
Therefore, weld overlay cladding irradiated at temperatures and to fluences relevant to power reactor operation was examined.
Two
weld cladding procedures were chosen for the two phases of this study, namely,
the single-wire oscillating submerged-arc and the three-wire series arc.
The
primary differences between these procedures are in the heat input and the
*Research sponsored by the Office of Nuclear Regulatory Research,

Division of Engineering, U.S. Nuclear Regulatory Commission under Interagency
Agreement DOE 1886-8011-9B with the U.S. Department of Energy under contract
DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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resulting amounts of base metal dilution of the stainless
steel
cladding.
In
impact
the first
phase, reported previously in Refs. 1-3, Charpy V-notch (CVN)
and tensile
specimens from a three-layer stainless
steel
weld overlay fabri2
cated using the single-wire procedure were irradiated to 2 x 1019 neutrons/cm
(>1 MeV) at 288°C.
Cladding from the upper weldment layers, typical of good
quality pressure vessel cladding, exhibited very little
irradiation-induced
degradation.
However, ductile-to-brittle
transition
behavior, caused by
temperature-dependent failure of the residual delta-ferrite,
was observed
during impact testing.
In contrast, specimens from the first
weldment layer,
which also exhibited transition
type behavior, were markedly embrittled.
The
cause of the embrittlement was determined to be high radiation sensitivity
of
the atypical microstructure resulting from excessive base metal dilution of
the first
weldment layer.
In the second phase, the first
subject of this paper, a commercially
produced three-wire series-arc stainless
steel
cladding was evaluated under
similar irradiation
(except for the high fluence specimens) and testing
conditions as in the first
phase.
The results
of tensile
and CVN tests
were
4
reported earlier;
however, a summary is provided here together with the
results
of irradiated and unirradiated 12.5-mm-thick compact specimens
(0.5TCS).
The objective of the clad plate program, the second subject of this
paper, is to determine the effect of three-wire stainless
steel
cladding upon
the propagation of small surface cracks subjected to stress
states
similar to
those occurring during a pressurized thermal shock (PTS) scenario.
The
potential benefit to the U.S. Nuclear Regulatory Commission is an improved
predictive capability of. the fracture strength of a reactor pressure vessel
(RPV) with hypothetical flaws.
The objectives of this research were achieved
by comparing the load-bearing capacity of clad and unclad flawed plates and
the results
are presented and discussed below.

I.

RADIATION EFFECTS ON CLADDING

MATERIALS
The specimens were taken from commercially produced stainless
steel
cladding overlaid on a pressure vessel steel
plate.
Three layers of cladding
were applied to provide adequate thickness (-20 mm) to fabricate the test
specimens.
The three-wire series-arc procedure, developed by Combustion
Engineering, Inc., Chattanooga, Tennessee, produced highly controlled weld
chemistry, microstructure, and fracture properties in all
three layers of the
weld.
Various combinations of types 308, 309, and 304 stainless
steel
wires
were used in the three layers of cladding.
The cladding was given a postweld
heat treatment (PWHT) equivalent to 40 h at 621 0 C.
During cladding, the
delta-ferrite
content was monitored with a Fischer Ferritescope.
The ferrite
numbers (which correspond roughly to percentages of ferrite)
varied from 7.5
to 10 throughout the three layers of the cladding.
The photomicrograph of
this
cladding (Fig. 1) shows a distribution
of delta-ferrite
in an austenitic
matrix quite typical of microstructures seen in good practice commercial weld
1
overlay cladding in reactor pressure vessels. -3
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Fig. 1. Microstructure of three-wire stainless steel cladding weld
overlay is typical of reactor pressure vessel cladding with delta-ferrite in
austenitic matrix, good quality commercial cladding.

IRRADIATION HISTORY
The specimens were irradiated in three capsules by Materials Engineering
Associates in the core of the 2-MW pool reactor (UBR) at the Nuclear Science
and Technology Facility in Buffalo, New York.
Each of the first
two capsules
contained 20 CVN and six miniature tensile (MT) specimens.
The third capsule
contained 24 0.5TCS specimens, of which eight specimens were fabricated from
the three-wire cladding, while the remaining specimens were from single-wire
cladding.
All capsules were instrumented with thermocouples and dosimeters
and the specimens resided in a mixed helium and air environment during the
irradiation.
Each capsule was rotated 1800 at least once during its
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irradiation exposure for
tures were maintained at
capsules were 2.14 ± 8%,
(>1 MeV), respectively.
Fe, Ni, and Co dosimetry

side-to-side fluence balancing.
Irradiation tempera288 ± llC.
The average fluences for the three
2
5.56 ± 5%, and 2.36 ± 6% x 1019- neutrons/cm
These fluences are for a calculated spectrum based on
wires.

RESULTS AND DISCUSSION
Effect of Irradiation on Tensile Properties: The yield strength of
three-wire stainless steel cladding increased due to radiation exposure.
The
effects were greater at room temperature and below (Fig. 2); e.g., at the
fluence of 2 x 1019 neutrons/cm2 the yield strength increased by 9, 20, and
28% at test temperatures of 2880C, room temperature, and -125°C, respectively.
At the higher fluence level of 5 x 1019 neutrons/cm2 , the yield strength
increased by 6, 16, and 34% at the test temperatures of 288°C, room temperature, and -125°C, respectively.
Hence, it can be seen that most of the
radiation damage occurred at the first
fluence level; increasing the fluence
by a factor of 2.5 did result in a relatively smaller radiation damage
increase.
The effects of irradiation on the ultimate strength and ductility
were insignificant or very small (Fig. 3).
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Effect of Irradiation
on Charpy Impact Properties:
Irradiation
of the
three-wire stainless
steel
cladding specimens at 288°C to fluence levels of 2
and 5 x 1019 neutrons/cm2 (>1 MeV) resulted in decreases of the CVN uppershelf energy by 15. and 20% and increases of the 41-J transition
temperature by
13 and 28°C, respectively (Fig. 4).
Figure 4 shows that increasing irradiation from 2 to 5 x 1019 neutrons/cm2 further degraded the three-wire stainless
steel cladding.
Irradiation also degraded the CVN lateral
expansion significantly (Fig. 5).
The upper-shelf lateral
expansion was reduced by 43 and 41%
at the low and high fluences, respectively.
Furthermore, the 0.38-mm (0.015in.) transition
temperature shifts
were 41 and 46 0 C for the low and high
fluences, respectively.
Table 1 also provides the curve fit
results
for the
unirradiated and irradiated CVN test
results.
These results
are in general
agreement with those for the single-wire cladding produced with good welding

practice.

1-3

Effect of Irradiation
on Ductile Fracture Toughness and Tearing Modulus:
Results of the 0.5TCS fracture toughness specimens fabricated from three-wire
series-arc stainless
steel
cladding shows the following.
Irradiation exposure
to an average fluence of 2.41 x 1019 neutrons/cm2 (>1 MeV) resulted in a
consistent decrease in the initiation
ductile fracture toughness, JIc, at test
temperatures of -75*C, room temperature, 120°C, and 288'C (Fig. 6).
This is
in agreement with the reduction in both the CVN upper-shelf energy and lateral
expansion discussed above.
However, the percent reduction in initiation
toughness of the 0.5TCS specimens is greater than that of the CVN impact
energy but closer to that percent reduction of the CVN lateral
expansion.
Figure 6 also shows that the initiation
toughness, Jlc, of both unirradiated
and irradiated specimens increased from high temperature to a peak at about
ambient temperature and then decreased at low temperatures similar to the
ductile behavior shown in Fig. 3.
Radiation exposure at 288°C has also
resulted in a consistent decrease in the tearing modulus at test
temperatures
from -75°C to 288°C.
An example of the J-integral
vs crack extension of two
specimens tested at 120°C is shown in Fig. 7.

CONCLUSIONS AND DESCRIPTION OF FUTURE WORK
The effects of neutron irradiation
on three-wire stainless
steel
weld
cladding, prototypical of commercial light
water reactor (LWR) materials, were
evaluated at a wide range of test
temperatures for conditions similar to those
at the end of life
of an LWR.
The yield strength of this
cladding increased
with irradiation
exposure; the increase rate was appreciably higher at low
temperatures (room temperature and below).
However, the effects of irradiation on the ultimate tensile strength and ductility
(both uniform and total
elongation) were insignificant.
All the unirradiated and irradiated three-wire cladding specimens
exhibited ductile-to-brittle
transition
behavior similar to that seen earlier
for the single-wire cladding.
Again, this
was also attributed
to the
dominance of failure
of delta-ferrite
at lower temperatures.
The upper-shelf
energy was reduced by 15 and 20%, while the upper-shelf lateral
expansion was
reduced 43 and 41%, at 2.14 and 5.56 x 1019 neutrons/cm' (>1 MeV), respectively.
The 41-J transition
temperature shifts
were 13 and 28°C for the low
and high levels of fluence, respectively.
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Table 1. Charpy impact test results for stainless
steel three-wire series-arc cladding

Transition
temperature
criterion
(°C)

Neutron
fluence,
neutrons/cm2
(> MeV)

Orientationa

(j)

68

Upper

Lower

shelf

shelf

LS
LS

0
2 x 1019

-41
-28

6
56

82
70

13
9

LS

5 x 1019

-13

--

68

12

LT
TL
TS

0
0
0

-28
-40
-55

11
4
7

88
86
83

14
16
12

aWith respect to the base metal where L is
as well as the welding direction.
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Effect of irradiation on the tearing modulus of three-wire
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Irradiated 0.5TCS specimens tested from -75 to 288°C showed consistent
decreases in both ductile initiation
fracture toughness and tearing modulus in
qualitative agreement, with observed decreases in Charpy impact energy and
lateral
expansion.
It must be stressed that the results
presented and discussed in this
paper are only for a single case of a three-wire stainless
steel
cladding;
hence, no conclusions can be drawn for different material chemistries and/or
welding procedures.
Additional work in progress includes testing
of precracked CVN and 12.5mm compact specimens (0.5TCS) from the single-wire cladding.
Furthermore,
stainless
steel cladding from the decommissioned West German Boiling Water
Reactor at Gundremmingen will be examined using subsize specimen techniques to
compare to our test
reactor data.
The subsize specimens will be machined

from the recently acquired four trepans cut from the decommissioned reactor.

II.

CLAD PLATE EXPERIMENTS

A small crack near the inner surface of clad nuclear RPVs is an important
consideration in the safety assessment of the structural
integrity
of the
vessel.
The behavior of such flaws is relevant to the PTS scenario and to the
plant life
extension issue.
There are considerable experimental results
which
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have shown that, in the absence of cladding, a small surface flaw in an
embrittled material subjected to severe thermal shock will become a long flaw.
One example from.Ref. 5 is shown in Fig. 8, which shows the extensive propagation and bifurcation on the surface Of the TSE-7 cylinder originating from a
Other examples are given in Ref. 6.
19-mm semicircular surface flaw.
There is a dearth of information on the behavior of small flaws in the
presence of cladding, and questions remain about the role a tough surface
cladding will play in preventing the propagation of small flaws along the
A clad plate research program was conducted as part of Oak Ridge
surface.
National Laboratory's HSST program in order to investigate the behavior of
research were
The objectives of this
small flaws in the presence of cladding.
achieved by comparing the load-bearing capacity of clad and unclad flawed
plates.

EXPERIMENT DESCRIPTION AND RESULTS
conforming to ASTM
A special plate specimen made of a typical RPV steel
Specification for Pressure Vessel Plates, Alloy Steels, Quenched and Tempered,
Manganese-Molybdenum and Manganese-Molybdenum-Nickel (A 533) Grade B has been
developed to investigate the effects of cladding on the behavior of flaws
(Fig. 9).
It was commercially clad using the three-wire series-arc technique
The three-wire
steel types 308, 309, and 312 weld wires.
and stainless
series-arc technique was used in some of the older vessels.
were performed on the cladding, heat-affected zone
CVN impact tests
(HAZ),
and base metal with specimens oriented in a direction corresponding to
the flaw propagating along the surface of the clad-plate specimens (Fig. 10).
Results of CVN impact testing on specimens oriented in a direction corresponding to the electron beam-induced flaw propagating in the thickness
results show that the cladding has a
The CVN test
orientation were similar. 7
temperature than base metal
transition
ductile-to-brittle
substantially lower
of the HAZ is
The Charpy transition
as measured by the Charpy impact energy.
This is principally the
also noticeably lower than that of the base metal.
of the special heat treatment given to the base metal to raise its
result
Details of the plate fabrication and heat treatment
temperature.
transition
temperature (NDT)
Tests to determine nil-ductility
can be found in Ref. 7.
using specimen P-3 according to the ASTM Test for Conducting Drop-Weight Test
Steels (E 208) were also performed and resulted
to Determine NDT of Ferritic
in an NDT of 36°C for the base metal.
An electron beam weld is introduced into the base metal to provide a
unflawed plate is loaded in four-point
site.
The initially
crack initiation
a sharp flaw, the
To initiate
bending to approximate the stresses due to PTS.
The
constant.
was
maintained
while
the
load
charged
were
hydrogen
plates
capacity of clad
was to determine the arrest
specific purpose of this test
plates with various amounts of stored energy.
loads, and corresponding crack lengths for the four
The pop-in, arrest
It may
plates tested at room temperature are shown schematically in Fig. 11.
the
plate
increased,
stored
in
the
energy
as
the
potential
be noted that,
length of the arrested flaw also increased as shown schematically by the
Photographs of actual fracture surfaces of the
shaded flaw shape in Fig. 11.
From these photographs it may be noted
plates are shown in Figs. 12 and 13.
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the 19-mm-radius semicircular flaw propagated on the surface to become a long
flaw during the test
(Cheverton et al.,
1985).

Fig. 9.

Clad plate specimen.
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12.

Fracture surfaces of clad plate CP-17.

Fig.

13.

Fracture surfaces of clad plate CP-19.

that in almost all
cases a surface layer composed of HAZ and cladding arrested
the flaw and prevented its
propagation along the surface, causing it to tunnel
below the surface.

DISCUSSION
The tough surface layer of cladding and HAZ seemed to have contributed
significantly to the load-bearing capacity of the plates by arresting flaws at
loads and temperatures that have ruptured unclad plates, as seen by comparing
the results
of the tests
on clad plates CP-15, CP-17, CP-19, and unclad plate
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CP-21.
In fact, the clad plate CP-19 arrested a flaw subjected to a driving
load) almost 50% higher than that which
force (as measured by the initial
Moreover, the residual load-bearing capacity of plates
broke an unclad plate.
loads was generally
large flaws) as measured by the arrest
(even with fairly
greater than required to break the unclad plate (Fig. 11).
The HAZ played a prominent role in enhancing the load-carrying capacity
of the clad plates.
As measured by the CVN impact energy, the HAZ is the
toughest of the three metallurgical zones of the clad plate specimens at 25°C,
It is not clear at this time whether
while the cladding is toughest at -25°C.
cladding alone, without benefit of the tough strong HAZ which played a
pronounced role in arresting propagating flaws, would have also elevated the
In the case of
load-bearing capacity beyond that of the unclad plate.
undergo toughness degradaradiation-embrittled RVPs, the HAZ will most likely
tion similar to that of the base metal, and therefore may not play such a
prominent role in arresting propagating flaws.
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V. Papaspyropoulos, M. Rosenfeld, P. Scott, and P. Vieth
BATTELLE
Columbus Division
1.0

Introduction

The NRC's Degraded Piping Program - Phase II started in April of 1984.
Its main objective was to validate the fracture behavior of
circumferentially cracked nuclear piping at quasi-static loading rates.
The validation involved conducting pipe fracture experiments at LWR
conditions which were used to assess various fracture analyses.
These
data were then used to validate and develop analysis procedures for
leak-before-break or inservice flaw inspection criteria such as ASME
Section XI IWB-3640 and 3650.
The full-scale experimental efforts involved conducting pipe fracture
experiments on various nuclear grade pipes at LWR temperatures.
A
listing of piping materials investigated is given in Table 1. The pipe
sizes ranged from 102-mm (4-inch) to 1067-mm (42-inch) diameter.
Generally, the pipes were procured from cancelled nuclear power plants.
In one case, a 711-mm (28-inch) diameter main recirculation pipe, which
was removed from a BWR, was tested. Many of the experiments involved
pipe pressurized with water at 288 C (550 F) Under bending loads.
Over
61 experiments were conducted and documented in detailed data record
books.
The datarecord books consist of four volumes containing data
for assessment of current analyses and any future analyses that may be
developed.
The material characterization efforts involved two aspects.
The first
aspect was to evaluate the material properties of each pipe necessary
for flaw evaluation analyses.
This typically included: chemical
analyses, Charpy V-notch tests, tensile tests, and compact (Tension)
[C(T)] tests. The C(T) specimen tests were conducted to obtain Jintegral fracture resistance curve data for the pipe material at the
pipe experiment test temperature.
These data have subsequently been
input into the NRC's data base on pipe material properties called
PIFRAC.
The second aspect of the material characterization effort
involved specific investigations, such as
*

an evaluation of crack instabilities in ferritic steels at
LWR temperatures (which are believed to be due to dynamic
strain aging),

* development of a test method to evaluate the toughness in the
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through-thickness direction of a specimen which simulates the
constraint condition in a surface cracked pipe,
* evaluation of methods to extrapolate J-R curves from small
C(T) specimen data,
" assessment of material anisotropy on ductile fracture
toughness, and
* various round-robin activities to validate calculation and
testing techniques.
At the beginning of the Degraded Piping Program, it was believed that
generally all nuclear piping failure stresses could be predicted by a
limit-load analysis. The pipe fracture results from this program
showed that this is not always true. A plastic-zone screening
criterion was developed to show when limit-load failure was expected,
and when elastic-plastic fracture mechanics would be needed to predict
the potentially lower failure stresses than those predicted by the
limit-load analyses.
Since that time, various engineering fracture mechanics analyses have
These analyses use the J-integral fracture parameter
been developed.
and are frequently referred to as J-estimation schemes. The
verification of these J-estimation schemes using pipe fracture data and
more detailed finite element analyses have been a central focus of this
program. The finite element analysis efforts have also been evaluated
in round-robins for both laboratory specimen and cracked pipe
experiments.
The material characterization, pipe experiment, and analytical efforts
from the program are summarized in the following sections. Afterwards,
the significance of some of these results and future needs are
discussed.
2.0

Material Characterization Efforts

The main focus of this activity was to provide material
characterization data from laboratory-specimen tests for pipes
Included were chemical
subjected to full-scale fracture tests.
composition, tensile stress-strain curves, Charpy V-notch transition
curves for ferritic steels, and J-resistance curves. The mechanical
property tests were designed to simulate conditions existing in the
full-scale pipe fracture test, including notch acuity, crack plane
orientation, test temperature, and rate of loading. Specimens were
machined from the same lot of pipe used in the pipe experiment; no
In addition to the
mechanical flattening of the pipe was permitted.
data being used for analyzing pipe tests, they were transmitted to
Materials Engineering Associates for inclusion in the NRC's Piping
Pipe materials that have been
Fracture Mechanics Data Base (PIFRAC).
characterized in the Degraded Piping Program are indicated in Table 1.
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In addition to conducting tests to characterize materials, several
specific tasks were undertaken within the program to provide needed
data. These tasks included:
(1)

Study of methods for predicting large-crack-growth J-R curves
from small-specimen data. The Battelle study compared the
usefulness of deformation J (JD) and modified J (JM) for
extrapolating J-R curves.
It also developed an empirical
method for extrapolating J-R curves and revealed possible
size effects on J-R curves, especially in weld-metal tests
(Ref. 1).

(2)

Development of a special single-edge-notch test [SE(T)] to
simulate a surface-cracked pipe bending experiment. Figure 1
is a schematic of the SE(T) specimen subjected to loading
using rigid wedge grips. Note that the entire ligament is
under tensile stress, just as it is in a surface-cracked pipe
subjected to bending.
In addition to developing experimental
techniques for the SE(T) test, Battelle developed an
estimation formula for calculating a J-R curve from the test
data, verified the formula by finite element analysis, and
applied the test method to evaluation of cracks in welds
(Ref. 2).
An interesting result of SE(T) tests at 288 C (550
F) is shown in Figure 2. Notice that the crack in Specimens
A8-5 and A8-7 began in the HAZ and displayed a crack-opening
angle similar to that for the base metal specimen.
However,
when the crack reached the fusion line in Specimen A8-5, it
continued to extend along that boundary while exhibiting a
much smaller crack-opening angle. This behavior may be
indicative of a minimum toughness region at the fusion line
in austenitic stainless steel weldments.

(3)

Study of anisotropy effects on crack-growth direction in
ferritic-steel pipes. This study was prompted by
observations in both pipe tests and. C(T) specimen tests of
cracks growing at a large angle to the intended direction in
ferritic steels. Examination of a seamless pipe revealed
nonmetallic inclusions oriented at 20 to 30 degrees from the
pipe axis, apparently the result of twisting of the pipe
during hot forming. Testing of C(T) specimens machined from
the pipe in several different orientations revealed that the
fracture resistance had a minimum value in the direction of
the inclusions.

(4)

Participation in round robins with other NRC contractors on
tensile testing, J-R curve calculations, and use of the
direct-current electrical potential method to monitor crack
growth in C(T) specimens.

During the course of the material characterization studies, a number of
interesting and, in some cases, unexpected results were obtained. One
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of the unexpected findings was dynamic crack jumps in some of the
carbon steels at LWR operating temperatures of 550 F (288 C), possibly
associated with dynamic strain aging. These crack jumps occurred
intermittently between periods of slow stable tearing and were observed
in both laboratory specimen fracture toughness tests (Figure 3a, upper
curve) and full-scale pipe tests (Figure 3b). Although the fracture
mode was ductile during the jumps, such instabilities are indicative of
reduced toughness and could potentially led to sudden large leaks in
If.the jumps
flawed reactor pipes subjected to accident conditions.
are associated with dynamic strain aging, it is likely that their
ocurrence will be a function of both strain rate and temperature.
Other interesting results included: (1) flux welds are much less tough
than welds made using inert gas in both austenitic and ferritic steels,
and (2) most of the carbon steel pipes tested in the Degraded Piping
Program exhibited tensile strength values at 300 and 550 F (149 and
288 C) that were greater than those at room temperature; this result
indicates that many carbon steel pipes used in nuclear plants are
Susceptibility to dynamic strain
susceptible to dynamic strain aging.
aging may be accompanied by several undesirable characteristics at LWR
temperatures, including: (1) dynamic crack jumps, (2) reduced crackinitiation toughness, and (3) reduced tearing modulus (Ref. 3). On the
other hand, a beneficial effect from dynamic strain aging is an
increase in the material's strength at elevated temperatures.
3.0

Pipe Fracture Experiments

The scope of the full-scale pipe experiments included: (1) obtaining
data on circumferentially cracked pipe, (2) using representative pipe
materials, crack geometries, and loading conditions, (3) performing all
experiments atelevated temperatures, (4) determining crack initiation,
maximum load and crack growth in each experiment, (5) comparing
experimental loads relative to net-section-collapse predicted failure
loads, and (6) establishing a comprehensive pipe fracture data base for
evaluating existing analytical fracture models.
In addition to verification of existing analysis methods, the extensive
pipe fracture data base will be useful for evaluating fracture
mechanics parameters developed or modified in the future. This data
base has already been useful in evaluating flaw assessment criteria for
cracks found in service, and has been used to benchmark the criteria
presented in Section XI of the ASME Code; Article IWB-3640 for
austenitic pipe and proposed Article IWB-3650 for ferritic pipe.
The test matrix consisted of 61 full-scale pipe fracture experiments
conducted at Battelle's laboratories in Columbus and West Jefferson,
Ohio. Flaw geometries included through-wall cracks, surface cracks and
complex cracks.
(A complex crack, as defined in this program, is a
long internal surface crack that has propagated through the wall
Figure 4 illustrates the number of
thickness for a short distance.)
experiments performed as a function of pipe diameter and crack
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geometry. Evident from this figure is the wide range of pipe diameters
studied in this program.
Figure 5.presents the data in a similar format, except that the number
of experiments is shown as .a function of loading method rather than
*crack geometry. Loading methods included four-point bending, pressure,
pressure and bending, and bending with a high system compliance.
Quasi-static loading rates were used in all cases.
A number of representative materials were evaluated in the pipe
fracture experiments, as indicated in Table 1. Figure 6 shows the
breakdown of experiments by material type. Pipe material wall
thicknesses ranged from 0.25 to 3.41 inches (6.4 to 86.6 mm).
The test matrix rationale was to perform the simplest experiments early
in the program and increase the complexity of the loading conditions
and flaw geometries as the program progressed. Thus, many of the first
year experiments evaluated through-wall-cracked pipe under simple
bending, while the third and fourth year experiments evaluated surface
cracks in welds under combined pressure and bending.
An example of a high-energy experiment is shown in Figure 7. This
photograph shows the decompression behavior of a 16-inch (406-mm)
diameter pipe after an internal .surface crack has broken through the
wall of the pipe under combined pressure and bending loads. In this
particular experiment, the test pressure was 1,600 psig (11.0 MPa).
The crack was embedded in the center of a low-toughness submerged-arc
weld (SAW).
Two recent experiments have evaluated the load-carrying capacity of
large diameter cold-leg pipes under simple bending loads. The first
experiment evaluated a through-wall crack in the base metal, while the
second experiment evaluated a similar crack in a shop manufactured
weld. These experiments were challenging due to the extremely high
bending moments required to propagate a crack in such a heavy-wall
pipe. Figure 8 is a post-test photograph of the-second cold-leg pipe
experiment. A through-wall crack was tested in the centerline of an
SAW in this experiment. A close-up of one crack tip is shown in Figure
9. Both crack tips initiated at the mid-wall of the pipe weld, but
As is
quickly grew out of the SAW weld and into the pipe base metal.
evident from Figure 9, the crack growth direction was erratic, changing
in a zig-zag fashion across the weld.
Results from all pipe experiments have been incorporated into an
extensive pipe fracture data base. Data collected and reported in this
data base consist of applied loads, load-line displacements of the test
machine, internal pipe pressure, crack-opening displacements, directcurrent electric potential measurements (for crack growth monitoring),
rotations of the cracked pipe section, and pipe temperature.
In addition, the pipe fracture data base also summarizes pertinent
material property data, such as chemical analyses,'tensile results,

Charpy V-notch impact data, and J-resistance curve data. Five
experiments from other research programs have been incorporated into
the data base in addition to the Degraded Piping Program experiments.
Crack initiation and maximum moment data from all pipe experiments have
been compared against limit-load analyses such as the net-sectionFigure 10 illustrates such a comparison for the two.
collapse method.
cold-leg pipe experiments discussed earlier. Net-section-collapse
calculations were based on two values of flow stress for these
Both the actual tensile property data and the ASME code
materials.
In
design stress were used to define the flow stress of the material.
the case of the weld metal experiment, both the base metal properties
and the weld metal properties were used in the limit-load calculations.
Thus, two sets of bars are shown in Figure 10 for the weld metal coldleg pipe experiment. Comparisons to net-section-collapse predictions
showed that, in both cases, experimental maximum loads exceeded the
predicted loads when either the base metal data or design stress were
used.
These comparisons to limit-load analyses have led to the development of'
a plastic-zone screening criterion to determine when net-sectioncollapse analyses are valid and when more complex elastic-plastic
In
analyses are warranted. Such a criterion is shown in Figure 11.
this figure, experimental stress data are normalized against netsection-collapse predicted stresses for both through-wall-cracked and
surface-cracked pipe. The data are plotted as a function of a nondimensional plastic zone parameter. A statistical analyses was
performed on these data and a lower bound failure curve was defined
with a 95 percent confidence level. This is shown by the solid line in
Such a criterion shows that even high-toughness stainless
Figure 11.
steel materials can fail below net-section-collapse predictions if the
pipe diameter is sufficiently large. It also shows that surfacecracked pipes are less sensitive to toughness than are through-wallcracked pipes.
A variety of other experiments were performed within this phase of the
program. The crack instability behavior of pipe under bending was
evaluated in several experiments. Conditions of unstable crack
propagation were observed once maximum moment was achieved in pipes
with long internal surface cracks or with complex cracks (such as found
This instability behavior resulted
in the Duane Arnold nuclear plant).
in complete double-ended guillotine breaks in two experiments, and was
found to be quite sensitive to changes in the compliance of the fourpoint-bending test machine for these two crack geometries.
Encouraging results were obtained from experiments in which
circumferentially cracked pipe had been repaired by the weld-overlayIn these experiments, a fatigue crack was grown
repair technique.
completely through the wall of a stainless steel pipe and half-way
around the circumference. A multiple pass TIG weld overlay repair was
Post-test results from these pressure and
fabricated over the crack.
bending experiments showed tremendous plasticity in the base metal

-376-

before crack initiation occurred. The results were also used in a
round-robin design analysis for weld-overlay repairs. The round-robin
predictions showed that various vendors and engineering firms made
consistent predictions that agreed well with the experimental results.
Another series of experiments evaluated cracks in solution-annealed
versus as-welded low-toughness submerged-arc welded Type 304 stainless
steel pipe. The solution-annealed weld metal had a higher toughness
The pipe
but lower stress-strain curve than the as-welded material.
fracture experimental results showed the failure stresses were lower
for the solution-annealed pipe experiments. This was the opposite
trend than that predicted by J-estimation scheme analyses using the
base metal stress-strain curve and the weld metal toughness data.
These results suggested that both the stress-strain curves of the base
metal and weld metal should be considered when analyzing cracks in a
weld.
Finally, an interesting phenomenon was observed in a number of ferritic
steel pipe specimens containing through-wall cracks under bending.
Nearly all of these experiments showed significant out-of-plane crack
growth behavior. In the case of one cold-leg pipe specimen (similar to
the experiment shown in Figures 8 and 9), the through-wall crack turned
from the circumferential direction and began propagating along the axis
of the pipe. Thus, the crack followed the direction of lowest
toughness rather than the direction of greatest principal stress. This
result reveals that the material anisotropy due to the rolling and
forming process is a significant factor in predicting the fracture
behavior of through-wall-cracked pipe under bending.
4.0

Analytical Efforts

The fracture mechanics analysis effort in the Degraded Piping Program Phase II was aimed at providing the NRC with simple engineering models
for predicting the integrity of nuclear power plant pipes containing
cracks. The majority of the work was focused on predicting the
behavior of circumferentially oriented cracks in pipes subjected to
predominantly bending loads. A limited amount of effort was also
devoted to combined internal pressure and bending loads. Through-wall
cracks, part-through-wall internal surface cracks, as well as complex
cracks in different pipe sizes and materials were considered. Both
base-metal and weld cracks were analyzed. The majority of the modeling
effort was based on the J-integral tearing instability (J/T) approach
of elastic-plastic fracture mechanics (EPFM).
The application of the J/T approach requires two types of analytical
These are for (a) establishing an appropriate J-resistance (Jmodels.
R) curve using experimental data, and (b) calculating applied J and the
tearing modulus (T) for the crack-structure configuration of interest.
In the Degraded Piping Program, the work within Type (a) analyses
included several activities. For example, finite element analyses were
performed to aid the development of a simple method for extrapolating
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J-R curves for large amounts of crack growth from laboratory specimen
Elastic-plastic finite element analyses of 1.0 inch
tests (Ref. 1).
(25.4 mm) thick IT, 3T, and lOT planar dimension specimens of both
austenitic and carbon steels were performed (Ref. 1). An example of
the (far-field) 3-resistance curves resulting from these analyses on
Type 304 stainless steel at 550 F (288 C) are shown in Figure 12.
Such
results were used in deciding how a J-resistance curve from a IT
specimen can be extrapolated to larger crack growth amounts normally
encountered in through-wall crack analyses of pipes. The lOT specimen
was also analyzed by a number of participants in an international
Figure 13 shows a
analysis round-robin organized by Battelle (Ref. 4).
key result of the round robin in the form of predicted load versus
applied displacement plots.
The round-robin results also indicated
that in general the far-field J values for large crack extension were
in better agreement with the modified (JM) values rather than
deformation (WD) values obtained by estimation methods.
The Type (a) analyses also included the evaluation of a single-edge
notch specimen loaded under fixed-grip boundary conditions as a
candidate for characterizing radial growth behavior of surface cracks
in pipes (Ref. 2).
The study suggested that in this specimen, as well
as in circumferentially surface-cracked pipe in bending, there may be
little or no J-controlled growth.
If this is the case, further
research aimed at more accurate prediction of surface-crack behavior in
pipes may be needed.
Another activity within Type (a) analyses was aimed at developing and
comparing J-R curves for cracks in welds by finite element analyses and
by estimation methods.
The results of this activity are reported in
Reference 5.
The work in Type (b) analyses resulted in improved methods for
analyzing pipes with through-wall cracks in bending.
These methods,
called LBB.GE and LBB.ENG (Ref. 6), and several other estimation
analysis methods were evaluated by comparing their predictions with
experimental data.
Figure 14 represents an example of such evaluations
in terms of predicted load versus displacement curves for a specific
experiment.
In terms of initiation and maximum load predictions, it
was found that, with a few exceptions, the EPRI/GE estimation methods
for through-wall cracked pipes gave underpredictions when used in
conjunction with JD resistance curves.
Altogether, six different
through-wall crack analysis methods were evaluated.
A computer code
called NRCPIPE, which allows convenient application of these methods
for LBB evaluations, was developed for a personal computer.
In addition to estimation analyses, three-dimensional finite element
analyses of through-wall cracked base metal as well as welded pipes
were performed.
A stainless steel 16-inch (406-mm) diameter pipe
fracture experiment was analyzed by a number of participants as part of
one of the three international round robins organized by Battelle.
Figure 15 shows a key result of the round robin in the form of
predicted load versus applied displacement plots. Note that a general
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trend from this effort, as well as other efforts, is that the FEM
analyses underpredict the experimental results for circumferential
through-wall-cracked pipe in bending.
For circumferentially surface cracked pipes in bending, new Jestimation methods were developed (Ref. 7).
These developments
effectively utilized an existing two-dimensional estimation method to
solve the three-dimensional surface crack problems.
The predictions of
these methods were compared with experimental data.
Figure 16 shows an
example of such a comparison.
5.0

Significance of Results

At the beginning of the Degraded Piping Program - Phase II, the status
of the pipe fracture mechanics methodology was quite limited.
For
example;
" the net-section collapse (limit-load) analysis for
circumferentially cracked pipe was developed and verified on small
diameter stainless steel pipe,
" the EPRI/GE J-estimation elastic-plastic fracture mechanics
analysis was developed,

but had little verification,

" the NRC.LBB analysis method was under development,
* there was a limited amount of material property data, and
* there was a limited amount of pipe fracture data.
Some of the developments during the course of the Degraded Piping
Program - Phase II are:
* the material property data base was greatly expanded,
* a detailed data base for circumferentially cracked pipe under slow
monotonic loading was expanded,
" new J-integral based engineering analyses were developed and
verified for circumferentially through-wall-cracked pipe stability
evaluations used in LBB assessments,
" a finite length surface-cracked pipe elastic-plastic fracture
mechanics engineering analysis was developed,
* the accuracy of finite element analyses of cracked pipe was
assessed,
• an energy balance method was developed to predict the start of an
instability and estimate the magnitude of crack growth in an
instability event for both through-wall and surface-cracked pipe
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under combined load-controlled and displacement-controlled
stresses,
- a statistically based fracture analysis method to predict maximum
loads of circumferentially cracked pipe was developed,
. a methodology to predict the fracture of circumferentially cracked
piping systems subjected to dynamic loading such as earthquakes
was initially conceived,
- a constraint correction for circumferential complex-cracked pipe
was developed, and
- an assessment of Charpy versus JIc correlations was made using
data developed in this program.
These developments have subsequently been used to assess Leak-Before,Break (LBB) fracture analyses, and in-service flaw inspection methods.
LBB developments include evaluation of through-wall circumferential
cracked pipe J-estimation schemes, and development of experimental data
In-service
to verify crack opening areas for leak-rate predictions.
XI
Section
ASME
of
the
assessments
included
flaw inspection criteria
IWB-3650
the
and
procedure,
evaluation
IWB-3640 austenitic flaw
This involved assessment of the
ferritic flaw evaluation procedure.
inherent safety factors in the ASME analyses and development of
fracture toughness data for development of reasonable lower bound
Although numerous changes
material properties in the ASME analyses.
and improvements have been made to the ASME criteria, further
improvements to unify and make secondary corrections are still needed.
Another assessment was on the weld-overlay repaired pipe fracture
Fracture experiments were conducted on prototypical weldanalyses.
overlay repaired pipe that initially had large circumferential throughThis effort validated the NRC's NUREG-0313 Rev. 2
wall cracks.
criteria for weld-overlay fracture analyses.
6.0

Future Needs

There are several areas of piping integrity that are in need of further
Some of these resulted from the Degraded Piping Program
efforts.
These are briefly
results, while others were not within its scope.
described below.
The first area in need of further evaluation is fracture and crackEffort is needed to develop
opening-area analyses of pipe fittings.
verified analyses for the LBB and in-service flaw inspection criteria
of fittings. LBB and in-service flaw inspection criteria are currently
Pipe systems,
based on the predictions of cracks in straight pipe.
however, may have cracks in fittings, i.e., elbows, tees, etc.
Analyses verified by experimental data are needed for complete LBB
analyses, and for future ASME Section XI Code flaw acceptance criteria.
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The second area in need of further study is integration of the pipe
fracture program results with the Piping Reliability Program results.
The objective would be to assess the significance of possible
interactions between pipe fracture studies and suggested code changes
The EPRI/NRC Piping
from the EPRI/NRC Piping Reliability Program.
to suggest changes
efforts
completed
has
recently
Program
Reliability
The
piping.
in
nuclear
stresses
in the design rules for allowable
basis for this suggestion comes from uncracked pipe fitting and pipe
system tests. The Degraded Piping Program has developed considerable
methodology for assessment of cracked pipe under quasi-static loading,
while the NRC's IPIRG program is examining the behavior of cracked
There has been very little
piping systems under dynamic loading.
consideration of acceptable flaws (which are much smaller than the
Degraded Piping Program or IPIRG flaw geometries) on the suggested
changes from the Piping Reliability Program.
Thus, additional study is
needed to examine the safety margins using the suggested pipe design
stress rules if there are small flaws in critical areas.
A third area in need of additional efforts is development of a
replacement criterion for the DEGB design rule. The elimination of the
DEGB design criterion for pipe whip restraint and jet impingement
removal has been a major step forward in improving piping safety and at
the same time making plants more economical to run.
The next logical
step is to apply the elimination of the DEGB toward defining a maximum
credible leakage area for more realistic designs for equipment
qualification, pipe support design, redesign of internal reactor core
supports for lower depressurization loads, etc. This effort will
develop methodology that could be used to assess future licensing
requests for replacement of the DEGB design rule.
A fourth area of further activity is to resolve issues from the
Degraded Piping Program - Phase II that have not been sufficiently
addressed.
The Degraded Piping Program - Phase II program contained
over 70 technical subtasks.
Within those efforts many concerns were
resolved, while others could not be resolved within the scope of the
program.
Furthermore, some of these issues were discovered during the
course of the program. This effort is needed to assess the more
significant issues for LBB or in-service flaw inspection criteria
assessments.
Some of the more significant issues are:
* improvements in circumferential through-wall cracked pipe analyses
for short crack lengths applicable to LBB analyses,
* improvements in the understanding of dynamic strain aging on the
fracture behavior of carbon steels,
* assessment of the effects of anisotropy on fracture behavior of
ferritic piping steels,
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* generation of additional quasi-static straight pipe fracture data
(i.e., large diameter pipe with surface cracks),
* generation of additional ferritic steel weld,
fusion line toughness data, etc.,

bimetallic welds and

• refinements to surface-cracked pipe estimation schemes for
combined loading,
• generation of a data base on cyclic loading and dynamic rate
effects on the strength and toughness of nuclear piping material,
* resolution of discrepancies between finite element analyses of
cracked pipe experiments and experimental data, and
* development of improved criteria to uniformly handle crack-opening
area and fracture predictions for welds.
The last area of effort that needs to be continued is validation of
ASME Section XI Code procedures as well as coordination with NRC-NRR,
The objective of this effort is to
ASTM and other NRC contractors.
assess proposed changes to the ASME Section XI Flaw Evaluation Working
Group, and to coordinate pertinent research developments with the
For instance, at the
Working Group if they could impact the Code.
September 1988 Pipe Flaw Evaluation Task Group meeting,' a list of over
20 "maintenance" items for changes to the stainless steel' and ferritic
In order to implement these changes, input
piping criteria was made.
from the past Degraded Piping Program and additional new items is
necessary.
7.0
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TABLE 1. PIPES SUBJECTED TO FULL-SCALE TESTS
AND TO MATERIAL CHARACTERIZATION STUDIES
IN DEGRADED PIPING PROGRAM

Diameter in Inches
Wrought Ferritic Pipe
ASTM A1O6B
•ASTM A333,.Gr. 6
ASTM A516, Gr. 70

4,

SA Welds in Wrought Ferritic Pipe
ASTM A516, Gr. 70
ASTM A1O6B

6 and 16
10, and 24
28 and 37
37
8 and 16

Wrought Austenitic Pipe
Type 304 stainless
Type 316L stainless
Inconel 600

4,

6,

16, and 42
16
6

Cast Austenitic Pipe
CF8M stainless

12 and 16

SA Welds in. Wrought Austenitic Pipe
Type 304 stainless

6 and 16

GTA Weld in Wrought Austenitic Pipe

4

GTA Weld Overlay on Wrought Austenitic Pipe
.Type 304 stainless

6
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FIGURE 1. SCHEMATIC OF SE(T) TEST TO SIMULATE SURFACE
CRACKED PIPE BENDING EXPERIMENT

Type
Stainless
Base

Heat

Affected

Weld

FIGURE 2.

N04
Steel
Metal

Zone

Metal

- E

PHOTOGRAPH OF CROSS-SECTIONS NEAR THE CRACK IN SE(T)
SPECIMENS TESTED AT 550 F (288 C)
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UNSTABLE CRACK GROWTH IN PIPE FRACTURE TEST AT 550 F
(288 C) (THE PIPE IS THE SAME PIPE AS IN FIGURE 3a)
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FIGURE 4.

TEST MATRIX FROM THE FULL-SCALE PIPE FRACTURE
EXPERIMENTS SHOWING THE NUMBER OF EXPERIMENTS
BY DIAMETER AND LOADING TYPE
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FIGURE 5.

TEST MATRIX FROM THE FULL-SCALE PIPE FRACTURE
EXPERIMENTS SHOWING THE NUMBER OF EXPERIMENTS
BY DIAMETER AND CRACK GEOMETRY
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FIGURE 6.

FIGURE 7.

TEST MATRIX FROM THE FULL-SCALE PIPE FRACTURE
EXPERIMENTS SHOWING THE NUMBER OF EXPERIMENTS
BY DIAMETER AND MATERIAL TYPE

HIGH-ENERGY PIPE FRACTURE EXPERIMENT CONDUCTED UNDER
PRESSURE AND BENDING AT ELEVATED TEMPERATURES
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FIGURE 8.

FIGURE 9.

POST-TEST PHOTOGRAPH OF A LARGE DIAMETER COLD-LEG
EXPERIMENT CONDUCTED UNDER BENDING AT ELEVATED
TEMPERATURES

CLOSE-UP OF ONE CRACK TIP FROM THE COLD-LEG EXPERIMENT SHOWN
IN FIGURE 8.
THE THROUGH-WALL CRACK IN THIS EXPERIMENT WAS
MACHINED INTO THE CENTERLINE OF A SUBMERGED-ARC WELD
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