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ABSTRACT

This five-volume report contains 141 papers out of the 175 that were
presented at the Sixteenth Water Reactor Safety Information Meeting held at
the National

Institute of Standards
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sented by researchers from Germany,
and the United Kingdom.

1988.

each session

safety

Foreign participation

and Technology,

Italy, Japan,

Sweden,
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papers

Switzerland,

pre-

Taiwan

The titles of the papers and the names of the authors

have been updated and may differ from those that appeared in the final program
of the meeting.
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USA

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

J, C HIGGINS
BROOKHAVEN NATIONALLABORATORY
BLDG 130
UPTON NY
11973
USA

H-N HSIAU
TAIWANPOWER
COMPANY
TAIPEI TAIWAN
POC

A. B. JOHNSON
PALIFIC NORTHWEST LABORATORY
P.O. BOX 999
RICHLAND WA 99352
USA

02139

12309

-ix -

83415

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

E. KNOOLINGER
PAULSCHERRER
INSTITUTE
WUERENLINGEN CH5303
SWITZERLAND

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

T. S LUBNOW
MPR ASSOCIATES
1050 CONNECTICUT
AVE..NW
WASHINGTON
DC 20036
USA

H. V. JULIAN
VOLIAN ENTERPRISES. INC.
PO BOX 410
MURRYSVILLE PA 15668
USA

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

M. LEE
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTON NY 11973
USA

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

J. E. KALINOWSKI
SAVANNAHRIVER LABORATORY
AIKEN SC 29808
USA

M. J. KOMSI
IMATRAN
VOiMA0Y
P.O. BOX I12
VANTAA 01601
FINLAND

N. E. LEE
COMBUSTION
ENGINEERING
l000 PROSPECT HILLRD
WINDSORCT 06095
USA

H. L. MAGLEBY
EG&GIDAHOINC.
P.O. BOX 1625
IDAHOFALLSID 8341F
USA

P. S. KALRA
ELECTRIC POWER RESEARCH INSTITUTE
3412 HILLVIEW AVE.
PALOALTO CA 94303
USA

C. A. KOT
ARGONNE
NATIONAL
LABORATORY
9700 S. CASSAVE.,BLDG335
ARGONNE
IL 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
OAK RIDGE NATIONAL LABORATORY
P0 BOX 2008
OAK RIDGE TN 37831
USA

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

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

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

H. KAMATA
JAPAN ATOMIC RESEARCH INST.
TOKAI-MURA, NAKA-GUN
IBARAKI-KEN
319-11
JAPAN

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

S. J. LEVINSON
BABCOCK
& WILCOXCO..
3315 OLDFORESTRD
VA 24506
LYNCHBURG
USA

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

D. D. KANA
SOUTHWEST RESEARCH INSTITUTE
6220 CULEBRA ROAD
SAN ANTONIO TX 78284
USA

C. A. KROPP

ENEA/DISP
VIAANGUILLARESE
K I 300
ROME 00060
ITALY

P. M. LEWIS
PACIFICNORTHWEST
LABORATORY
P.O. BOX999
RICHLANOWA 99352
USA

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

L. 0. KANNBERG
PACIFIC NORTHWEST LABORATORY
P.O. BOX 999
RICHLAND WA 99352

USA

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

K. LIESCH
GESELLSCNAFT
FUR REAKTORSICHERHEIT
FORSCHUNGSOELANDE
D-8046 GARCHINO
FRO

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

S. KARIMIAN
BRGOKHAVENNATIONALLABORATORY
BLDG. 130
UPTON NY 11973
USA

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

J. N. LILLINGTON
UKAEA/AEE
WINFRITH
DOERCHESTER
DORSET DT28DH
UK

B. MAVKO
J. STEFANINSTITUTE
JAMOVA39
LJUBLJANA
r1000
YUGOSLAVIA

W. Y. KATO
BROOKHAVENNATIONALLABORATORY
BLDG 197C
UPTON NY 11973
USA

R. KUBOTA
HITACHI
SAIWAICHO
3-1 - I
IBARAKI-KEN
JAPAN.

C. L. LIN
ELECTRICPOWERRESEARCH
INSTITUTE
3412 HILLVIEWAVE.
PALOALTOCA 94303
USA

D. E. MCCABE
MATERIALS
ENGI
NEERINGASSOCIATES
9700-B M.L. KINGHIGHWAY
LANHAMMD 20706
USA

K. R. KATSMA
EG&G IDAHO INC.
P.O. BOX 1625
IDAHOFALLS ID
USA

C. A. KUKIELKA
PENNSYLVANIA
POWER& LIGHTCO.
2 N. NINTHSTREET
ALLENTOWNPA 18101
USA

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

L. D. MCCANN
WESTINGHOUSE
ELECTRIC
CORP.
P.O. BOX79
W. MIFFLIN PA 15122-0079
USA

O KATZENMEIER
KERNFORSCHUNGSZENT RUM. PHDR
POSTFACH 3640
7500 KARLSRUHE
I
FRO

D. 5 KUPPERMAN
ARGONNE
NATIONAL
LABORATORY
9700 S. CASSAVE
ARGONNEIL 60439
USA

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

R. K. McCARDELL
EG&GIDAHOINC.
P.O. BOX1625
IDAHOFALLSID 83415
USA

W. R. KEANEY
GENERAL ASSOCIATES CORP
1314 OAKVIEWDR.
WORTHINGTON OH 43085
USA

K. F. KUSSMAUL
ONIVERSITY
OF STUTTGART
PFAFFENWALDRING
32
STUTTGART
80
7000
FRO

R. LOFARO
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

D. J. MCOLOSKEY
SANDIANATIONAL
LABS.
P.O. BOX5800
ALBUQUERQUE
NM 87122
USA

J. E. KELLY
SANDIA NATIONAL LABS. DIV. 6418
P.O. BOX 5800
ALBUQUEROUE NM 87185
USA

P. S. LACY
URA
SI MONROE
STREET
ROCKVILLE
MD 20854
USA

J. P. LONOWORTH
CENTRAL
ELECTRICITY
GENERATING
8D.
COURTNEY
HSE., WARWICKLA
LONDON
UK

K. P. McKAY
WESTINGHOUSE
ELECTRIC
CORP.
P.O. BOX79
W. MIFFLIN PA 15228
USA

C. R. KEMPF
BROOKHAVENNATIONAL LABORATORY
BLDG. 197-C
UPTON NY 11973
USA

T. K. LARSON
EG&GIDAHOINC.
P.O. BOX 1625
IDAHOFALLSID 83415
USA

F. J. LOSS
MATERIALS
ENGINEERING
ASSOCIATES
9700-B M.L. KINOHIGHWAY
LANHAMMD 20706
USA

N. R.H. McMILLAN
UKAEA/SRD
WIGSNAWLANE,CULCHETH
WARRINGTON WA34NE
UK

W. L. KIRK
LOS ALAMOS NATIONAL LABORATORY
P.O. BOX 1663. N-DO, MS E561
LOSALAMOS NM 87545
USA

D. LEAVER
TANERA
1340 SARATOGA-SUNNYSIDE
ROAD,SUITE2
SANJOSE CA 95129
USA

A. L. LOWEJR.
BABCOCK
& WILCOXCO.
PO BOX 10935
LYNCHBURG
VA 24506
USA

C. MEDICH
SIET
VIANINOBIXIO27
PIACENZAITALY 29100
ITALY

83415

317

-X--

H. B. MEIERAN
H B MEIERAN ASSOCIATES
458 SOUTH DALLAS AVENUE
PITTSBIJUOH PA
1.520A
USA

S. A. NAFF
SIEMENS AG.UB.KWU.U85
POSTFACH
3220
ERLANGEN 8520
FRO

C. F. OBENCHAIN
EG&GIDAHOINC.
P.O.BOX1625
IDAHOFALLSID 83415
USA.

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

M. ME•ILO
ELECTRIC POWER RESEARCH INSTITUTE
3412 HILLVIEW AVE.
PALOALTO CA 94303
USA

C. NAKAMURA
INST.
JAPAN ATOMICRESEARCH
TOKAI
- MURA,NAKA-GUN
319-I1
IBARAKI-KEN
JAPAN

T. OHNO
NUCLEAR
POWERENG'GTESTCTR
BLDG.4-3-13. TORANOMON.
MINATO-KU
TOKYO
105
JAPAN

A. Y. PORACCHIA
CEAFRENCHATOMICENERGY
COMMISSION
CENCADARACHE-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
OAKRIDGENATIONAL
LABORATORY
PO BOX2008, MS 6 151
OAKRIDGETN 37831
USA

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

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

J. F. MEYER
SCIENTECH
1 1821 PARKLAWN DRIVE
ROCKVILLE M1
20852
USA

A. NATLIZIO
OF CANADA
ATOMICENERGY
SHERIDAN
PARKRSCH.COMM.
MISSISSAUGA
ONTARIO LSKIB2
CANADA

T. OKUBO
JAPAN ATOMICRESEARCH
INST.
TOKAI-MURA,NAKA-GUN
IBARAKI-KEN
319-I1
JAPAN

N. PRASAD
WESTINGHOUSE
POWERSYSTEMS
DIVISION
P.O. BOX2728
PITTSBURGH PA 15230-2728
USA,

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

D. J. NAUS
LABORATORY
OAKRIDGENATIONAL
P.O. BOX2009, BLDG9204-I
OAKRIDGETN 37831-8056
USA

R, C. OLSON
CO.
GAS&ELECTRIC
BALTIMORE
CCNPP-NGF PO BOX1535
LUSBY MD 20657
USA

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

S. M. MIHAIU
YANKEE ATOMIC 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.
RD. (SUITE 170)
15825 SHADYGROVE
ROCKVILLE
MD 20850
USA

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

0. B. NEWLAND
NATIONAL
NUCLEAR
CORP.
BOOTHSHALL,CHELFORD
ROAD
KNUTSFORDENGLAND
UK

N. R. ORTIZ
SANDIANATIONAL
LABS..DIV. 6410
P.O. BOX5800
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
LABORATORY
NATIONAL
BROOKHAVEN
BLD.G475B
UPTON-NY 11973
USA

J. PAN
UNIVERSITY
OF MICHIGAN
2250 0. . BROWNBLDG.,MECH.ENG.
ANNARBORMI 48108
USA

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

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

Y. NOGU(CHI
CHUBUELECTRIC
POWERCO.INC
900 17TH ST. N.W.. SUITE714
WASHINGTON
DC 20006
USA

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

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

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

P. NORTH
EG&GIDAHOINC.
P.O. BOX1625
IDAHOFALLSID 83415
USA

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

W. J. QUAPP
CO.
HANFORD
WESTINOHOUSE
PO BOX1970
RICHLANDWA 993S2
USA

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

H. NOURBAKHSH
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

W. R. PEARCE
CONSULTANT
6846 GLENBROOK
ROAD
BETHESDAMD 20814
USA

P. J. QUATTRO
MBZ, INC.
1 175 HERNDON
PKWY.,STE. 150
HERNDONVA 22070
USA

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

S. P. NOWLEN
SANDIANATIONAL
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
RIVERLABORATORY
786-SA
AIKEN SC 29808
USA

F. I. MOPSIK
NAT'L INST. OF STO5. & TECH.
GAITHERSBURG MD 20899
USA

E. I. NOWSTRUP
CONSULTANT
17605 PARKMILL DR
ROCKVILLEMD 20855
USA

G. PETRANGELI
ENEA/DISP
VIAVITALIANO
BRANCATI,
48,
ROME 00144
ITALY

H. J. REILLY
LAB
IDAHO
NATIONAL
ENGINEERING
PO BOX1625
IDAHO
FALLS ID 83402
USA

MJ.
MOREAU
GENERAL ELECTRIC
P.O, BOX 1072
SCHENECTADY NY
USA

A. NUHM
TECHNICATOME
DENCADARACHE
CADARACHE 1311S
FRANCE

J. L. PIERREY
CEAFRENCHATOMICENERGY
COMMISSION
CEN/FAR. BP NO.6
FONTENAT-AUXROSES
92265
FRANCE

L. RIB
LNRASSOCIATES
8605 GRIMSBYCT.
POTOMAC
MD 20854
USA

V. MUBAYI
BROOKHAVENNATIONALLABORATORY
BLDGý130
UPTON NY
11973
USA

J. O'HARA
BROOKHAVEN
NATIONAL
LABORATORY
BLDG.130
UPTONNY 11973
USA

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

B. RIEGEL
GESELLSCHAFT
FUR REAKTORSICHERHEIT
FORSCHUNGSMELANDE
D-8046 GARCHING
FRO

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

K. R. O'KULA
SAVANNAH
RIVERLABORATORY
BLDG.773-4 IA
AIKENSC 29808
USA

M. 0.PLYS
FAUSKE
& ASSOCIATES
16W070 WEST83RD STREET
BURRRIDGE IL 60521
USA

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

12301

-xi-

S. B. RODRIGUEZ
EG&GIDAHOINC.
1646 GRANDVIEW" I
IDAHO
FALLS ID 83402
USA

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

D. A. SIEBE
LOSALAMOS
NATIONAL
LABORATORY
P.O. BOX1663, MS KSS5
LOSALAMOSNM 87545
USA

T. SUZUKI
TOSHIBA
SHINSUGITA
15GO--KU
YOKOHAMA
JAPAN

U. S. ROHATGI
LABORATORY
NATIONAL
BROOKHAVEN
BLDG475B
UPTONNY 11973
USA

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

E. 0. SILVER
OAKRIDGENATIONAL
LABORATORY
P.O. BOX2009. BLDG9201-3
OAKRIDGETN 37831-8065
USA

I SZABO
C.E.A.
C.E.NCADARACHE
ST. PAULLESDURAN 43
FRANCE

B. ROSENSTROCH
EBASOOSERVICESINC.
2 WORLDTRADECENTER89E
NEW YORKNY 10048
USA

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

F. A. SIMONEN
PACIFIC NORTHWEST
LABORATORY
P.O. BOX999
RICHLANDWA 99352
USA

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

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

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

F. B. SIMPSON
EG&GIDAHOINC.
P.O. BOX 1625
IDAHOFALLSID 83415
USA

K. TASAKA
JAPAN ATOMICRESEARCH
INST.
TOKAI-MURA.
NAKA-GUN
IBARAKI-KEN
319-1I
JAPAN

J. C ROUSSEAU
CEAFRENCHATOMICENERGY
COMMISSION
CEN/GRENOBLE
GRENODLE 38000
FRANCE

R. S. SHARMA
AMERICAN
ELECTRIC
POWER
ONERIVERSIDE
PLAZA
COLUMBUSOH 43017
USA

L SLEGERS
SIEMENS KWU
BERLINERSTR 295-303
OFFENBACH 6000
FRO

J. H. TAYLOR
BROOKHAVEN
NATIONAL
LABORATORY
BLDG130
UPTONNY 11973
USA

D. RUBIO
ELECTRICPOWERRESEARCH
INSTITUTE
3412 HILLYIEW
AVE.
PALOALTOCA 94303
USA

D. A. SHARP
SAVANNAH
RIVERLABORATORY
AIKENSC 29801
USA

0. L. SMITH
WESTINGHOUSE
HANFORD
CO.
P.O. BOX 1970 XO-44
RICHLANDWA 99352
USA

B. J. TOLLEY
COMM.OF THE EUROPEAN
COMMUNITIES
(CI
200 RUEDELALOI
BRUSSELS
1049
BELGIUM

K. A. RUSSELL
EG&GIDAHOINC.
1520 SAWTELLE
IDAHOFALLSID 83415
USA

D. L. SHAW
BALTIMOREWG& ELECTRIC
COMPANY
CALVERT
CLIFFS NPP, P.O. BOX1535
LUSBY MD 20657
USA

A. W. SNYDER
SANDIANATIONAL
LABS..ORO.6500
P.O. BOX5800
ALBUQUEROUE
NM 87185
USA

J. S. TONG
ATOMIC
ENERGY
CONTROL
BOARD
PICKERINGNOSOPERATIONS
PICKERINGONTARIO LIV2RS
CANADA

J. RUTHERFORD
CENTRAL
ELECTRICITY
GENERATING
8D.
BOOTHS
HALL.CHELFORD
ROAD
KNUTSFORDCHESHIRE WAI6 806
UK

L.

P. SOO
BROOKHAVEN
NATIONAL
LABORATORY
BLDG830
UPTONNY 11973
USA

L. S. TONG
TAI
9733 LOOKOUT
PLACE
GAITHERSBURG
MD 20879
USA

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

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

H. SPECTER
NEWYORKPOWERAUTHORITY
123 MAINSTREET
NEWYORKNY 10601
USA

F. M. TOUBOUL
CEAFRENCH
ATOMICENERGY
COMMISSION
CEN-SACLAY
DEMT/SMTS/RDMS
GIF-SUR-YVETTE
91191
FRANCE

R. T. SAIRANEN
TECHNICAL
RSCHCTROF FINLAND
POB 169
HELSINKI
SF-00181
FINLAND

P. SHEWMON
ACRS
2477 LYTHAM
ROAD
COLUMBUS
OH 43220
USA

J. E. SPEELMAN
ECN
3 WESTERDUINWEG,
P.O. BOXI
PETTENNEWHOLLAND 1755 ZO
THENETHERLANDS

H. E. TRAMMELL
OAKRIDGENATIONAL
LABORATORY
104 OGLETHORPE
PL.
OAKRIDGE TN 37830
USA

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

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

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

J. D. TROTTER
GROVEENGINEERING
15215 SHADY
GROVERD.
ROCKVILLEMD 20878
USA

K. SAKANO
JAPAN INSTITUTE
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
POWERSYSTEMS
DIVISION
P.O. BOX355
PITTSBURGHPA 15230-2728
USA

A. SALA
HIDROELECTRICO
ESPANOLA
HERMOSILLA
3
MADRID 28001
SPAIN

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

D. D. STEPNEWSKI
WESTINGHOUSE
HANFORD
CO.
P.O.BOX1970 NI-31
RICHLANDWA 99352
USA

T. TSUWINO
JAPAN ATOMICRESEARCH
INST.
TOKAI-MURA,
NAKA-GUN
IBARAKI-KEN
319-I1
JAPAN

J. SALLUJA
VIKING
SYSTEMSINTERNATIONAL
2070 WMPITT WAY
PITTSBURGHPA 15238
USA

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

E, J. STUBBE
TRACTABEL
31 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
RESPONSE
TEAM
PO BOX129
WASHINGTON
GROVEMD 20880
USA

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

G. TYROR,DIRECTOR
UKAEA/SRD
WIOSHAWLANE,KNUTSFORD
WARRINGTON WA34NE
UK

D. 0. SCHRAMMEL
UFK
WEBERSTR. 5
KARLSRUHE
FRO

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

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

V. E UHRIG
OAKRIDGENATIONAL
LABORATORY
! 13 CONNORS
DRIVE
OAKRIDGE TN 37830
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Condition Monitoring and Aging Assessment
of Class 1 E Cables
M. J. Jacobus
Sandia National Laboratories
P.O. Box 5800
Albuquerque, NM 87185
ABSTRACT
Sandia National Laboratories is
currently conducting long-term
aging research on representative samples of nuclear power plant
Class lE cables.
The objectives of this
program are to
determine the suitability
of these cables for extended life
(beyond 40 year design basis) and to assess various cable
condition monitoring (CM)
techniques for predicting remaining
cable life.
The cables are being aged for long times at
relatively
mild exposure conditions with various CM techniques
being employed during the aging process.
Following the aging
process, the cables will be exposed to a sequential accident
profile consisting of high dose rate irradiation followed by a
simulated design basis loss-of-coolant accident (LOCA)
steam
exposure.
This paper covers two aspects of the research program: the
electrical
measurement techniques that have been developed and
are being performed and some initial
data that
has been
generated from these measurement techniques.
The electrical
measurements include insulation resistance, polarization index,
capacitance, and dissipation factor.
INTRODUCTION AND OBJECTIVES
Many types of cable are used throughout nuclear power
plants in a wide variety of applications.
Past practice of
cable qualification has typically included preoperational type
testing consisting of highly accelerated thermal and radiation
aging intended to put the cable in its
end-of-life condition,
1
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followed by simulated accident testing.
Generally,
the
radiation and thermal aging are. applied to the specimens
sequentially, but some (primarily research) programs have
applied the environments simultaneously.1,2,3,4
Once cable installation and checkout is completed, cables
are generally not subjected to any type of periodic maintenance
or surveillance.
The technical basis for a lack of maintenance
and surveillance is the combination of qualification testing,
installation verification, and operating experience.
However,
with outstanding aging issues and with significant interest in
life
extension of current nuclear plants, efforts to detect
aging and predict continued functionality of cables (as well as
other types of equipment) are needed.
Most qualification
efforts do not provide information that can be used to establish
a valid, technically based CM program to verify a cable's
ability to survive an accident environment and to support life
extension.
The primary purposes of the current testing program are to
assess the, effectiveness of various cable CM techniques for
predicting how cables will perform in an accident environment
and to gain'an indication of whether cable life
extension beyond
40 years is practical.
We are conducting simultaneous radiation
and thermal aging on three test chambers to equivalent nominal
lifetimes of 20, 40, and 60 years.
After aging, a sequential
accident exposure consisting of high dose rate radiation
followed by a steam exposure will be performed.
The data
obtained from the monthly CM techniques will be correlated with
observed performance of cables during the LOCA.
This will
provide information regarding appropriate cable CM acceptance
criteria for typical nuclear cables.
In addition to the primary objectives, we also expect to
derive additional insights from the test program, including the
following:
(1) the effects of low dose rate radiation exposure
and low temperature, long time thermal aging on cable mechanical
properties versus those obtained from more accelerated, but
similar aging conditions on previous cable specimens in Sandia
tests, (2) the LOCA behavior of cables aged for long times at
low exposure conditions,
(3)
assessment of the conservatism
associated with the current post-LOCA mandrel bend and
dielectric withstand test,
(4)
evaluation of how cables age
during long term simultaneous exposure to thermal and radiation
aging, and (5)
assessment of what additional qualification
requirements might be necessary to qualify cables for life
extension.
This paper discusses some electrical condition monitoring
techniques that we have implemented.
These include insulation
resistance as a function of time and voltage and transfer
function (capacitance and dissipation factor) as a function of

frequency.
The remainder of this paper discusses more details
of the experimental arrangement, implementation considerations
for electrical measurement techniques, some initial
data from
and some future directions and
the electrical measurements,
conclusions.
EXPERIMENTAL ARRANGEMENT
Test Setup
The

testing

consists

of

two

phases,

a

long

term

simultaneous thermal and radiation aging followed by a
sequential accident exposure consisting of high dose rate
radiation followed by a steam exposure.
The cable products
included in our study are listed in Table 1.
This test program
includes only aged samples.
Three different sets of cable
specimens are being tested: one aged to a nominal lifetime of 20
years, a second to 40 years, and a third to 60 years.
Each
cable has an exposed length in the test chamber of about 15
feet.
Actual simulated lifetimes will vary because of the
different activation energies of the specimens (a nominal
activation energy of 1.15 was assumed in aging calculations).
We chose artificial
aging times of three, six, and nine months.
The aging temperature assumes a plant ambient temperature of
(Conductor heat rise during
55#C with no conductor heat rise.
aging is rarely significant in nuclear power plant circuits
subject to equipment qualification (EQ) because most EQ power
circuits are not energized during normal operation and other
circuits have minimal heat rise because of low current levels.)
Based on the Arrhenius equation, the resulting aging temperature
is 95#C.
The radiation aging doses are 20 Mrads for the "20
year" cables, 40 Mrads for the "40 year" cables, and 60 Mrads
for the "60 year" cables.
The resulting dose rate for our test
is about 9 krads/hr.
Outside air is heated and introduced into the chamber
during aging to maintain a temperature of about 95-100#C and
ambient oxygen concentrations.
An air overpressure of about 5
psig is used to prevent any water leakage into the test chamber.
Three independently controlled wall heaters inside the test
chamber help to maintain temperature uniformity.
We have also
included short cable segments in the aging chambers.
These will
be used for tensile and elongation testing and for dielectric
breakdown testing.
These samples will be removed at one month
intervals to assess their condition.
Accident testing consists of irradiation followed by a
simulated design basis LOCA test.
The accident dose is
approximately 110 Mrads at a dose rate of between 0.3 and 0.5
Mrad/hr.
The accident profile is similar to that in IEEE
323-1974 for "generic" qualification, except that the accident
exposure is accelerated to seven days and no chemical, spray is
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Table 1:

Cable Products Included in

Test Program

Supplier

Description

Brand Rex

XLPE Insulation,

Rockbestos

Firewall 3, Irradiation XLPE,
AWG, 3/C, 600 V

Raychem

Flamtrol,

Samuel Moore

Dekoron Polyset, XLPO Insulation,
AWG, 3/C and Drain

Anaconda

Anaconda Y Flame-Guard FR-EP EPR Insulation,
Jacket, 12 AWG, 3/C, 600 V

Okonite

CSPE Jacket,

XLPE Insulation,

12 AWG,

3/C,

600 V

Neoprene Jacket,

12 AWG,

.Okonite Okolon, EPR Insulation,
AWG, 1/C, 600 V

l/C,

600 V

CSPE Jacket,

Dekoron Dekorad Type 1952,
EPDM Insulation,
Hypalon Jacket, 16 AWG, 2/C TSP, 600 V

Kerite

Kerite 1977,
600 V

Rockbestos

RSS-6-104/LE Coaxial Cable,

Rockbestos

Firewall
600 V

Champlain

Polyimide Insulation,

BIW

Bostrad 7E, EPR
2/C TSP, 600 V

FR Jacket,
22 AWG,

Silicone Rubber Insulation,

Abbreviations used in

Unjacketed,

Insulation,

Cross-linked polyethylene

CSPE -

Chlorosulfonated polyethylene

AWG - American Wire Gauge
/C - number of conductors
XLPO - Cross-linked polyolefin

FR-EP - Flame retardant ethylene propylene
CPE EPR -

EPDM -

Chloronated polyethylene
Ethylene propylene rubber

Ethylene proplyene diene monomer

TSP - Twisted shielded pair
FR - Flame retardant
BIW - Boston Insulated Wire
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CPE
12

12 AWG I/C,

1/C Shielded
16 AWG,

12 AWG,

CSPE Jacket,

table:

XLPE -

12

Hypalon Jacket,

Samuel Moore

FR Insulation,

12

1/C,

1/C
16 AWG,

included.
The planned accident
conditions during the first
11
continues as saturated steam.
will be performed, one using each

profile has superheated steam
hours of the test.
It then
Three separate accident tests
test chamber.

Condition Monitoring Technigues
A number of different CM techniques are being used in this
test program, but will only be described briefly here.
These
include the following:
a.
Breakdown voltage.
Breakdown voltage of cable segments
will be performed using a voltage ramp rate of 500 V/s.
The
sections of cable to be used for these tests are aged and
irradiated concurrently with those cables employed for in-situ
and non-destructive testing.
Specimens for the breakdown test
are submerged during testing to provide a ground reference for
the applied voltage.
This dielectric withstand test is one
measure of the ultimate electrical capability of the insulation.
b.
Ultimate tensile strength and elongation.
These
measurements, in particular elongation, have historically been
used by the cable industry to assess the thermal aging behavior
of low voltage cable materials.
These properties have also been
extensively used to characterize the susceptibility of cable
materials to dose rate and synergistic aging effects.
These
practices are used since elongation at break typically decreases
with increased aging.
In contrast, tensile strength may first
increase, then. decrease with age, and therefore has been less
used by the industry to characterize aging behavior.
Our measurements are made with a Instron Model 1000 tensile
test apparatus and use small test specimens (about six inches
long) which are aged concurrently with the cable specimens.
We
generate tensile specimens by disassembling the cables prior to
the start
of the aging exposure..
Therefore, we are only
monitoring this parameter for those cables whose jacket is not
bonded to the insulation.
c.
Modulus profiling.
The modulus is a measure of the
slope of the stress vs. strain curve in the initial
linear
portion of the curve.
Modulus profiling considers the variation
of the modulus over the cross section of a specimen.
Changes in
insulation modulus have been shown to correlate with thermal
aging degradation. 9
However, for ethylene propylene rubber
(EPR) materials, modulus has not always correlated well with
radiation degradation.
In certain circumstances, modulus
profiling of cable specimens
gives an indication of aging
uniformity and hence is used in our test to help assess whether
dose rate effects have been eliminated by test
parameters.
Consequently, modulus profiling is being used only on selected
cable samples using a test apparatus developed at Sandia. 9
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Hardness is a material's resistance
d.
Hardness testing.
It is measured with any of a variety of
to local penetration.
hardness testers.
In this program, a Shore Durometer Type A2
will be used for the measurements.
The modulus profiling
technique will yield much more quantitative information, but the
hardness tests will be included since they represent a very
simple field measurement technique and have demonstrated some
correlation to polymer degradation.I0
Density measurements have demonstrated
e.
Bulk density.
that insulation density tends to increase with aging by
it
may be subject to
Thus,
as for modulus,
oxidation. 1 1
In this
gradients resulting from oxygen diffusion effects.
program, bulk density is being measured for selected samples and
other techniques, such as modulus profiling, are being used to
give an indication of the gradients resulting from oxygen
diffusion.
Small samples are being kept during the tests for
later analysis of bulk density or density profile if deemed
necessary.
Visual appearance.
The visual appearance of the cables
f.
is thoroughly documented periodically throughout the aging
exposure.
In particular, evidence of discoloration, cracking,
or any other abnormal condition is noted.
g.
Additional techniques which may be used to a limited
extent in this test program include indentation testing using
Franklin Research Center's test apparatus developed under EPRI
funding, 1 2 step voltage response of small samples (a technique
advanced by the National Bureau of Standards 6 , 7 , 8 to measure
transfer function, with particular applicability at very low
differential
thermogravimetric analysis (TGA),
frequencies),
and average molecular weight
scanning calorimetry (DSC),
measurements.
The remaining CM measurements are being performed on-line
during aging and will form the basis for the remainder of this
electrical and may be
paper.
These measurements are all
generally characterized as insulation resistance measurements as
a function of voltage and time (i.e. up to one or five minutes
voltage) and transfer function as a
depending on the test
Information which can be deduced from
function of frequency.
the insulation resistance measurements includes insulation
resistance at a specific time (one minute is a time which is
typically employed by the industry), polarization indices, and
step voltage behavior (i.e. insulation resistance as a function
of voltage).
Parameters which can be calculated as a function
of frequency from the transfer function are real and imaginary
components of the complex transfer function, capacitance and
dissipation factor, real and imaginary (loss) components of
complex capacitance, power factor, loss angle, etc.
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Some guidance for insulation resistance measurements is
IEEE Std. 402-197414 is one
provided in industry standards.
such standard, but it primarily applies to laboratory testing of
IEEE Std. 4-197815 provides
small specimens in a test cell.
general information for high-voltage testing.
IEEE Std.
62-197816 provides guidelines for field testing of power
apparatus insulation.
For our tests, insulation resistance measurements are being
performed between each conductor and ground with all other
Measurements are taken at 3
conductors connected to ground.
voltages, 50, 100, and 250 V.
Leakage current (or insulation
resistance) data is taken at discrete time points from 2 seconds
to 1 minute for 50 and 100 V measurements and from 2 seconds to
5 minutes for 250 V measurements.
Insulation resistance gives a
measure of the resistive component of the dielectric impedance.
of
It
is typically used in industry as a go/no-go test
insulation.
However, no technical basis is available to set an
related to age-related degradation. 1 3
acceptance criteria
Rather, the test usually is used to assist detection of locally
damaged cable (e.g. insulation windings that are wet, a gouged
cable that is "sufficiently close" to the ground plane in the
test, etc.).
Some common criticisms
of insulation
resistance
subject
to
uncontrollable
measurements are that they are
temperature and humidity effects along the cable.
Because they
are dimensionless quantities, polarization indices are sometimes
used to determine the condition of an insulation structure.
A
polarization index lower than normal suggests excessive surface
IEEE 62-197416
leakage or deteriorated insulation. 5,16
indicates a definition of polarization index as the ratio of the
insulation resistance at 10 minutes to the insulation resistance
at 1 minute, which should normally be greater than 1. It should
be noted, however, that other definitions of polarization index
may be used.
In this study two major polarization indices are
being used.
At all voltage levels, a polarization index ratio
of 1 minute to 30 seconds is being used; at 250 V, a second
polarization index ratio of 5 minutes to 1 minute is being used.
Other polarization indices may be used depending on the behavior
demonstrated by the cables.
Transfer function measurement techniques are described in
References 17,
18 and 19.
The transfer function gives an
indication of the variation of dielectric impedance (principally
due to the bulk cable capacitance and conductance) as a function
of frequency.
The imaginary component of the transfer function
gives an indication
of the dielectric
charge/voltage
characteristics at the given frequency, and the phase angle
between the real and imaginary components gives an indication of
the dielectric losses as a function of frequency.
The tangent
of the phase angle d is commonly referred to as the dissipation
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factor (DF) and is often measured only at a single discrete
Dissipation factor also gives an indication of the
frequency.
power factor (PF) since the two are related as PF=DF/(l+DF 2 ).'
If d is a small angle, then PFIDF.
References 17-19 describe a number of bridge techniques,
with probably the most famous being the Schering Bridge.
Typically in bridge techniques, a sinusoidal voltage is applied
to a bridge containing the unknown sample as one leg.
Other
reference legs are adjusted until bridge balance is obtained and
the unknown capacitance and resistance at the discrete frequency
is calculated based on the reference values.
factor
We are making capacitance and dissipation
measurements using two different instruments, covering an
We
effective range of frequency from about 0.3 Hz to 500 KHz.
use a Hewlett Packard Model 4192A Low Frequency (LF) Analyzer to
make these measurements at the "higher" frequencies, ranging
from about 100 Hz to 1 MHz, and we use a Hewlett Packard Model
3192A Spectrum Analyzer combined with a low noise preamplifier
to make the measurements at the lower frequencies, from about
0.3-1000 Hz.
The overlapping portion of the ranges provides a
check between measurements made by two independent techniques.
As with insulation resistance, the transfer function in our
tests is evaluated between each conductor and ground with all
other conductors connected to ground.
IMPLEMENTATION CONSIDERATIONS
Insulation Resistance
The'test apparatus for measuring insulation resistance is
An HP Model 216 computer is used to control
shown in Figure 1.
A Keithley electrometer is used to
the data acquisition.
measure the voltage across a dropping resistor which is selected
The output of the Keithley is then
on-line by the computer.
fed, via the HP 3497A datalogger, to the computer for storage on
disc.
The datalogger also automatically selects the proper
voltage level using the 0-250 Vdc power supply.
Probably the major difficulty with implementing the above
the high insulation resistances which must be
system is
Several techniques, which are perhaps not obvious
measured.
from Figure 1, are used to overcome the difficulties associated
For illustrative purposes,
with measuring high impedances.
assume that the insulation resistance to be measured is 1011 X
This value has been
at 100 V using the 60 MX dropping resistor.
even at elevated
our test,
exceeded by some cables in
temperatures.
A typical relay has an isolation resistance of
109 X between open contacts and between open contacts and the
coil.

PIDB Intoreus

Havulett Packard
Model 216 Computer

IKaithiwy Model gig
El~ctromette

test (all other
conductorc•

rounded)

0251 Vdc

Figure 1

Circuitry to Measure

lee MK
_813

•V
lOB

100 Mo

IBiMm
]B•m

Insulation Resistance

Mm
60 KO'

Mr

N%

MAIm
r10

Circuit Model
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Based on the above, Figure 2 is a circuit model which
includes the input impedance of the Keithley, the relay
insulation resistance across open contacts, and the relay
isolation
from the coil (which is
essentially a ground
connection).
It
should be noted that the relay coils are
somewhat isolated from "plant" ground since they use rectified
voltages which may float relative to "plant" ground.
However,
our experience has shown that this additional isolation is not
significantly higher than I08 X.
The effect of lack of
isolation on the measurement is severe.
Referring to Figure 3,
we now have a parallel path to ground going in a reverse
This parallel
direction through the unused dropping resistors.
path amounts to about 3.3xi0 7 X, and the measured insulation
resistance is then the parallel combination of the specimen and
3.3xi0 7 X, or essentially
3.3x10 7 X.
This is
clearly
unacceptable.
The above problems were solved using1 a specialized relay
that is rated at a minimum isolation of 10 1 4 X and is capable of
switching 200 V at 0.5 A and carrying 1.5 A.
The minimum
breakdown voltage of the relay is 300 Vac across the contacts
and 1000 Vac from the contacts to the coil.
The manufacturer
indicated that 250 Vdc and low currents should present no
problem for the relatively few switching operations required of
the relay in our application.
Thus we decided to limit our test
voltage to 250 V (we had initially planned to go as high as 1000
V using a manual instrument) and use these relays.
In addition to the 250 V limitation imposed by the relays,
we are also limited to 250 V by the Keithley electrometer
because its
inputs must float to the high voltage (see Figure
2).
An alternative to the Keithley limitation is to put it on
the low (return) side of the circuit.
Unfortunately, there is
no real access to the return line as is implied in Figure 2.
The grounded cables and the grounded test
chamber form the
ground reference for the measurement.
As shown in Figure 3, the
return path via the cables is accessible and the return current
through the cables could be
measured.
However,
the test
chamber is grounded and cannot
be isolated.
Thus any leakage
current to the chamber (i.e.
IN V
anything except conductor to
rev-- a
conductor leakage) would not be
detected if the Keithley were on
the low side of the circuit.
Many measurement techniques
discussed in the literature,
particularly those developed for
use on small insulation samples,
depend on being able to have

-10-
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Figure

3

Effect

of Grounds

tooV

Figure 4

Model for Normal Keithley Connection

neither the cable under test nor the "ground plane" actually
grounded, i.e.
neither side of the insulation under test is
connected to ground.
Thus, field implementation of these
techniques may be limited by the effect demonstrated in Figure 3.
It
may be possible to use highly isolated sources (e.g.
batteries) to circumvent the grounding problem, but this is not
discussed in the references.
An additional problem (already solved in Figure 1) is
imposed by the Keithley itself.
Anytime a high impedance
measurement is being made, the characteristic impedances of the
measuring device must be considered.
The differential input
impedance is sufficient, i.e.
about 5x10 1 3 X, even when the 60 MX
dropping resistor is being used.
However, the impedance from the
nerative terminal of the Keithley to ground is only specified at
10
X.
A model for the "normal" connection of the Keithley in
this circuit is shown in Figure 4.
As can be seen from this
figure, the impedance of 108 X acts in parallel with the cable
under test and again would essentially destroy the measurement.
In
Figure 1, the Keithley is connected in reverse of what would
normally be expected, i.e. it measures negative voltages.
In the
case of reversed leads, the differential input impedance of
5x10 1 3 X becomes the minimum insulation resistance to ground in
parallel with the cable.
The 108 X resistance simply becomes a
shunt across the power supply and has essentially no effect on
the measurement.
The error due to the high impedance is on the
order of 2% or less at cable insulation resistances of 1012 X.
This is one of several effects that limit the upper range of the
instrument.
A reasonable estimate of the maximum capability of the
instrument as currently configured may be found from baseline

-Ii-

minimum insulation
The typical
measurements.
open circuit
is
5x10 1 2 X. This insulation
resistance of the open circuit
resistance includes limitations from aspects discussed above,
and inherent instrument
interconnecting wire contributions,
Without using any type of baseline correction, the
limitations.
insulation resistance is expected to cause maximum
open circuit
errors of about 20% when measuring insulation resistances of
1x10 1 2 X, or less than 2% when making typical measurements at
1x10 1 1 X or below.
Transfer Function
shown
The transfer function is measured using the circuit
Two different instruments are used to
schematically in Figure 5.
make the transfer function measurements, both being controlled by
At "higher" frequencies,
a Hewlett Packard Model 216 computer.
the Low
over an effective range from about 100 to 500 KHz,
used (obviously we have some different
Frequency Analyzer is
This instrument uses an
frequency) .
perspectives of "low"
in combination with a
to excite the device under test
oscillator
vector voltmeter to detect the complex voltage applied to the
specimen and a vector ammeter to detect the complex current
A four terminal network is used to make
through the specimen.
the measurement, which may be displayed in a variety of formats
capacitance, dissipation factor, conductance, magnitude and
(i.e.
This instrument is capable of making measurements
angle, etc.).
is at
on a cable even when one side of the insulation under test
it
should be noted that different
However,
ground potential.
grounded as compared to
results are obtained when one side is
behavior is
The reason for this
having both sides floating.
(a),
neither side of the cable is
In
in Figure 6.
illustrated
the series combination of
just
grounded and the measurement is
with
In
(b),
conductors.
the
between
the two insulations
in
introduced
is
path
additional
an
conductor #2 grounded,
This
to
ground.
insulation
with the conductor #2
parallel
path, which includes the jacket of multiconductor
parallel
cables, consists of any paths to ground from conductor #1 except
The
of conductor #2.
the path through the insulation
single
for
pronounced
path is particularly
significance of this
conductor cables which rely heavily on the parallel path to form
It should be noted that the
a ground plane for the measurements.
in Figure 6' apply to any type of electrical
effects illustrated
measurement.
At lower frequencies, over an effective range from about 0.5
to 200 Hz, a Hewlett Packard Model 3582A spectrum. analyzer (SA),
The white noise is
used.
driven by a white noise source is
provided by the spectrum analyzer and is fed to channel A of the
from the
The input to channel B of the analyzer is
analyzer.
in series with the cable.
signal across the nominal 1 MX resistor
The spectrum analyzer obtains the Fast Fourier Transform (FFT) of
function between Vin and Vout and transmits the
the transfer

HPIB Interface
(IEEE 488)

Hewlett Packard
Model 216 Computer

Hewlett Packard
Model 4192P Low Frequency
Impedence Rnalyzer

r
h I
Conductor under
test (all other
conductors grounded)
Ithaco Model 1201
Low Noise Preamp
Differential Input

Figure 5

Schematic of Transfer Function Measurement Circuitry
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amplitude ratio and phase difference between Vin and Vout to the
These data are then processed by the computer to
computer.
provide measures of capacitance and dissipation factor (as a
function of frequency) of the cable under test.
The buffer amplifier shown in Figure 5 is used in the
The buffer amplifier has
voltage follower mode (output=input).
an input impedance of greater than 109 X in the differential mode
The input capacitance of
and a input capacitance of about 8 pF.
the upper frequency for effective
the amplifier limits
For example, at 1000
measurements using the spectrum analyzer.
impedance due to the capacitance is 1 / (2 * p * 1000 *
Hz,
Although this impedance is a factor of 20
8x10l- 2 ) = 20x10 6 X.
above the nominal 1 MX resistor and would only be expected to
create errors on the order of 5%, in practice the phase shift
associated with the capacitance can cause additional difficulty.
We are able to obtain dissipation factor data from the LF
analyzer down as low as 30 Hz (by changing the instrument
settings to display conductance rather than dissipation factor),
However, the
but the data is somewhat variable and unreliable.
LF analyzer generally does not make effective dissipation factor
To provide a reasonable overlap
measurements below about 100 Hz.
the SA system to make
we
wanted
region for comparison,
When we corrected data
measurements up in the range of 1000 Hz.
reduction routiner- for the amplifier input capacitance, we
that the
problem is
discovered that a. more significant
calculation of dissipation factor from the spectrum analyzer data
is extremely sensitive under some conditions, with the problem
Thus,
appearing to be most significant at higher frequencies.
the two independent dissipation factor measurements seem to be
The sensitivity and
least accurate in the overlap region.
amplifier input impedance problems are much less important in the
calculation of capacitance and good agreement in the overlap
region is expected.
EXPERIMENTAL DATA

Initial baseline measurements using the SA/LF system and the
insulation resistance system have been completed on the six and
In addition, one, two, and three month
nine month chambers.
measurements have been performed on the nine month chamber.
Baseline measurements were performed'at room temperature and at
Baseline insulation
the aging temperature of about 100 #C.
resistance measurements on the nine month chamber at room
temperature were made using a Hipotronics megohmmeter and
measurements at the elevated temperature were made using an
earlier version of the insulation resistance system described
Because of the large amount of data generated by these
above.
measurements, only selected data is presented in this section.
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Insulation Resistances and Polarization Indices
Table 2 presents
selected
results
of the insulation
All the
resistance
measurements for two cable products.
table
were
taken
at
the
aging
measurements given in
the
temperature of about 100#C and all
measurements are for the nine
month chamber.
Statistics
presented are based on one standard
deviation and are the directly
calculated standard deviation
(rather than the standard deviation of the mean).
The discussion
in the next paragraphs is based on some initial
analyses of the
data that
has been acquired.
Because all
data collection and
analysis has not been completed, the statements made should be
considered as preliminary.
Table 2 indicates several trends for the cable products
listed.
First,
the insulation
resistances
have shown a
consistent decrease from month to month, as might be expected.
Each month of exposure roughly corresponds to 7 years of natural
aging (based on a set of assumed ambient conditions).
This trend
is consistent for most of the cables in the nine month chamber.
The only statistically
significant exception identified thus far
is
the Rockbestos FW III
product (data not given in Table 2)
which showed an increase of about 20-25% between the baseline and
the one month data.
Between the first
and second month, however,
the same product decreased in insulation resistance by about a
factor
of 5-7.
The small initial
increase in
insulation
resistance may have been a result of additional crosslinking of
the irradiation XLPE.
The decreases in
insulation resistance
shown in Table 2 over the three month period ranges from about a
factor of 4 to a factor of 100.
The polarization indices for the Anaconda multiconductor
cable show a substantial decrease from the baseline to the one
month measurements.
The baseline data on the six month chamber
agrees quite well with the data presented here for the nine month
chamber, but the one month data on the six month chamber has not
yet been acquired.
The single conductor Anaconda cable hints at
the possibility
of a long term decrease in polarization index, as
do some of the other cable products tested.
The polarization
indices noted for the BIW cable product are fairly
low and an
alternative polarization index definition may produce somewhat
larger numbers that may give a better indication of any trends.
Capacitance and Dissipation Factors
Capacitance and dissipation factor data is presented as a
function of frequency for the Samuel Moore Dekoron Dekorad cable
in Figure 7.
In each of the plots, data from the two different
measurement techniques is
shown, the lower frequency data from
the spectrum analyzer apparatus and the higher frequency data
from the low frequency analyzer.
Conductors 20-23 (Cond. #20-23
in figure) represent the averages of 2, 2-conductor samples, and
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Table 2

Selected Insulation Resistances and Polarization Indices

Cable Type

IR

(100 V)

IR

(250 V)

PI

Anaconda FR-EP (Based on two 3/C cables,

(100 V)

i.e.

PI

(250 V)

6 samples)

Baseline

1.09x10 1 1 ± 9.35x10 1 0 ± 1.45±0.05
0.05x10 1 1 X 0.07x10 1 0 X

1.36±0.09

1 month

1.12x10 1 0 ±
1.19x10 1 0 ± 1.08±0.01
1
0
0.17x10
X 0.18x10 1 0 X

1.08±0.02

2 month

4.06x10 9 ±

3 month
Anaconda FR-EP
Baseline
1 month
2 month
3 month

1.08±0.02

1.08±0.02

X

4. 30x10 9 ±
1.46x10 9 X

1. 10x10 9 ±
0.16x10 9 X

1. 14xi0 9 ±
0.17x10 9 X

1.03±0.02

1. 02±0.00

1.20x10 9

(One 1/C removed from 3/C,
1.09x10 1 1
2.04x10 1 0
1.21x10 1 0
1.03x10 1 0

i.e.

1 sample)

x 1.05x10 1 1 X 1.17
X 2.31x10 1
X 1.35x10 1
X 1.07x10 1

BIW (Based on two 2/C cables,
Baseline

7.92xi0 8 ±
0.21x10 8 X

1 month

i.e.

0
0
0

X 1.09
X 1.08
X 1.08

1.16
1.13
1.16
1.08

4 samples)

7.30x10 8 ±
0.79x10 8 X

1.08±0.01

1.04±0.00

5. 62x10 ±
0.06x10 8 X

5.77x10 8 ±
0.12x10 8 X

1. 02±0. 00

1.03±0.01

2 month

2.01x10 8 ±
0.08x10 8 X

2.06x10 8 ±
0.08x10 8 X

1.01±0.00

1.01±0.01

3 month

7
4.27x10 ±

4.20x10 ±
0.29xi0 7 X

1.00±0.00

1.00±0.00

8

0. 29x10

7

7

BIW (Based on two 1/C removed from 2/C,

i.e.

2 samples)

Baseline

1.38xi0 9 ±
0.03x10 9 X

1.59x10 9 ±
0.07x10 9 X

1.02±0.00

1.02±0.00

I month

1.20x10 9 ±
0.01x10 9 X

1.28xi0 9 ±
0.01x10 9 X

1.03±0.01

1. 03±0. 00

2 month

4.62xi0 8 ±
0.24x10 8 X

5.03x10 8 ±
0.27x10 8 X

1.01±0.00

1.01±0.00

3 month

3.28x10 8 ±
0.24x10 8 X

3.67xi0 8 ±
0.29x10 8 X

1.01±0.00

1.01±0.00

IRs at 1 min.,

PIs are ratio

of IR at 1 min.
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to IR at 30 sec.
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Comparison of Baseline and 3 Month Capacitance and
Dissipation Factors as a Function of Frequency for a
Single and Multiconductor Cable
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conductors 44-45 (Cond. 44-45 in figure) represent the average of
2 single conductor samples.
The figure indicates excellent
agreement in capacitance between the two measurement techniques.
The lower baseline capacitance of the single conductors as
compared to the multiconductors was also observed for the BIW
cable, but not for the Anaconda FR-EP cables.
The capacitances
for the entire length of cable under test
indicate a per foot
capacitance in the neighborhood of 60 pF/ft.
A peak in dissipation factor occurred at about 104 Hz for
the single conductor cables but not for the multiconductors.
This peak also occurred for many other single conductor cables
(and is quite high in some cases), but has not yet been clearly
observed for any multiconductors (considering the 9 month chamber
baseline data).
A loss factor peak (similar to dissipation
factor) at about 104 Hz is indicated in Ref. 18 for
a typical
polymer.
We expect that the "typical" plot in Ref. 18 is based
on testing of small dielectric
specimens as is most often done.
It
is
thus interesting
to note the similarity
of single
conductors to the small samples, with the multiconductor cables
not behaving the same way.
We will continue to watch and see if
this
trend is followed for other test
conditions.
A second peak,
also observed only on some single conductors,
occurred in the
vicinity of several Hz.
The dissipation factor as measured by
the two different instruments indicates quite good agreement in
the overlap region for the baseline measurements.
However, the 3
month measurements indicate significant deviation between the two
techniques, except in the immediate vicinity of 100 Hz.
We
believe that this
is a result
of the problems discussed earlier
with both the spectrum analyzer at higher frequencies and the LF
analyzer at lower frequencies.
We will be investigating these
problems further.
ADDITIONAL ANALYSIS OF TEST RESULTS
The

test

data

collected

during

the

aging

and

accident

exposures will be analyzed to assess the following:
a.

the

effectiveness

made during aging in

of condition

monitoring measurements

predicting cable performance in

an accident

environment;

b.
the impact of long-term, low exposure rate aging on
cable performance as compared to the usual high exposure rate
conditions employed in

c.

the

many tests;

potential

for

and

life

extension

of

popular

cable

products beyond the current 40-year design life.
CONCLUSIONS

A variety of electrical
techniques

are

being

and mechanical condition monitoring

evaluated

-

I

for

their

ability

to

predict

accident performance of cables based on measurements performed
This paper emphasized
prior to beginning the accident exposure.
the practical
elements of developing the automatic ranging
insulation resistance measurement system and the automatic data
acquisition
system for determining transfer
function as a
function of frequency.
In addition, some initial
data generated
from these electrical
measurement techniques was presented.
We anticipate that test
data provided by this
experimental
program will provide a foundation for development of in-situ
condition monitoring techniques for estimating the remaining
useful life
of currently installed cable products.
Additional
insights from this
program will include information on long term
aging effects on complete cables (as compared to the commonly
used tensile
specimens) and the possibility
for life
extension of
cables currently used in the nuclear power industry.
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ABSTRACT

The use of Time Domain Spectroscopy, the measurement of dielectric
constant and loss using time-domain response, for monitoring the aging of reactor cable insulation is examined.
The method
is presented, showing its
sensitivity,
accuracy and wide frequency
range.
The method's ability
to acquire a great deal of information in a short time and its
superiority to conventional single
frequency data is shown.
Different cable samples are examined
before and after
exposure to radiation and changes with exposure
are clearly seen to occur.
Also it
is shown that a wide range of
behavior can be found in different insulation systems.
The
requirements for performing valid measurements is presented.
The
need for controlled samples and correlation with other criteria
for
aging is discussed.

INTRODUCTION
As part of an industry-wide research program on nuclear power plant
aging, NIST has been assessing test
methods for evaluating the operational
readiness of cables inside reactor confinement where they are subject to
aging from many different stresses.
These include not only the normal ones
during operation, but also those during and after
a loss of coolant accident,
LOCA.
Also, these methods must be not only sensitive to the state
of the
cables, but they must be nondestructive in the sense of not changing the
remaining lifetime of the cables.
One simple method for evaluating the quality of electrical
insulation
has been insulation resistance, either AC or DC1 2 .3 .
This test
has been
incorporated in the ECCADS 4
method as one of a battery of tests.
While
these measurements are definitely nondestructive with the excitation voltages
normally used, the usual implementations are fairly
crude in their
ability
to
reveal what state
the insulation is in.
One of the problems is that for such measurements, especially for polymeric insulation, there is no way to distinguish between dielectric
relaxation and conductance on the basis of a result
for a single time or frequency.
Polymeric materials typically have relaxations on the same time scales as
those used to measure insulation resistance. Furthermore, especially in semicrystalline
polymers and in compounded systems, there is no guarantee that
interfacial
polarization will not further complicate the results.
As a
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the measurements become a function of time or frequency.
result,
can become very difficult.
tion of the results

Interpreta-

measurements of the cable insuDespite these reservations, electrical
It
is
cable lifetimes.
evaluating
for
use
in
lation remain very attractive
properties of insulators
well known that radiation can change the dielectric
generate charge
Radiation-induced damage can directly
from many causes.
5
resulting from radiation damage
Oxidation in the presence of air
carriers.
Crosscan change the level of loss and the time scale of relaxations.
Non-radiative aging can also
affect relaxation times.
linking can definitely
relaxation and conduction.
affect both dielectric
If these changes can be measured and correlated with the useful lifetime
measurements can have great potenof the cable insulation, then electrical
easy to implement, are quite sensitive and
They can be relatively
tial 6 .
They certainly are
should not require much invasion of the confinement.
nondestructive since the excitation voltages can be much less than the operFurthermore, they allow a continuous history to be mainating voltages.
This history could be especially important if trends are needed to
tained.
This may be the case since very small changes in materestimate lifetimes.
ial
composition can make large changes in the radiation response of polymeric
materials.
paper is Time Domain Spectroscopy (TDS)
The method reported in this
which was developed at NIST (formerly the National Bureau of Standards) to
With one instrument, one can
properties of polymers7.
measure the dielectric
measure not only the AC properties of the insulation as a function of freFurthermore, the instrument
quency, but also the time-dependent DC response.
With
accuracy and a very wide time or frequency range.
has high sensitivity,
measurement time of 10 minutes, one can recover
short total
one relatively
not only the standard ASTM DC conductivity for a one minute charging time and
the 60 Hz AC conductivity, but the entire time response from 10 us to 300 s
as well as the loss spectrum over 7 decades in frequency from 10 kHz down to
0.001 Hz.
paper, we wish not only to describe the measurement method, but
In this
on systems that.have been exposed to different aging condialso some results
Significant changes will be shown to occur upon exposure to radiations.
We will also discuss the retion, raising great promise for the method.
instrumentation.
quirements for in- situ
DIELECTRIC SPECTROSCOPY
The basis for the Time-Domain Spectrometer is shown in Fig. 1. A step
The induced charge,
at a time t = 0.
voltage is applied to a sample starting
Q(t), will be a function of time and can be used to define a time-dependent
Then one can
capacitance C(t) = Q(t)/E°, where E0 is the appliedfield.
evaluate the complex frequency-dependent capacitance, C* = C'(w) - iC"(w), by
the Laplace transform integrals
C'(w)

dC/dt cos wt dt

=
F0
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E
0

Q-Qref

Q(O)
0

tj

t2

Figure 1:
Applied field
(top curve) and measured charge response for the
time-domain measurement.
Q(O) is the measured charge immediately after
the
application of the field.
The times ti and t 2 are the shortest and longest
times of measurement and also define the frequency range of the measurement.
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C"(w)

=
F0

dC/dt sin wt dt

Using the definition C" = G(w)/lw and the capacitance Cg, which is the capacitance of the sample if it were a vacuum, one obtains the complex dielectric
constant,

E* =
E* = C'/C 8

E'

-

-

ic"

iC"/Cg

as
=

C(W)/Cg

-

iG(O)/(WCg)

where G(w) and C(w) are the conventionally measured capacitance
tance for the equivalent parallel
circuit.

and conduc-

Note that dC(t)/dt for t = 1 min is the definition for conductance used
by ASTM.
If one were to record the data for all
time, then a Laplace transform would give the complete frequency-dependent behavior of the sample.
Also, true time-independent conductance can be not only incorporated in the

actual measurement, but also in the evaluation of the integrals.
If such a
term is present, it is just the limiting value for long times or low frequencies.
However, for any. given time, or equivalently any given frequency, a
measured value can have other, unspecified contributions.

The Time Domain Dielectric Spectrometer is the realization of these
principles.
The actual setup is shown in Fig. 2.
Two extremely stable step
generators that produce positive and negative 100 V steps to parts-permillion accuracy within times on the order of 10 As allow measurements with
respect to an adjustable, lossless reference capacitor.. The charge detector
converts the net charge flowing in the measuring circuit to voltage with
comparable accuracy and response time.
It has a bias current of less than
30 fA.
The voltage is then digitized using a variable multi-rate quartz
clock and acquired by the computer.
The data are taken initially every 5 As
for the first
2 ms.
The time of measurement then increases by factors of ten
for every decade of total measuring time to maintain nearly uniform logarithmic sampling.
Once the data set is acquired, it is then properly normalized and a
numerical Laplace transform is applied.
The method used in the Spectrometer
was developed specifically for the instrument and preserves the full numerical accuracy of the data. 8 As indicated in Fig. 1, the minimum and maximum
times for data acquisition, ti to t 2 , 10 As to the stopping time, .determine
the maximum, 10 kHz, and the minimum, 1.8/(2wt 2 ) Hz, frequencies.
Thus, in a
measurement time that is less than 1/3 of a cycle of the lowest frequency of
interest, one obtains the entire time and frequency behavior of the sample.
Also, since a discrete FFT is not used, the frequency coverage is continuous
and the results for any desired frequency within the measurement range are
obtainable.
It is just this broad time and frequency coverage that is the power of
the instrument.
Conventional single time or frequency methods require measurement times not much different than the time used to obtain the entire

I

!

Termnal

Data

I

Plotter

4

Storage

Figure 2:
Block diagram of the Dielectric Spectrometer.
The breaks in the
data lines, the directions shown by arrows, represent optical isolators.

range of measurement.
loss spectrum.
They also have a much more restricted
Often only a single time or frequency is used.
For many applications, interpretation of such loss or conductance data, can be very difficult
but becomes
much easier with broad frequency coverage.
forms of data preThe wide range of frequencies also allows different
sentation.
As dielectric
loss changes slowly with frequency, small differences are hard to see.
Also, it can be hard to determine when a true conduction process is present.
Analysis is often helped by plotting
the imaginary component of c*, E", as a function of the real component of E*, c', in
the complex plane.
Frequency becomes a running parameter along the resulting
line decreasing from left
to right.
A single dielectric
relaxation process
then becomes a closed curve along the real axis. The simplest relaxation, an
exponential decay, becomes a semicircle along the real axis.
A pure conductance becomes a vertical
line.
If there is no conductance or dielectric
relaxation, all
the points superpose on a single point.
Examples of this
representation will be shown later.
THREE-TERMINAL ADMITTANCE
The Spectrometer measures the equivalent three-terminal admittance
between its
generator and its
charge detector.
That is,
the measuring path,
as shown in Fig. 2, is between the leads from the generator and the detector.
In particular,
any admittances to ground are not included in the measurement.
This capability is completely analogous to the measurements made with a
conventional transformer bridge.
This capability can be seen by noting that the generator acts as a zero
impedance source so that voltage applied to the sample is independent of the
load across the generator.
Therefore, a shunt admittance to ground on the
generator lead, as long as it does not significantly change the settling
time
or exceed the current limits of the output stage, cannot affect the measurement.
Similarly, the charge detector measures the charge flowing to its
input
with the input held to ground potential within the accuracy of the input
amplifier stage.
As long as a shunt to ground on the detector input does not
draw significant current at the offset levels present at the input, it,
too,
cannot affect the measurement.
This measurement configuration allows enclosure of the sample in a
grounded, shielded holder.
Just as important, especially at low frequencies,
it allows the use of a guard ring on the sample.
Guarding is done by placing
an outer electrode completely around the one connected to the detector.
Since the detector lead is nearly~at ground potential, if the guard ring is
connected to ground, any leakage currents along the surface of the sample are
intercepted and excluded from the measurement.
The three-terminal configuration also allows the measurement of samples
at the end of rather long leads with shunt admittances large compared to the
sample admittance.
It
should be mentioned that there are real physical

limits to the length of the leads.
One is that the series impedance of the
leads is small in comparison with that of the sample.
This condition is
easily met in practice with any ordinary polymeric insulation. Another is
that there is no significant propagation delay along the leads with a resulting wave reflection.
For ordinary coaxial cable with propagation times of
5 ns/m, lead lengths much greater than 100 m would have to be known and
accounted for, if suitable output capacity were available, and lengths much
greater than 200 m could introduce degrading propagating reflections.
If the
highest frequency of interest
is reduced by a factor of 10, then these restrictions
would be reduced proportionally.
SAMPLES
To examine the usefulness of time-domain spectroscopy, samples of cable
insulation were measured using the instrument at NIST.
In particular, samples were sought that were obtainable both exposed and not exposed to a
degrading environment.
Three sets of samples were obtained:
RG 149/U cable
recovered from both the control room and reactor at Shippingport, samples of
XLPO wire insulation artificially
aged with 25 Mrad, and a set of five configurations of coaxial cable of cross-liked polyethylene, identified as
Cables 1-5, that were artificially
aged at 85°C2 and 25 Mrad.
Cables 1-5
were available in the four treatments: unaged, heated to 85°C, exposed to
25 Mrad with no heat applied, and both heated to 85°C and exposed to 25 Mrad.
All the cable samples were measured by stripping the ends so that the
center conductor was exposed on one end and the braid on the other.
They
were placed inside a shielded box with leads connecting to the braid and
center conductor so that only the dielectric
between the braid and center
conductor was measured.
The XLPO insulation samples had their
center conductor previously removed, and were both filled
and colored in red, black and white.
They were
prepared by inserting 14 ga. tinned copper wire in the center with the wire
warmed to 60'C and aided by a little
lubricant. Silver-filled
conducting
paint was then applied around the insulation forming a large central low
electrode surrounded by two smaller guard rings.
The center wire was used as
the high electrode.
Just as was done for the cable samples, these samples
were measured in a shielded box.
All the measurements reported in this paper were made at 50°C as a
standard reference temperature.
Measurements were made at lower temperatures
with similar results
but as would be expected, they were shifted to lower
frequencies.
RESULTS
Shippingport Cable
These pieces of cable are conventional polyethylene coaxial cable.
Because of their
history, there is no way to know what the dose was.
The
dielectric
loss as a function of frequency is shown in Fig. 3.
The irradi-
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Figure 3:
The loss tangent, E"/C , for coaxial cables recovered from the
Shippingport reactor.
The irradiated cable came from inside the reactor
while the unirradiated cable was from the same lot recovered from the control
room.
The upsweep at low frequencies is due to induced conductance.

ated cable showed cracking at the outer jacket and the polyethylene insulaThere is a
tion showed definite yellowing and evidence of cross-linking.
clear upsweep in the data for the sample exposed to radiation as one goes to
lower frequencies and is consistent with radiation-damage induced conducThe sample from the control room is quite consistent with the betance.
Because of the unknown exhavior found in ordinary polyethylene cables.
posure of the irradiated sample, comparison with the others is quite difHowever, these results are indicative of the types of changes that
ficult.
In particular., there is noway to know at what stage of
can be expected.
its expected service life this cable was at since the records were not available and such cables were routinely changed on a regular basis.
XLPO Wire Insulation
The results for a representative sample of this material are shown in
change in their mechaniThese materials had exhibited little
Figs. 4 and 5.
cal properties upon exposure to radiation 9 and simple physical examination
What is surprising in these data is the
showed no obvious differences.
However, the
decrease in loss upon exposure to radiation, as seen in Fig. 4.
data for the untreated samples show very high loss values and are not those
In particular,
that would be expected from just a cross-linked polyolefin.
material can create interfacial losses that are much
the presence of filler
The radiation could have either
larger than those from the polymer alone.
driven off some extraneous material or modified the
modified the filler,
Since these materials are known to be
polymer matrix to reduce the loss.
quite radiation resistant and within their expected lifetime dose 9 , it is
hard to predict what would happen upon further exposure, but the low frequency loss would probably ultimately increase to higher values.
From Fig. 5, where data are shown in the complex plane, it is clear that
There is an emerging dielectric loss process
other changes are taking place.
centered near Ac' = 0.45 and seen as a shoulder to the left of the low freThis shoulder is not present in the
quency loss that increases to the right.
Also the slope of the curve at low frequendata for the unexposed sample.
cies is decreasing and is clearly deviating from the limiting behavior of a
While only the data for
simple conduction process, which is a vertical line.
the white samples are shown, the results are similar for the other colors.
While the values
losses.
These insulation samples all show high initial
of the loss are quite acceptable for power lines and low impedance circuitry,
they could create problems in signal or sensor lines. Also, the loss levels
in these samples are much higher than those found in the polyethylene cable
Therefore,
from Shippingport, and very high compared to normal polyethylene.
if there were some radiation-induced conduction in the polymer matrix, it
could be masked by the extra loss present, which must be due to additives and
reappear after much higher doses.
Aged Coaxial Cables
They were all
Five different cable types, Cables 1-5, were measured.
made from cross-linked polyethylene and had some differences in construction.
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The loss index, C', plotted against the real dielectric constant,
c', for the same data as in Fig. 4. The crosses represent the frequency
decades.
The curves are arbitrarily displaced along the E' axis for clarity.
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Cables 1 and 2 also had flame retardant added to them.
Visually the cables
all
appeared to have the normal translucence of polyethylene except for
Cables 1 and 2 which were opaque and light
in color.
They were all
available
in the original unaged state,
and with the treatments heat to 85°C, irradiated with 25 Mrad, and irradiated with heat. Representative data are shown in
Figs. 6 - 9.
Initially,
Cables 1 and 2 both show much higher loss than the other
three which have loss values typical of very pure polyethylene.
With only
heat applied, the data all
show small changes, although Cable 2 shows a
significant drop in loss after
heating.
This particular
cable, which had a
conductive polymer layer just
under the braid, showed migration of the conductive layer through the braid, even in the original state.
The other
cables showed almost no change at all,
which would be expected for this
polymer at these temperatures.
After treatment with both heat and radiation, the cables with flame
retardant showed only small changes in loss, especially Cable 2 where the
change was just
measurable, as compared to the heated samples.
The others,
however, showed large increases in loss at low frequencies.
If one looks at
Fig. 9, which is the complex plane plot, the near verticality
of the line for
the sample with this treatment shows that this increase is due to induced
conductance.
What is even more interesting is that the cable samples that were exposed to only radiation showed smaller changes than those exposed to both
heat and radiation.
All the samples showed smaller increases in conductance
than those exposed toboth
heat and radiation.
For Cable 2, where the initial
background loss is larger than the induced conductance, one can observe
only a decrease in the overall loss levels, as is apparent in Fig. 7.
Since
radiation damage is ultimately chemical in nature and very sensitive to such
factors as oxygen 5 ' 9 ', 1 0 1 1 '1 2 and the presence of additives, including colorants 1 3 , this dependence on heat treatment can be expected.
DISCUSSION
It is clear that radiation does induce changes in cable insulation that
can be monitored.
Due to the limited number of samples that have been available, the limited range of treatments and the lack of a carefully controlled
graded set of conditions, it is difficult
to present more extensive conclusions.
However, some factors should be noted.
The variability
seen in the data and treatment is exactly what one hopes
to accomplish with a good monitoring system.
Particular note should be made
of the aged cable samples where heat treatment greatly affected the aging
behavior under irradiation.
The variability
seen from sample to sample is a
more serious concern and must be addressed.
There should be no expectation that universally applicable criteria
lifetime can be found.
Different polymers certainly will behave differently
since they will allow different charge carrier mobilities, dipoles, and
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molecular motions for a given condition.
The correlations with mechanical
Major changes in additives, such as the absence
properties will also differ.
or presence of fillers,
flame retardants and others could do the same1 . However, sample to sample variations, whether they are due to exact formulation,
which colorant is present, or other similar factors should change only the
This rate change is just what a good
rate at which the properties change.
monitoring system is expected to follow and should not influence the validity
of the estimation of lifetime.
Further work is definitely needed in this
area.
The definition of the lifetime of the cables is another area that needs
to be addressed14.
For some possible applications, the dielectric loss data
can serve directly if they affect the transmission of any signals or power
along the cable.
For others, embrittlement, shrinkage or other mechanical
failure can be more important and correlations of the TDS data are needed.
Given a suitable definition, systems need to be examined as a function of
life history so that these correlations can be made.
This issue is not
addressed in the work reported in this paper and no judgment has been made as
to suitability of use.
Instrumentation for on-line monitoring also has to be addressed.
One
possibility is the use of monitoring specimens at critical spots along the
cables with suitable shielded leads attached.
Such a system could be interrogated at will at suitable times and be relatively immune to any interfering
noise problems.
Coaxial cables could simply be checked for their insulation
by measuring between the center conductor and shield, although this would
give only an average value.
If the outer jacket is important or if it is a
nonshielded system, electrodes would have to be designed and applied, possibly using the conductor already present as one electrode.

Finally, it is possible that TDS results may have their best application
in laboratory situations using removable samples. Alternatively, data on test
specimens could be used to establish a set of conditions for more conventional tests, such as DC conductivity for a set of charging times, that could
be used to monitor lifetimes.
Also, if simpler conductivity tests are made,
some of the techniques used in TDS might prove useful . In particular,
attention is called to the use of a charge detector and the three-terminal
configuration.
CONCLUSIONS
TDS shows promise for the monitoring of electrical insulation systems
during their lifetime.
The main conclusion of this paper is that clearly
defined changes do occur and they can be readily found.
While there are
large differences between different insulation systems, these should not be a
major impediment to the use of dielectric loss data.
Work has to be done to
define the endpoint for useful life and relate this endpoint to measurable
criteria.
Also, work has to be done for proper test implementation.
One
possibility is that TDS data could be used to benchmark more conventional
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tests
on the insulation, such as conductivity,
with explicit
time dependence.

if

used in

a proper manner

At NIST, we plan to extend our investigations using TDS.
We are currently looking for samples with known and graded exposure to environmental
conditions.
Coordination with ongoing programs that yield results
on the
state
of operational readiness is a necessity.
We hope that such samples can
be furnished on a cooperative basis so that the concept of lifetime estimation can be suitably validated.
We wish to acknowledge the support of USNRC Nuclear Plant Aging Research
Program.
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LESSONS LEARNED TO DATE FROM THE
SHIPPINGPORT AGING EVALUATION(a)
R. P. Allen
A. B. Johnson, Jr.
Pacific Northwest Laboratory(b)
Richland, Washington 99352
ABSTRACT
More than 200 naturally aged components and samples, ranging in
size from small instruments and metallurgical specimens to one of
the main coolant pumps, have been removed in conjunction with the
decommissioning of the Shippingport Atomic Power Station and
shipped to designated NRC contractors.
In-situ assessments of
selected Shippingport Station systems and components also have been
conducted.
Although the detailed evaluation of the naturally aged
components and materials from the Shippingport Station is just
beginning, there are a number of preliminary studies and results
that are indicative of the value of the aging information that
ultimately will be obtained.
This paper presents background
information on the Shippingport Station and its history, discusses
the selection and relevancy of the naturally aged components and
materials obtained through the Nuclear Plant Aging Research (NPAR)
program, and illustrates the type of important plant aging
information that can be derived from, the in-situ studies and
detailed evaluation of the components and samples from the
Shippingport Station.
INTRODUCTION
The examination and testing of naturally aged nuclear power plant components
is an important element of the U.S. Nuclear Regulatory Commission Nuclear
Plant Aging Research (NPAR) Program strategy (USNRC 1985).
The Shippingport
Atomic Power Station, now in the latter stages of decommissioning, has been a
major source of naturally aged materials and equipment for these NPAR
evaluations and for other NRC programs.
As the first U.S. large-scale',
central-station nuclear plant, the Shippingport Station parallels commercial
pressurized water reactors in reactor, steam, auxiliary, support, and safety
systems.
The 25-year service life (1957-1982) covers almost the entire
period of currently operating reactors.
Also, because of substantial
(a)
(b)

Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research.
Operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-ACO6-76RLO 1830.
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modifications during the mid-1960s and 1970s, it offers unique examples of
identical or similar equipment used side-by-side but representing different
vintages and degrees of aging.
The entire Shippingport Station, including the structures and site support
systems, is being completely dismantled (Schreiber 1987) under the direction
of the U.S. Department of Energy (DOE) Shippingport Station Decommissioning
Project Office (SSDPO), with the General Electric Company serving as the
Decommissioning Operations Contractor.
This represents a unique opportunity
for NRC and its contractors to acquire naturally aged components and samples
and toperform in-situ assessments to obtain critical information on plant
aging.
SHIPPINGPORT STATION
It was the first
The Shippingport Station is a pioneer in several respects.
large-scale, central-station nuclear power plant in the United States and the
first plant of its size in the world to be operated solely to produce
It provided valuable information and
electrical power from nuclear fission.
training during initial operation with two different PWR cores, and then was
converted to a light-water breeder reactor (LWBR) core to demonstrate the
thermal breeding principle.
After completing its operational mission, the Shippingport Station became the
first reactor of its size to be decommissioned by dismantlement, thus
demonstrating the safe, cost-effective dismantlement of a large-scale nuclear
power plant and providing valuable data for future decommissioning
Through the NPAR studies, the Shippingport Station also will
operations.
make an important contribution to the continuing safety of operating plants.
The Shippingport Atomic Power Station is a 4-loop PWR with the same basic
reactor, steam, auxiliary, support, and safety systems as current commercial
PWRs.
The primary system pressure and temperature were somewhat lower than
However, most components of interest
normal parameters for a typical PWR.
for the aging studies (valves, inverters, cabling, etc.) are not influenced
by the primary system operating conditions.
The Shippingport Station was constructed during the mid-1950s as a joint
project of the federal government and the Duquesne Light Company (DLC) to
It is
develop and demonstrate PWR technology and to generate electricity.
located on the south bank of the Ohio River at Shippingport, Pennsylvania,
The reactor and
about 25 miles northwest of Pittsburgh on land owned by DLC.
steam generating portions were owned by DOE, and the electrical generating
portion by DLC.
The station began operation in December 1957 and was
operated by DLC under supervision of the DOE Division of Naval Reactors until
DLC paid DOE for the steam and marketed
final shutdown on October 1, 1982.
the electricity.
During its history, the Shippingport Station operated with two light-water
cooled PWR cores (designated as PWR Core I and PWR Core II) and most recently
PWR Core I began operation in December 1957 with a design
with a LWBR core.
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electrical power output of 68 MWe gross and operated until February 1964.
PWR Core II was then installed and operated from April 1965 to February 1974
with a design electrical power output rating of 150 MWe gross.
In 1976, a
LWBR core was installed in the existing PWR vessel of the Shippingport
Station.
The LWBR core started operation in September 1977 and finished
routine operation on October 1, 1982.
The two major core changes and the associated equipment and system upgrades
thus provide a unique opportunity to compare identical or similar components
that have operated side-by-side but represent different vintages and degrees
of aging.
For example, cells representing four vintages were in service in
the same plant battery at the end of reactor operation.
COMPONENT SELECTION
Despite their value for plant aging studies, access to naturally aged
components of the desired type and vintage is generally limited. One
potential source is failed equipment from operating nuclear plants. The
components are directly relevant to current plants and designs, but equipment
of the specific type and with the age and service history desired for aging
studies may not be available.
Also the failure may compromise the aging
evaluation unless the failure analysis itself is of prime interest.
Operational equipment could be removed from operating plants under a
replacement arrangement.,. but this could be very costly and only feasible for
a limited number of components.
Similarly, selected in-situ aging
evaluations could be conducted at operating plants, but these would be
limited to the use of nondestructive techniques.
The best source of naturally aged components for aging studies is operational
equipment from retired plants.
A variety of components is available,
including different vintages for replacement equipment.
Not all components
are Class IE or typical of newer plants, but the older components are
representative of equivalent vintage plants.
In-situ tests can be performed
without concern for equipment or operating schedules, and equipment and
samples can be removed for detailed evaluation at other sites. The
decommissioning of the Shippingport Station, particularly because it was
managed by DOE, represented a valuable opportunity to conduct in-situ
assessments at an aged reactor and to obtain a variety of naturally aged and
degraded components and samples for detailed aging evaluations.
One of the major challenges of the Shippingport Station Aging Evaluation task
was to select, out of the hundreds of possibilities, those specific
components, samples, and in-situ evaluations that would be of most value to
the NPAR Program and other NRC programs.
The identification and selection of
the specific components and samples to be acquired was accomplished primarily
through seven site visits by NRC and contractor staff and industry
consultants representing a range of disciplines and research interests.
Table 1 lists the participants in one of these visits, together with their
affiliation and area of expertise.
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Name

TABLE 1. Shippingport Site Visit

-

Affiliation

Expertise

March 7, 1984

B. Morris

NRC/RES

Program Guidance,

C. Serpan

NRC/RES

Materials,

J

NRC/RES

Program Coordination,

G Arndt

NRC/RES

Structures, Mech.

E Brown

NRC/AEOD

Mechanical,

Z. Rosztoczy

NRC/NRR

PWR Systems,

G. Murphy

ORNL

LWR Relevancy,

Elect. & Mech.

R. Meininger

INEL

LWR Relevancy,

Elect. Components

J. Taylor

BNL

LWR Relevancy,

Elect. Components

D. Berry

SNL

LWR/NR Relevancy,

V. Harris

WPPSS

LWR Relevancy, Systems, Elect. &.Mech.
Components, In Situ Monitoring - Testing

V. Bacanskas

FRC

Elect. Components (Breakers,

R. Allen

PNL

Project Coordination & Implementation

Vora

Vessel,

Elect.

& Mech.

Pipings,

Components

S. G.,

Elect.

ND Examination

Components

Components

Electro-Mech.
Relevancy,

Components
Elect.

& Mech.

Components

Components

Systems

Relays,

Switchgear)

The component selection visits were preceded by extensive preparation,
including site visits to meet with Naval Reactors personnel and review plant
reports and records pertaining to Shippingport Station systems, components,
and operating history. This information was compiled into a Shippingport
reference manual and provided to the designated NPAR contractors for review.
Other criteria used to select the specific components for evaluation included
*

identical or similar equipment representing different vintages but the
same function and operating environment

* equipment representing different models or manufacturers but the same
vintage, function, and operating environment
*

similar equipment operating in contrasting temperature and radiation
environments

•

equipment with performance concerns based on industry experience.

The relevancy of the Shippingport Station components to operating plant
equipment designs, specifications, materials of construction, and operating
This
parameters was an important factor in the component selection process.
First,
criterion was addressed based on the following four considerations.
it is impossible, by definition, to meaningfully evaluate naturally aged
components if only current vintage equipment is considered to be relevant.
Second, the equipment from the Shippingport Station is directly relevant to
Four commercial plants
the equipment used in equivalent vintage plants.
started operation within 5 years of the original Shippingport Station.
Another 7 plants went on-line within 5 years of the PWR Core II upgrade, and
a total of 62 reactors had begun commercial operation by the time the LWBR
Moreover, because these 62 reactors are
upgrade was completed in late 1977.
the oldest plants in the United States, they represent the vintages of
primary concern for near-term aging and life-extension evaluations.
Third, because the Shippingport Station service life covers almost the entire
time span of currently-operating reactors, its equipment reflects a similar
range of applicable codes, standards, and qualification testing. The
original components represented the best off-the-shelf equipment commercially
In many cases, it is the same type of equipment used
available at the time.
Conversely, the LWBR upgrade involved
in other plants of that vintage.
qualified components identical, in some cases, to equipment in current
vintage plants.
Fourth, the Shippingport Station components and samples that were acquired
for the NPAR Program were selected on an individual basis by experts,
including industry consultants with a sound understanding of the equipment
and materials used in plants of the vintages of importance to aging studies.
Also, it should be recognized that even though the design of a specific
component may change, an aging evaluation of a particular material or

subassembly from an earlier version maystill be relevant to current
equipment in terms of function, service environment, or a particular aging
mechanism.
SITE ACTIVITIES
The NPAR Shippingport Station coordination activities began in July 1983.
During the initial stages of the decommission operation, procurement
specifications, technical manuals, operating reports, maintenance histories
and other data and records relevant to the procurement, operation and
maintenance of the components selected for acquisition were obtained to
The written information
support the subsequent detailed aging evaluations.
was supplemented wherever possible by interviews with Shippingport Site
personnel formerly involved in the operation and maintenance of plant systems
and components.
As plant systems were deactivated, in-situ assessments of Shippingport
These included the preStation systems and components were conducted.
removal visual and physical examination of components, the testing of
electrical circuits, and special measurements to assist in the selection of
Then, as the progress of the
specific components for further evaluation.
decommissioning operations allowed, more than 200 Shippingport Station
components and samples were removed and shipped to designated NRC
The number and diversity of the items that were acquired for
contractors.
the NPAR studies and other.NRC programs as part of the Shippingport Station
NPAR coordination effort are illustrated in Table 2. Examples of these items
are shown in Figures 1 through 7.
LESSONS LEARNED
In-situ assessments and the postservice examination and testing of naturally
aged components are an integral and essential part of the NPAR program
strategy. Only actual plant systems and naturally aged components reflect
the full range of effects from plant and service factors such as external
stressors, service wear, testing procedures, and maintenance practices.
The various types of plant aging information that can be derived from these
system and component studies include the following:
"

identification of equipment demonstrating satisfactory long-term
performance with minimal aging effects

" aging rate data for expected degradation processes
" detection of unexpected aging mechanisms (surprises)
" basic insights on failure modes and mechanisms
" comparison data for validating aging projections from accelerated aging
studies
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TABLE 2.

Items Acquired Through the NPAR Shippingport Station
Coordination Effort
Number of Items

NRC Contractor
Pacific Northwest Laboratory (PNL)
PV Nozzle Cutouts
Coolant Purification Piping
Rad Waste Piping
B/D Instrument Piping
Fuel Pool Piping
Main Steam Piping
Feedwater Piping
* Air System Piping
SWS Heat Exchangers
Contaminated Concrete

5
2
2
2
2
I
I
7
2
I Drum

*
*
*
*

Argonne National Laboratory (ANL)
* Main Coolant Pump
Check Valves
Manual Isolation Valves
* Hot Leg Pipe Section
Cold Leg Pipe Section
Spare Volute
Spare Pipe Section
* NST Samples
* Reactor Chamber Steel

I
4
3
1
I
1
1
11
I Drum

Brookhaven National Laboratory (BNL)
" Motor-Generator Set
" Battery Chargers
* Inverters
Motor Control Center
* Differential Relays
Protective Relays
Agastat Relays
Scram Breakers
* MG-6 Relays
* DB-50 Breakers
* Circuit Breakers
Current Transformers
Potential Transformers
480/120 Transformers
* Constant Voltage Transformers
* Relay Panel
Charger/Inverter Spare Parts

I
2
3
2
2
4
5
2
4
2
8
2
2
2
2
1
I box
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TABLE 2. (Cont'd)
NRC Contractor
EG&G Idaho, Inc.

Number of Items

(INEL)

* Motor Operated Valves
Limit Switches
* Battery Cells
Nuclear Instrumentation Channels
Electrical Panel
Thermocouple Signal Box
Thermocouple Junction Box
Power Lead Junction Box
Power Cable
Instrumentation Cable
Rod Control Junction Boxes
Selector Switches
Pressure Switches
Rosemount Transducers
RTDs
D/P Cells
Transmitters
Level Indicator
Compensating Ion Chamber Detectors
BF3 Detectors
Electrical Stop Joints
Electrical Cable (100')
Oak Ridge National Laboratory (ORNL)
Solenoid Valves
Motor Operated Valves
Check Valves

2
8
24
2
I
1
I
2
I
2
2
3
7
3
8
6
5
I
4
4
6
3

7
6
5

National Bureau of Standards (NBS)
Electrical

Cable

4

FIGURE 1. Check Valve (Top) and Motor-Operated Valve
(Bottom) for NPAR Studies at ORNL
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FIGURE 2.

Original (Top) and Mid-1970s (Bottom) Vintage Motor-Operated
Valves for Equipment Qualification Studies at INEL
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FIGURE 3.

Similar Equipment (Motor-Operated Valves) Operating in
Thermally Severe and Mild Service Environments
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FIGURE 4.

Original (Top) and Mid-1970s (Bottom) Vintage
Electrical Equipment for NPAR Studies at BNL

FIGURE 5.

Electrical Cable From Radiation (Top) and Control
(Bottom) Areas for NPAR Studies at INEL and NBS

-J

FIGURE 6.

Original (Left) and Replacement.(Right) Battery
Cells from the Same Service Environment for NPAR
Studies at INEL

FIGURE 7.

Original and Replacement Microswitches Operating
in the Same Service Environment

-54-

Although the detailed evaluation of the naturally aged components and
material from the Shippingport Station is just beginning, a number of
preliminary studies and results are indicative of the value of the aging
Examples include the
information that ultimately will be obtained.
following.
ELECTRICAL CIRCUITS
Idaho National Engineering Laboratory personnel conducted a comprehensive insitu evaluation of 46 Shippingport Station electrical circuits and components
This electrical testing included more
(Dinsel, Donaldson and Soberano 1987).
effective series capacitance,
of
voltage,
measurements
1600
individual
than
effective series inductance, impedance, effective series resistance, dc
resistance, insulation resistance, and time domain reflectrometry parameters.
The dual objectives were to determine the extent of aging or degradation of
selected plant circuits and also to evaluate previously developed
Circuits evaluated included pressurizer heaters,
surveillance technology.
control rod position indicator cables, primary system resistance temperature
The
detectors, nuclear instrumentation cables, and motor-operated valves.
in-situ tests confirmed the effectiveness of the measurement system for
detecting degradation of circuit connections and splices because of high
The anomalies that were detected were attributed to
resistance paths.
corrosion, reflecting the termination of the surveillance/maintenance program
A similar rapid degradation of
for these circuits following plant shutdown.
the plant battery cells upon removal from service was observed, further
illustrating the critical role of proper maintenance in minimizing aging.
CAST STAINLESS STEEL
An Argonne National Laboratory (ANL) investigation of the microstructural
characteristics of cast stainless steel from selected Shippingport Station
primary system components (Shack, Chopra and Chung 1989) has helped clarify
the thermal embrittlement processes that can occur at Light Water Reactor
The ferrite content of the cast stainless steel
operating temperatures.
primary system main valves and coolant pump volutes was measured in situ to
Nine
identify candidate materials for these thermal embrittlement studies.
components (Table 2) with ferrite contents in the 2 to 16% range were
The results of the
obtained and sent to ANL for detailed evaluation.
postservice examinations of the naturally aged material will be compared with
data previously obtained for laboratory-aged cast stainless steel to ensure
The
that the mechanisms and kinetics of the aging processes are comparable.
availability of this naturally aged Shippingport Station material thus
provides a direct means of validating aging projections based on the
extrapolation of accelerated test data, and also has the potential of
identifying unexpected aging processes and effects.
NEUTRON SHIELD TANK SAMPLES
A special sampling operation was conducted to obtain material from the inner
wall of the Shippingport Station neutron shield tank (NST) for
The NST is an annularwater
low-temperature, low-flux embrittlement studies.
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tank 35-in. thick that surrounds the mid-section and bottom of the pressure
The
vessel to reduce the neutron and gamma radiation in the reactor chamber.
inner and outer NST walls are 1-in. thick steel plate. A portable concrete
coring system was used to cut a 7-in. diameter core from the outer NST wall
using a bi-metal hole* saw, core through the grout-filled tank using a 6.5-in.
diameter diamond bit, and cut a 6-in. diameter core from the inner wall using
Eleven inner-wall disks were successfully removed from
a second hole saw.
locations representing base metal and weld material exposed to different
Evaluation of these samples will help resolve the issue
neutron flux levels.
of whether low-temperature, low-flux irradiation can produce an unexpectedly
high degree of embrittlement of reactor pressure vessel support structures
(Shack, Chopra and Chung 1989).
INVERTER/BATTERY CHARGER
Naturally aged inverters and battery chargers from the Shippingport Station
were tested by Brookhaven National Laboratory as part of the NPAR Program
Component temperatures and circuit waveforms were monitored
(Gunther 1987).
A decrease in silicon
during steady-state testing and step load changes.
controlled rectifier heat transfer capacity and an increase in output filter
capacitor case temperature were noted and attributed to aging effects.
However, it was concluded that aging had not substantially affected equipment
operation.
These results illustrate the use of naturally aged components to
confirm the continued operability and satisfactory performance of plant
This study also demonstrated the usefulness of circuit monitoring
equipment.
to detect impending failure in the incipient stage.
CHECK VALVES
Eighteen naturally aged check-, solenoid and motor-operated valves
representing a variety of types, sizes and vintages were obtained from the
The
Shippingport Station for NPAR studies at Oak Ridge National Laboratory.
check valve from the
first component evaluated was an 8-in. piston lift
Although it was in a loop that operated only during
safety injection system.
system tests, detailed examination revealed a characteristic wear pattern
indicative of significant service with the piston opened about 25% of its
This is an example of the value of naturally aged components
normal travel.
in detecting unexpected aging effects.
MOTOR-OPERATED VALVES
A naturally aged 8-in.,diameter gate valve and operator from the Shippingport
Station were refurbished and requalified at the Idaho National Engineering
Laboratory and then tested as part of an internationally sponsored seismic
The valve was
research program (Steele, MacDonald and Arendts 1987).
installed in the decommissioned Heissdampfreaktor, located in the Federal
Republic of Germany, and subjected to seismic loadings in addition to normal
The structural integrity of the valve and
internal pressure and flow loads.
However, some
operator was not affected by the seismic excitations.

opening/closing anomalies were detected using this valve that would not be
revealed by normal in-plant valve testing (Steele, Arendts and Weidenhamer
1988).
RADIOLOGICAL ASSESSMENT
In addition to the evaluation of naturally aged components, the decommissioning of the Shippingport Station provides a valuable opportunity to
study the composition, distribution and inventory of residual radionuclides
in contaminated piping, components and materials.
Samples of piping and
concrete from selected Shippingport Station systems and surfaces have been
obtained for radionuclide source term measurements at Pacific Northwest
Laboratory (Table 2).
A preliminary assessment of the corrosion film on the
primary coolant piping samples (Robertson and Thomas 1988) disclosed comparatively low concentrations of long-lived activation products and very low
fission product and transuranic radionuclide concentrations, reflecting the
high integrity of the fuel cladding during reactor operation.
CONCLUSIONS
The detailed evaluations of naturally aged components and materials from the
Shippingport Station that are now in progress are providing important plant
aging information.
These studies can confirm and quantify expected degradation mechanisms and failure modes, or provide assurance that components and
materials will be minimally affected by aging.
Because naturally aged
components and materials experience the actual external stressors, service
wear, testing procedures and maintenance practices, their evaluation is the
only way to verify degradation models, to validate aging projections based on
the extrapolation of accelerated test data, or to detect unexpected aging
mechanisms that could significantly impact component or system safety
performance.
Eventual outputs from current and future investigations of Shippingport
Station components and materials may include the addition of aging perspectives to regulatory guides, standards and codes; improved performance
indicator monitoring; improved maintenance guidelines; and other major
contributions to the evaluation of the effects of aging on plant safety and
to the technical basis for plant life extension.
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Abstract

This paper summarizes some of the results of the Aging Assessment and Mitigation Project sponsored by the U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory Research.
The
objective of the project is to understand the aging degradation of
the major light water reactor (LWR) structures and components and
develop methods for predicting the useful life of these components, so that the impact of aging on the safe operation of
nuclear power plants can be evaluated and addressed.
Researchers
are accomplishing this objective by integrating, evaluating, and
updating the available aging-related information. This paper
discusses current accomplishments and summarizes the significant
degradation processes active in two major components: pressurized
water reactor pressurizer surge and spray lines and nozzles, and
light water reactor primary coolant pumps.
This paper also
evaluates the effectiveness of the current inservice inspection
programs and presents conclusions and recommendations related to
aging of these two major components.
Introduction
One hundred eight commercial nuclear power plants are currently
licensed to operate in the United States.
The oldest one is the Yankee
Rowe plant, which has been in operation for 28 years.
Five other plants
have been in operation for more than 20 years.
Twenty-two plants have
been in operation between 15 and 20 years. Several time-dependent
degradation mechanisms not accounted for in the original designs have
caused failures in these plants. For example, high-cycle fatigue caused
a steam generator tube to rupture, corrosion caused significant wall
thinning of a metal containment, erosion-corrosion caused catastrophic
failure of a "nonnuclear" portion of a pressurized water reactor (PWR)
feedwater line, and thermal fatigue caused a through-wall crack in a
PWR safety injection pipe between the safety injection nozzle and the
first check valve.

a Work sponsored by the United States Nuclear Regulatory Commission,
Office of Nuclear Regulatory Research, under DOE Contract No.
DE-ACO7-761DO1570.
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Therefore, the need to understand and manage aging has become a major
focus for the research sponsored by the U.S. Nuclear Regulatory Commission
(USNRC).
An important part of the USNRC research effort is the Nuclear
Plant Aging Research (NPAR) Program that is being conducted at several
national laboratories, including the Idaho National Engineering Laboratory
(INEL)
The NPAR Program is sponsoring the Aging Assessment and Mitigation
Project at the INEL.
The objectives of the project are to develop an understanding of the aging of major light water reactor (LWR) structures and
The
components and to identify the technical issues associated with aging.
project is concerned with integration, evaluation, and updating of the
current information related to the time-dependent degradation or aging of
the major LWR structures and components so that the technical issues that
may impact safety can be identified and addressed in an effective and timely
manner.
This information will provide the basis for the development of life
assessment procedures that will assist the USNRC in the formulation of
license renewal policy, as well as in other regulatory applications.
The Aging Assessment and Mitigation Project is being carried out in
five steps. The five steps are:
1.

Identify and prioritize the major reactor components according to
their relevance to plant safety.

2.

Identify the degradation sites, mechanisms, stressors, potential
failure modes, and current inservice inspectionmethods.

3.

Assess emerging inspection, surveillance, and monitoring methods
that can be used to detect, quantify, and trend aging degradation.
Evaluate current and emerging maintenance programs to mitigate
aging damage.

4.

Develop LWR structure and component life assessment procedures.

5.

Support development of technical criteria for license renewal.

2
The first two steps of the five-step approach have been completed, ,3
and some progress has been made on the remaining three steps. This paper
summarizes the qualitative result4 of step 2 for two majop components: PWR
surge and spray lines and nozzles , and LWR coolant pumps . Design,
stressors, degradation sites and mechanisms, potential failure modes, and
current inservice inspection methods are briefly described for each component. Conclusions and recommendations follow. Similar information for the
remaining LWR structures and components of interest can be found in References 2 and 3.

Aging Assessment of PWR Surge and Spray Lines and Nozzles
The pressurizer controls the reactor coolant system (RCS) pressure by
maintaining the temperature of the pressurizer liquid at the saturation

-60-

temperature corresponding to the desired system pressure. During heatup,
the increase in the volume of the RCS coolant causes an insurge into the
pressurizer through the surge nozzle.
During cooldown, the pressurizer
spray system, which is fed from one or two of the RCS cold legs, is activated to reduce the pressure. During reactor power transients, insurges
and outsurges through the surge nozzle take place, and if pressure
increases above a predetermined setpoint, the spray system is activated
automatical ly.
Design of Surge and Spray Lines and Nozzles
The surge line is typically a 250 to 350-mm (10 to 14-in.) diameter
pipe made of Type 316 stainless steel. In some PWRs the surge line is made
of centrifugally cast stainless steel.
The surge line connects the hot leg
of the primary piping to the bottom of the pressurizer.
The spray line is
typically a 60 to 100-mm (2.5 to 4-in.) diameter Type 316 stainless steel
pipe that connects the top of the pressurizer to one or more of the cold
legs. The typical layout of the spray and surge lines, shown in Figure 1,
includes long horizontal or near horizontal runs of piping. The nozzles at
both ends of the surge and spray lines are called surge and spray nozzles,
respectively.
The spray system consists of a main spray line and an auxiliary spray
line. The main spray line is connected to the cold legs through the main
spray and bypass valves.
During normal operation, a small amount of continuous flow that bypasses the main spray valves and flows through the
bypass valves is maintained 'y the driving head of the reactor coolant
pumps. The bypass valves, if properly sized, pass a sufficient amount of
coolant to ensure full flow in the spray line so the temperature difference
between the spray line fluid and the pressurizer spray nozzle remains at a
minimum. The auxiliary spray line is connected to the charging lines which
are connected to the cold legs as shown in Figure 1. Actuation of the main
spray valves depressurizes the reactor coolant system during cooldown.
At
low coolant temperatures and pressures, when the main spray system is no
longer available because the reactor coolant pumps stop running due to net
pump suction head (NPSH) limitations, the auxiliary spray system is activated to complete the depressurization.
The temperature of the maip spray
is equal to the colo leg temperature, and it varies from 288 C (550 F)
to about 227 C (440 F) during pooldown.
The auxiliary spray temperatureois normally at 205 C (400 F), but it can be as low as 50 C
(120 F) at the time charging flow is initiated.. In the design basis
transients, it 0 is assumed that the auxiliary spray temperature can be as
lowas 5 C (40 F).
Because the pressurizer is made of low-alloy carbon steel, the welds.
at the pressurizer ends of the spray and surge lines are dissimilar-metal
welds.
In Combustion Engineering (CE) and Babcock & Wilcox (B&W) plants,
the primary loop piping is made of low-alloy carbon steel, so the welds at
the hot leg end of the surge line and cold leg ends of the spray line are
also dissimilar-metal welds.
Figures 2 and 3 show typical surge and spray
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Figure 1.

System schematic of spray and surge systems.
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Typical CE surge nozzle at hot leg (12 in. Schedule 160).
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nozzles in CE plants. Thermal sleeves are included in the design of both
surge and spray nozzles to protect nozzle walls from transient thermal
loads.
Degradation Mechanisms in Surge and Spray Lines and Nozzles
Operating transients, thermal shocks, stratified flows, and flowinduced vibrations cause fatigue damage to surge and spray lines, nozzles,
and thermal sleeves. All of these stressors except stratified flows were
considered in the original design of the surge and spray lines. Recent
analysis results show that these lines have high Cumulative fatigue usage
factors resulting from the low-cycle fatigue damage caused by the design
basis transients. 6 For example, design basis transients alone will
produce a fatigue usage factor of about 0.7 in the surge nozzle weld at the
pressurizer end.
Stratified flows have also caused significant low- and high-cycle
fatigue damage, but were not accounted for in the original design of the
surge and spray lines. The design analysis of the surge lines assumed that
the surges would sweep the surge line, but the actual flow pattern appears
to be stratified, as indicated in Figure 4.
Stratification in the surge
line occurs during heatup and cooldown when the differences between the
preqsurizeE and hot leg temperatures are high. Temperature swings of up to
177 C (359 F) in the upper portion of the surge line have been
recorded.
French field and laboratory tests have confirmed the presence
of stratified flows in surge lines.8 Four U.S. utilities have also measured significant surge line stratification.
At one plant, thermal stratification caused the horizontal portion of the surge line to deflect
downward, closing the gaps between the pipe and theopipe whip restraints
and resulting in permanent deformation of the pipe.ý
Leak-before-break evaluations of typical PWR pressurizer surge lines
subjected to low-cycle fatigue damage caused by the design basis transients
showed that double-ended guillotine pipe breaks are highly unlikely to
occur.
However, stratified flows are not included in the design basis
transients. Leak-before-break evaluations of surge lines subjecte#
0
9th
y
design basis transients and stratified flows need to be performed.U,'
Low flow conditions during heatup, cooldown, and hot standby operation
are likely to cause a significant thermal stratification in the spray line.
Cyclic use of the main and auxiliary sprays and improperly sized bypass
valves can also cause thermalostratitication in the spray line. Temperature
differentials as large as 288 C (550 F) may take place during cooldown.
Excessive thermal stresses and pipe movement have been reported at some
power plants.
Stratified flows in relatively short horizontal sections of
piping can be prevented by replacing them with sloped sections.
In one
plant a 10 ft long horizontal section of spray line has been replaced with
piping having a 30 degree slope. The leak-before-break approach may not be
workable for small diameter piping such as spray lines because it is difficult to maintain a sufficient margi.n between leakage-detectable crack
length and critical crack length.
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The surge lines made of cast stainless steel are also susceptible to
thermal embrittlement. More information on the thermal embrittlement
mechanism is presented later, in the section on LWR coolant pumps.
Inservice Inspection
Volumetric and surface examination of 25% of all the butt welds in the
RCS piping and nozzles is required during each inspection interval,12
which is usually a 10 year interval.
Inspection of the same welds is
required during each inspection interval.
The welds selected for examination should include all dissimilar-metal welds, welds having a cumulative
fatigue usage factor equal to or greater than 0.4, and welds having a stress
intensity that exceeds 2.4 Sm, where Sm is the maximum allowable primary
membrane stress intensity. Therefore, the welds at the pressurizer end of
the surge and spray lines are inspected during each inspection interval.
In addition, the welds at the hot and cold leg ends of the surge and spray
lines in CE and B&W plants are inspected.
However, nozzle welds with high
fatigue usage factors should be examined more frequently than presently
required.
A system leakage test of the pressure retaining components, including
the surge and spray lines and nozzles, is required during each refueling
outage.
This test is conducted at a test pressure equal to or greater than
the normal pressure associated with 100% rated reactor power, i.e. 2250
psi.
In addition, a system hydrostatic test is required during each inspection interval (usually 10 years) at a test •ressure specified in Table
IWB-5222-1 of Section XI~of the ASME Code. 1l
Test specifications require
that the minimum test temperature for either of the tests not be lower than
the minimum temperature for the associated pressure specified in the plant
Technical Specifications.
Fatigue is the major degradation mechanism for the surge and spray
lines and nozzles.
However, no detailed records of the transients causing
fatigue damage are maintained; without such information it is difficult to
estimate the actual fatigue damage experienced by the surge and spray lines
and nozzles. We recommend that surge and spray lines be more extensively
monitored.
On-line monitoring of coolant temperatures, pressures, and flow
rates, and pipe wall temperatures at nozzles and in horizontal portions of
the piping during operational transients, thermal shocks, and stratified
flows would provide data that could be used to determine actual fatigue
damage.
Stratified flows are likely to cause high fatigue damage in both
base metal and welds. We recommend that acoustic emission methods be
developed to detect fatigue crack growth in the base metal and welds.
These methods provide global information regarding the defects in the piping and are capable of detecting growth of very small flaws that are not
detectable by other nondestructive testing methods.
Loose parts monitoring
techniques should be used to determine if the thermal sleeves have broken
loose from the nozzle.
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Aging Assessment of LWR Coolant Pumps
The primary function of LWR coolant pumps is to circulate coolant
through the reactor such that core-heated fluid can be passed to a turbine
(in BWR plants) or to a steam generator (in PWR plants). The reactor coolant pumps are the only rotating heavy machines on the nuclear side of a
plant and are critical pressure boundary elements.
This section discusses
the aging degradation jý three pump components: the pump casing, closure
studs, and pump shaft.
The pump shaft seals are not discussed here
because they are replaced or refurbished relatively frequently.
Reactor Coolant Pump Design and Fabrication
The design of a reactor coolant pump falls into one of three categories or types, as shown in Table 1: PWR primary coolant pumps, i.e.,
Types F and E; and BWR recirculation pumps, i.e., Type C. The major difference in the reactor coolant pump designs is in the pump casing geometry.
The PWR Type F pump casings require thicker pressure retaining walls [100
to 200 mm (4 to 8 in.)] because, as shown in Figure 5, the casing walls are
not structurally supported.
The PWR Type E and BWR Type C pump casings are
shown in Figures 6 and 7, respectively; their casing walls are thinner [67
to 75 mm (2.5 to 3 in.)] because of the structural reinforcements in their
designs. The massive size of the pump casing helps to maintain the close
tolerances required by the pump internals during operation.
All reactor coolant pumps are fabricated from statically cast austenitic stainless steel, either Grades CF8, CF8M, or CF8A, except the ones at
the three units of the Palo Verde plant. The pump casings at Palo Verde
are fabricated from forged carbon steel and clad with stainless steel.
The
sections of the Type F pump casing made of cast stainless steel are welded
by an electroslag method, which introduces high residual stresses that may
exceed the yield strength of the material.
However, no post-weld heat
treatment is performed to reduce or eliminate the residual stresses at the
fabrication welds in Type F pumps; a post-weld heat treatment is not an
ASME requirement for a stainless steel weld. Later designs of Type F pump
casings were modified to decrease or eliminate the number ofweldments, as
it became practical to manufacture larger casting sections.'
The carbon
steel pump casings are subjected to post-weld heat treatment, and all
Type E and Type C pump casings are subjected to full-solution heat
treatment, which eliminates almost all residual stresses.
Thermal barriers or heat exchangers, or both, are used to limit the
reactor coolant heat reaching the mechanical seal cavity.
In the earlier
Types E and C pumps, the hot reactor coolant was mixed with cold cooling
water at the top of the thermal barrier. The resulting turbulent mixing
introduced high-cycle (1 to 25 Hz) thermal fatigue loads on the pump shaft
surface.
Two concentric Type 304 stainless steel flexitallic (stainless steelgraphite asbestos material) gaskets are used for sealing between PWR coolant pump covers and casings. A leak-off line is installed between the
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TABLE 1. MANUFACTURERS AND NSSS VENDORS FOR REACTOR COOLANT PUMPS
Pump Type

Manufacturer

NSSS Vendor

Type E

Byron-Jackson

Babcock & Wilcox
(3 plants)
Combustion
Engineering

Type F

Westinghouse

Westinghouse (all
plants) Babcock
Wilcox (2 plants

Bingham-Willamette

Babcock & Wilcox
(2 plants)

Combustion Engineering/
Klein, Schanzlin,
and Becker

Combustion Engineering (Palo
Verde Plants)

Byron-Jackson
Bingham-Willamette

General Electric

Type C
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Only one gasket is used
gaskets to detect any leakage of reactor coolant.
Leaking reactor coolant, if not checked, may cause
in BWR coolant pumps.
corrosion of the closure studs, which are made of low-alloy steel, either
SA193 Grade B7 or SA540 Grade B23. Reactor_•oolant pump main closure studs
are long [740-mm (29-ini) for Type E pumps]l,
and their nominal diameter
may vary from 90 to 140-mm (3.5 to 5.5-in.).
Aging of Reactor Coolant Pumps
Thermal Embrittlement. Thermal embrittlement is a major degradation
mechanism tor cast stainless steel reactor coolant pump casings.
Cast
stainless steels, i.e., Grades CF8, CF8M, and CF8A, have austeniticferritic microstructures and are subject to thermal embrittlement due to
prolonged exposures at reactor operating temperatures, especially PWR
temperatures.
Thermal embrittlement of the base metal results in a slow
loss of material toughness over extended periods of time and is influenced
by coolant temperature, time of exposure at.temperature, chemical composition, volume fraction of ferrite content, and ferrite distribution (spacing) in the microstructure.
The loss of material toughness is caused by
the formation of an alpha-prime phase in the ferrite. Since only the
ferrite phase is embrittled by long-term exposure at LWR operating temperatures, the overall embrittlement depends on the amount and spacing of
ferrite present in the base metal of the pump casing.
A larger ferrite
content and spacing will result in an increased thermal embrittlement. A
high percentage of ferrite (18 to 22% is not uncommon) can be present in
the cast stainless steel components.
The weldments in the pump casing are not very sensitive to thermal
embrittlement.
The initial toughness of the weldments in the pump casing
is significantly lower than that of the unaged base metal, and the ferrite
content of the weldments is generally lower than that of the base metal.
In several older plants, the weldments in t•
qmp casing and stainless
steel RCS piping have'less than 3% frte,
,
whereas in newer plants
a minimum of 5% ferrite is required. ,'
These requirements for minimum
ferrite content avoid microfissuring in weldments.
Laboratory tests show that the loss in toughness of thermally aged
cast stainless steel components can be recovered by annealing at 550 C
(1022 F) for jge..our, followed by rapid cooling (quenching) to lower
temperatures. ",6U
The short-term annealing process dissolves the
alpha-prime phase.
However, rapid heating and cooling of the pump casing
is not feasible, and slow heating and cooling to and from the annealing
temperature will cause formation of several other phases in the ferrite,
resulting in additional loss of toughness.
Therefore, annealing of the
aged cast stainless steel components is not an acceptable solution.
Fatigue. The pump casing is subjected to thermal and mechanical
fatigue damage caused by the system operating transients and pump vibrations. In Type F pumps, the weldments are susceptible to fatigue damage
because of the high residual stresses, whereas in Types C and E pumps the
susceptible sites are likely to include some portion of both the base metal
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and weld region, because of the different geometric configuration and
complex welds with no residual stresses. Figur!.6 shows the locations of
the maximum stress intensities in Type E pumps.-i
In addition, the
presence of microfissures in low-ferrite (<3%) weldments may adversely
affect the fatigue strength of the pump casings in older plants. However,
the fatigue damage is expected to be quite small in the absence of microfissures, because to, ensure dimensional stability the pump casings have a
thickness greater than that required for structural integrity.
The pump shafts are also susceptible to fatigue damage caused by the
alternating bending stresses from the asymmetric distribution of static
pressure and by the rapidly varying thermal stresses caused by the turbulent mixing of hot reactor coolant 288 0 C (550 F) with cooling water
52 C (125°F) in the cover thermal barrier. Thermal stresses from
turbulent mixing, alternating bending stresses, and high residual stresses
at the local welds are responsible for the initiation and propagation of
fatigue cracks. Axial aM ,Wrumferential cracks have been found on some
PWR and BWR pump shafts. L,
,C
Axial cracks are caused by the turbulent mixing of the coolants, whereas circumferential cracks, which usually
occur in the grooves on the shaft surface, are caused by alternating
bending stresses. Hairline cracks have been found in the Type F pump
shafts at the Palo Verde-l plant. Heat-induced stress and the sh9t's
chrome plating have been mentioned as factors causing the cracks.'Boric Acid Corrosion.
PWR pump body closure studs are susceptible to
corrosion. by borated primary coolant leakage across the pump casing-tocover gasket. Such leakage has caused significant corrosion damage to the
studs, and.i carbon steel pump bodies it may also cause corrosion of the
base metal.
Boric acid corrosion of the studs will increase the rate
of leakage which, in turn, will lead to excessive corrosion of studs.
In
one PWR plant, boric acid corrosion reduced seven reactor coolant pump
studs from a nominal diameter of 90 mm (3.5 in.) to between 25 and 37 mm
(1.0 and 1.5 in.)
The corrosion occurred in the area of the stud
adjacent to the top surface of the lower flange.
Visual inspection revealed
that the severely corroded studs had an hour-glass appearance.
Visualinspection of closure studs at other PWR plants has revealed that the studs
in all different pump designs are susceptible to boric acid corrosion.
Installation of instrumentation for actively monitoring the leak-off lines
between the gaskets is necessary to detect leakage.
If the leak-off line
installed between the gaskets is plugged or not instrumented, no. indication
of reactor coolant-leakage from the inner gasket will be available.
The major causes of gasket leakage are poor maintenance, minor corrosiop of the stainless steel portion of the gasket, and poor gasket springback.
Implementing the following recommendations would upgrade the
maintenance procedures for the closure studs and thus improve plant reliability: use gaskets with improved spring-back characteristics, control
cleanliness during gasket installation, and use proper fastener lubrication
and tensioning practices.
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Stress Corrosion Cracking. The cast stainless steel pump casing and
its weldments have excellent resistance to stress corrosion cracking.
However, if very low levels of ferrite are present at the welds because of
the filler material and weld procedures used, both repair and fabrication
weldments in pumps could be sensitized and 49come susceptible to environThe full-solution heat
mentally induced stress corrosion cracking.
treatment reduces or eliminates the sensitization in the weldments in Types
E and C pump casings. All repair welding performed after the full-solution
heat treatment of the casings is limited to a low heat input no greater than
19,700 J/cm (47.4 Btu/in.).
This practice prevents additional sensitization
and also reduces residual stresses. Therefore, the susceptible sites in
the Types E and C pump casings will be at the weldments connecting the pump
casing to the reactor coolant piping, if the ferrite content is very low.
Leakage of reactor coolant across the pump casing-to-cover gasket may
wet the insulation and cause a chloride attack on the pump casing. To
prevent a chloride a ack, the insulation must meet chloride concentration
acceptance. criteria.
In addition, if leakage takes plac'e, adjacent
areas of the pump casing might become susceptible to stress corrosion
cracking.
Inservice Inspection
Pump Casing. At least one reactor coolant pump from the RCS is generally disassembled for inspection and maintenance at the end of an inspection
interval.
Inservice inspection requirements for the pump casing include
surface and volumetric examination of repair and fabrication welds.
The
cast.stainless steel pump casings are difficult to inspect with conventional
ultrasonic testing methods because of the elastic anisotropy caused by the
different grain structures in the castings and because of the severe attenuation of the ultrasonic wave caused by the coarse grains in the steel.
Therefore, radiography is generally used for volumetric examination of cast
stainless steel pump casing welds.
The indication detected by radiography
must be considered as a'worst flaw, i.e., a surface flaw with an aspect
ratio of 0.5, because radiography can only detect the presence of a flaw;
it cannot determine the location or size of the flaw. Triangulation
radiography may be used to locate the flaw.
The extent of the thermal embrittlement of cast stainless steel components may be such that the critical flaw size decreases to the size of anexisting flaw. The critical flaw size may become too small to reliably
detect using current inservice inspection methods and therefore, advanced
ultrasonic testing (UT) methods are being devegp• to detect a flaw and
determine its size, orientation, and location.
These advanced UT
methods will be more effective than radiography.
The inservice inspection requirements were originally developed for
Type F pump casings, which have high residual stresses at the welds.
However, these requirements may not be practical or meaningful for Types C
and E pumps having different geometric configurations and fabrication
methods, with complex welds but low residual stresses.

-74-

As discussed previously, a reactor coolant leak across the pump casingto-cover gasket can make adjacent areas of the pump casing susceptible to
stress corrosion cracking. Damage to the affected area can be detected by
penetrant testing.
Pump Shaft. LWR coolant pumps are generally equipped with two vibration monitors mounted at the top of the motor stand in a horizontal, plane
to detect radial vibrations of the pump.
Proximity probes have also been
used for vibration monitoring to detect circumferential cracks in the pump
has also been successfully
shaft. Monitoring of pump motor frame vibrations
2 1 ,22
used to indicate-damage to the pump shaft.
The inspections done during shutdown should include surface and volu*metric examination of the pump shaft. Several Utilities have used the
conventional UT technique to inspect pump shafts, but the results have been
inconclusive and misleading.
A new UT technique, the modified cylindrically
guided wave technique, is being developed by the Southwest Research Institute for shaft inspection, and the initial results of its use are
promising.29,30
Pump Closure Studs.
Inservice inspection requires volumetric examination of all the bolts, studs, nuts, and bushings during each inspection
interval.
However, the conventional UT tq~hniques are not effective in
revealing corrosion wastage of the studs.0'
Therefore, inservice inspection requirements, which are currently limited to volumetric examinations,
should be supplemented with visual examinations.
If the insulation covering. the studs is removable, removal will facilitate visual examinations.
Use of the cylindrically guided wave technique developed by the Southwest
Research Institute may be considered, because it is 3apable of detecting
both flaws and corrosion wastage in the long studs. 3
Examination of the
flange surfaces is required when a mechanical joint is disassembled.
Summary,

Conclusions,

and Recommendations

Problems associated with time-dependent aging, such as fatigue, radiation and thermal embrittlement, corrosion, and other effects, have occurred
in U.S. light water reactors as they have matured.
Therefore, effectively
managing the aging-related problems in older plants has become a major
focus of the research sponsored by the USNRC.
The Aging Assessment and Mitigation Project is being carried out at
the Idaho National Engineering Laboratory to help the USNRC understand,
detect, and mitigate theaging of the major light water reactor components.
A qualitative assessment of the degradation processes active in the major
components has been completed. 2 3 The assessment of the degradation
processes active in PWR pressurizer surge and spray lines and nozzles, PWR
primary coolant pumps, and BWR recirculation pumps is presented in this
paper.
Table 2 summarizes the stressors, degradation sites and mechanisms,
and potential failure modes for the PWR surge and spray lines and nozzles.
The conclusions and recommendations related to aging degradation of these
components are as follows:
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TABLE 2.
Rank
1

SUMMARY OF DEGRADATION PROCESSES FOR PRESSURIZER SURGE AND SPRAY LINES AND NOZZLES
Stressors

Degradation Sites
Pressurizer Surge
Line and Nozzle

Thermal transient stress
loadings

Degradation

Mechanisms

Low and high cycle
thermal fatigue

Stratified flow stress
Ioadings, thermal
striping
Thermal

2

Pressurizer Spray
Line and Nozzle

Potential
Failure Modes
Crack initiation
and
propagation leading
to possible
through-wall leak,
pipe rupture

Methods

Thermal sleeve
cracking

Shock

Flow induced mechanical
vibration

Mechanical

Temperature

Thermal
embrittlement

Through-wall

Thermal transient stress
loadings

Low and high cycle
thermal fatigue

Crack initiation
and
propagation leading
to possible
through-wall leak.

fatigue

Stratified flow stress
loadings (pipe only)
thermal striping
Flow induced mechanical
vibration

ISI

Piping and nozzle welds
inspected volumetrically
at each of the four
10 year Intervals

Thermal sleeve
cracking, crack
initiation
in nozzle
leakage

Thermal sleeve
cracking.
Mechanical

fatigue

Thermal sleeve
cracking, crack
.initiation
in nozzle

Piping and nozzle welds
inspected volumetrically
at each of the four
10 year intervals

1.

Stratified flows cause significant fatigue damage to the horizontal
portions of the surge and spray lines, but were not accounted for in
the original design. Therefore, we recommended that the horizontal
portions of the piping subjected to stratified flows be analyzed to
determine whether a catastrophic rupture rather than a
leak-before-break can take place.

2.

Some of the nozzle welds have a fatigue usage factor as high as 0.7
from design transients alone.
If stratified flows are taken into
account, the fatigue usage factor will be much higher than 0.7.
Therefore, more frequent inservice inspection of nozzle welds with
high fatigue usage factors is needed.

3.

Because stratified flows are likely to cause fatigue damage to the
base metal in the horizontal sections of the surge and spray lines,
inspection of the high stress regions in the base metal need to be
included in the inservice inspection program.

4.

Acoustic emission techniques should be developed to reliably detect
the growth of fatigue cracks. These techniques can then be used along
with other nondestructive testing methods to characterize these cracks.

5.

Fatigue is a major degradation mechanism in the surge and spray lines
and nozzles.
However, detailed and accurate records of the transients
causing fatigue damage are not available. This lack of information
makes it difficult to estimate the'actual fatigue damage.
Data
provided by on-line monitoring of coolant temperatures, pipe wall
temperatures, and other parameters could be used to accurately
determine the accumulated fatigue damage.

6.

Full flow and continuous spray during plant cooldowns would mitigate
the fatigue damage to the spray lines.

7.

Properly sized bypass valves can provide full flow during normal
operation and mitigate fatigue damage to the spray lines.

8.

Where a horizontal run is short enough, replacing the horizontal
section of piping with a sloped section can prevent stratified flows.

9.

Thermal sleeves play an important role in protecting nozzle walls from
thermal transients.
Loose-parts monitoring methods should be used to
ensure that thermal sleeves have not broken loose from the nozzles.

Table 3 summarizes the stressors, degradation sites and mechanisms,
and potential failure modes for LWR primary coolant pump casings, shafts,
and closure studs.
The conclusions and recommendations related to aging
degradation of these components are as follows:

TABLE 3.

Rank

-

SUMMARY OF DEGRADATION PROCESSES FOR PWR COOLANT PUMPS

Sites
Degradation

Degradation
Mechanisms

Stressors

Potential
Failure Modes

IS1 Methods

Pump body
(casting)8

Temperature,
system operating
transients, LWR
environment

Thermal aging,
fatigue, stresa
corrosion cracking

Through-wall
leakage, unstable
ductile tearing

Volumetric,

2

Closure studs

Leakage of borated
coolant in PWR

Corrosion,

Leakage,

Volumetric

3

Pump shaft

Alternating bending
stresses, rapidly
changing thermal,
stresses, and
residual stresses

Fatigue

a.
Wruunrit cabon steel pump bodies; make up . v. ry
not had a long enough service history to be ref lcted

wastage

small percentage
here.

breakage

Breakage (contained
by pump body)

of those

in

the

Surface,

field and have

surface

volumetric

1.

Thermal embrittlement is the primary degradation mechanism that
affects the reactor coolant pump bodies made of cast austeniticA high ferrite content (18 to 22%
ferritic (duplex) stainless steel.
is not uncommon) makes a thick pump casing more susceptible to damage
from thermal embrittlement.
Since thermal embrittlement causes the
slow loss of material fracture toughness, the actual degree of thermal
embrittlement needs to be determined so that the structural integrity
of the pump casing can be assessed. We recommend the development of a
model for estimating degradation in fracture toughness as a function
of coolant temperature, time of exposure at temperature, chemical
composition, and ferrite content and its spacing in the microstructure.

2.

Ferrite distribution through the statically cast, thick-wall, stainless steel components is not uniform. Therefore, data for the ferrite
distribution in a pump casing are needed so that the actual degree of
thermal embrittlement can be determined.

3.

The existing flaws in statically cast components are shrinkage flaws
introduced during fabrication.
Thermal embrittlement may be such that
an existing flaw can reach critical dimensions, leading to failure of
the casing.
Characterization of the flaws would help to ensure the
continued structural integrity of the pump casing.
Advanced UT
methods are needed for this purpose.

4.

ASME Section XI, Table IWB-3518-2, provides standards for allowable
planar flaws in cast stainless steel pump casing welds.
Similar
standards are needed for the flaws in the base metal, and such standards should take into account degradation from thermal embrittlement.

5,

Laboratory tests show that the loss of toughness cpused byothermal
embrittlement can be recovered by annealing at 550 C (1022 F) for
one hour, followed by rapid cooling to lower temperatures.
However,
annealing of the pump casing is feasible only with slow heating and
cooling to and from the annealing temperature.
This process will
cause formation of several other phases in the ferrite, resulting in
additional loss of toughness. Therefore, annealing of pump casings is
not an acceptable solution.

6.

The cast stainless pump casings have excellent resistance to stress
corrosion cracking.
However, if very low levels of ferrite are
present at the welds because of the filler material and weld procedures used, both repair and fabrication welds become susceptible to
stress corrosion cracking.
Since the Types E and C pump casings are
subject to full-solution heat treatment, the susceptible sites will be
at the weldments connecting the pump casing to the reactor coolant
piping, if the ferrite content is very low. The ferrite content in
the pump casing welds should be determined.

7.

Weldments in Type F pumps and high.-stress regions in Types C and E
pumps are susceptible to fatigue damage.
In addition, the presence of
microfissures in low-ferrite (<3%) weldments may adversely affect the
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fatigue strength of the pump casing and should be taken into account.
The fatigue damage is probably quite small in the absence of
microfissures.
8.

The ASME Section XI inservice weld inspection requirements were
originally developed for the Type F pumps, which have high residual
stresses at the welds.
However, these requirements may not be practical or meaningful for Types C and E pumps.
The high stress regions
in Types C and E pumps are likely to include some portion of both the
base metal and weld regions.
Surface examination of the high stress
regions is recommended.

9.

Leakage of borated water across LWR primary coolant pump case-to-cover
gaskets has resulted in corrosion and wastage of pump closure studs.
In carbon steel pump bodies, this leakage is also likely to cause
corrosion of the base metal.
The corrective actions to prevent leakage
include the use of gaskets with better spring-back characteristics,
proper gasket installation and cleanliness control, and proper stud
tensioning practices.
The leak-off lines between the inner and outer
gaskets should be left unplugged and be instrumented so that leakage
can be detected.

10.

ASME Section XI, Table IWB-2500-1, requires volumetric examination of
the closure studs. However, the conventional ultrasonic techniques
are not effective in revealing corrosion wastage of the studs. Therefore, current inservice inspection requirements for the closure studs
should be supplemented with visual examinations. The use of the cylindrically guided wave technique developed by the Southwest Research
Institute may be considered because it is capable of detecting both
cracks and corrosion wastage in the long studs.

11.

Use of conventional ultrasonic techniques to inspect pump shafts gives
inconclusive and misleading results.
Field application of the modified cylindrically guided wave technique for shaft inspection needs to
be evaluated.
Monitoring of the pump motor frame vibrations is
recommended.
Such monitoring can detect damage to the pump shaft.
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Neither the United States Government nor
any agency thereof, or any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for any third
party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this paper, or represents that its use by
such third party would not infringe privately owned rights. The views
expressed in this paper are not necessarily those of the U.S. Nuclear
Regulatory Commission.
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The Effects

of Aging on the Fire Vulnerability

of

Nuclear Power Plant Components*
SAND88-2969C
Steven P. Nowlen
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Albuquerque NM 87185
Abstract
Sandia National Laboratories, under the sponsorship of the U. S.
Nuclear Regulatory Commission,
has initiated
an effort
to
nuclear power plant fire
identify
and investigate potential
The issues of
safety issues associated with plant aging.
potential concern, which have been identified, are the effects of
aging on (1) the vulnerability of electrical
equipment to fire
(2)
the propensity with which electrical
induced damage;
equipment will initiate,
or contribute to the severity of, fires;
and (3)
the integrity
of passive fire
protective features.
Efforts in this program were initiated
late in fiscal
year 1988.
For fiscal
year 1989 efforts will focus on the investigation of
the effects
of aging on cable damageability
and cable
flammability.
This paper presents the findings of a limited
review of past electrical
equipment fire
aging research and a
summary of planned activities
for fiscal
year 1989.
Introduction
A program at Sandia National Laboratories (SNL) has been initiated
by the
U. S. Nuclear Regulatory Commission (USNRC) to investigate potential issues
associated with plant aging and fire
safety.
Work on this program was
initiated
late in fiscal
year 1988 (FY-88),
and hence, only limited and
quite preliminary investigations have to date been completed.
One of the
potential issues of concern identified to date is the effects of aging on
the vulnerability
of electrical
components to fire
initiation
and fire
growth.
A second potential
issue is
the effects
of aging on the
vulnerability
of electrical
equipment to fire
induced damage,
short of
actual burning.
For these first
two issues the electrical
equipment of
interest
includes both cables and other Class 1E equipment.
The third
issue of potential concern identified to date is the effects of aging on
the integrity
of passive fire
protection measures such as cable coatings,
cable tray wrap systems, and fire
barrier penetration seals.
This paper
describes the results
of a review of past fire
aging studies, and presents
a description of efforts to be undertaken during FY-89.

*
This work was supported by the U. S. Nuclear Regulatory Commission and
was performed at Sandia National Laboratories, which is operated for the
U. S. Department of Energy under contract number DE.AC04-76DP00789.

Review of Previous

Studies

As an initial
step in
the execution of this
program, a review of past
efforts
associated with fire-related
aging issues has been initiated.
While the results
of this review have not been entirely
evaluated and
information regarding certain efforts
has not yet been received, certain
useful insights have been gained.
In general,
three sources of relevant
information have been identified.
The first
is two limited USNRC-sponsored
efforts
at SNL directly
concerned with the effects
of aging on cable
flammability.
The second source is
information developed by the
manufacturers of cables and cable insulations.
The third
source is
information available as a result
of other aging-related investigations,
such as those associated with equipment qualification studies, not directly
concerned with potential
fire
issues,
but which provide 'applicable
insights.
Under USNRC sponsorship two studies
directly
associated
with the
investigation of the effects of aging on cable fire
behavior, quite limited
in
scope,
were conducted in
the past.
In
the first
studyl
the
investigations focused on the loss of halocarbon fire
retardant additives
from cable insulations caused by both thermal and radiation aging.
It was
found that
certain
materials were subject to the loss of these flame
retardant materials with aging.
For ethylene propylene rubber (EPR),
this
loss of fire
retardant also resulted in a moderate increase in flammability
as measured by the ASTM Limiting Oxygen Index Test. 2
Conversely, while
chlorosulfonated polyethylene (CSPE) also demonstrated a pronounced loss of
fire
retardant
additives,
the cables also demonstrated a pronounced
reduction in
actual flammability.
This reduction in
flammability was
attributed to a loss of other volatile
compounds during the aging process.
This study demonstrated that while cable formulations can be expected to
change because of an aging process, the simple examination of a particular
fire
retardant additive content does not necessarily indicate the effects
of aging on actual flammability.
In
the second USNRC-sponsored study, 3 the effects of both thermal and
radiation aging on certain key fire
behavior parameters were investigated.
In this study sample formulations considered typical of cable insulations
were produced using various fire
retardant additives.
As in the previous
USNRC study,
the basic compounds were EPR and CSPE.
The, flammability
parameters
investigated
included critical
ignition
energy,
heat of
combustion, and rate of mass release.
The results
obtained were not at all
consistent,
as illustrated
in
Figure 1.
This inconsistency can be
attributed
to at least
two factors.
First,
only a limited number of
samples were tested.
Second,
the samples tested were thin discs of the
given material.
Testing was performed in a small-scale thermal exposure
apparatus developed at Factory Mutual Research Corporation (FMRC).
It has
since been demonstrated by FMRC that
this
apparatus can experience
difficulty
while testing thin unrestrained samples,
as in
this
program.
Such samples tend to curl during heating causing an uncontrolled change in
the samples' exposure profile and thus biasing test
results.
As a result
of these inconsistencies, only limited insights resulted.
One significant

retardants
conclusion drawn from this study was that the presence of fire
of the aging process
in the sample formulations did not affect the results
as measured by change in elongation.
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Typical flammability results from reference 3 showing
energy required for ignition and mass loss rate in the
combustion mode at an external exposure heat flux of 60
kW/m2 for two base formulations of cable insulation
materials.

is
the cable
information identified
The second source of relevant
researchers at RAYCHEM
In
particular,
manufacturing industry itself.
have been
extensive investigations
that
fairly
Corporation indicate
Requests have been made for the results
conducted for certain cable types.
of these investigations, and the individuals involved have indicated that
the information will be made available. However, to date no information is
As a part of FY-89
currently available regarding these investigations.
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efforts
other manufacturers will be contacted
additional sources of relevant information.

in

an

effort

to

identify

In addition to these efforts specifically associated with fire• issues a
large number of equipment qualification studies associated with component
aging,
though not directly
associated with fire
issues,
have been
conducted. 4
These past studies are of interest
since they indicate what
types of materials are most vulnerable to age-related effects with respect
to non-fire properties, and since these past efforts
have also developed
and investigated the techniques for artificially
aging a sample material.
These insights will be drawn upon as. appropriate in the formulation and
execution of the program plan.
Projected Activity for Fiscal Year 1989
For FY-89 efforts
will
focus primarily on two areas of investigation.
These are (1) the effects of aging on cable damageability and (2)
the
effects
of aging on cable flammability.
Cable damageability is
the
potential
for inducing electrical
faults
in
a cable as a result
of
secondary fire
effects
(i.e.,
thermal heating and suppression effects)
rather than actual involvement in
the fire.
Cable flammability is
the
behavior of cables directly involved in the fire
and the propensity, with
which cables will initiate
and/or contribute to fire'
growth and fire
intensity.
The investigation of cable aging behavior is
of particular
interest
for several reasons.
First,
cables represent the largest single
combustible fuel source in most.plant areas.
Second, virtually
every plant
system will involve cabling.
Third, in the analysis of fire
risk it
is
often plant locations that represent pinch points for the routing of
redundant cable trains (such as the control room, cable spreading rooms,
and containment penetration areas) which dominate plant fire
risk.
This
also implies that
cables will
often be the critical
safety'
system
components exposed to the most severe environments in a fire
situation.
Finally, previous studies 5 ,6,7, 8 have indicated that cabling is vulnerable
to relatively
low thermal exposure levels.
While FY-89 efforts are expected to focus primarily on cable aging issues
other types of Class 1E equipment will be tested in the future.
During
FY-89 efforts
to identify and procure such equipment will be initiated.
Other potential
issues,
those associated with passive fire
protective
features and barrier penetration seal integrity,
will not be investigated
until
later
fiscal
years.
Cable Damageability Investigations
In
the investigation of the effects
of aging on cable damageability,
unaged,
naturally
aged,
and artificially
aged cable samples will
be
experimentally evaluated.
Initial
testing
will
be performed on three
conductor 12AWG cables.
Each cable conductor will be energized using one
phase of a 208 VAG three phase Y-connected power source.
This will result
in
120 VAC potential between each conductor and ground,
and a 208 VAC
potential
between any two conductors.
The cable samples will then be
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subjected to an elevated, steady-state temperature environment and the time
Electrical failures will be
be monitored.
will
failure
to electrical
for
limiting resistors
current
across
voltage
monitored by measuring the
measure
a
provide
also
will
scheme
monitoring
This
conductor.
each cable
allow for the
and will
of the leakage current behavior over time,
conductor-to-conductor shorts, or
of the failure mode (ile.,
identification
The monitoring system is shown schematically
conductor-to-ground shorts).
in Figure 2.
chamber developed under previous USNRC fire
A thermal environment test
This chamber is
these tests.
will be used in
safety research efforts
up to 600'F per
of
excursions
temperature
capable of producing transient
steady-state environment testing will be
these tests
though in
minute,
This
performed by preheating the chamber prior to sample insertion.
transient
to
components
containment
to
expose
chamber has also been used
in
combination with high
conditions
radiation
thermal
high flux
typical of both
conditions
high
pressure
and
high humidity,
temperature,
7
scenarios.
burn
hydrogen
multiple
single and
Current
Limiting
Resistors
500 f-I

3-Phase
208 VAC
flSource

mon5
vpf

t

3-Canductor Cable Sample

5o f5 fIC~lTray

Rungs

Typical Voltage
Monitor Point

Figure 2:

Schematic representation
failure monitoring system.

of

cable

energizing

and

failure
curves of the time to electrical
As an output of these tests,
will
samples
cable
and
unaged
aged
both
the
for
temperature
exposure
versus
This format for presentation has been used in previous cable
be developed.
typical results that
Figure 3 illustrates
damageability studies 8 at SNL.
plots are
These particular
were obtained in these previous experiments.
for a cross-linked polyethylene (XPE or XLPE) insulated and jacketed cable,
and for a polyethylene/polyvinylchoride (PE/PVC) cable.
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Present plans call for the testing of at least
four different cable types.
For each cable type,
approximately 25 artificially
aged and 25 unaged
samples will be tested.
The testing of naturally aged cable samples will
be dependent on the availability
of such samples.
Each test
will consist
of one aged and one unaged sample so that
slight
variations
in
test
conditions from test
to test
will not bias the comparative results.
The
first
tests
for each cable type. will establish the threshold of continuous
use operability.
Temperatures of exposure will then be increased in 50°C
steps to approximately 200'C above the threshold temperature.
At these
higher temperatures, it
is anticipated that ignition of: the cable samples
will be observed.
In addition to this information on cable damage, two additional aspects of
the cable behavior will be monitored.
First,
the transient
thermal
response of the cables will be monitored through the use of dummy cable
samples instrumented with thermocouples.
Dummy samples will be used in
order to ensure that the presence of thermocouples does.affect the failure
of the monitored samples.
This information will
be useful in
the.
development of cable thermal response models.
Limited transient
environment exposure testing may also be performed in order to establish
credible cable failure criteria
applicable to realistic,
transient fire
environments.
Second,
as it
is
anticipated that, at the higher exposure
temperatures ignition of the cable samples will occur, visual observations
will indicate cable ignition time as a function of exposure temperature for
both aged and unaged cable samples.

IEEE-383 QualIffed XPE/XPE Cable

Unqualified PE/PVC Cable
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research efforts at SNL.
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previous
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Cable Flammability Investigations
The second aspect of cable fire
aging effects to be investigated in FY-89
is cable flammability.
What distinguishes flammability from damageability
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in that cables need not burn to suffer electrical
failure.
Flammability is
It
associated with the behavior of cables directly involved in the fire.
is concerned with factors such as the ease of ignition of cables and the
rate at which a fire
may grow within a cable array.
Following the 1975 Browns Ferry cable fire,
the USNRC endorsed the use of
low flame spread cables as certified
by the IEEE-383 cable flame spread
test.
Manufacturers of cable insulations modified their formulations in
order to meet this
criteria.
Thus, most cable formulations in use today
will pass this standard test
without significant spread of fire.
For this
effort
it will be necessary to induce fire
spread so that real differences
between aged and unaged cables can be observed.
Towards this end, a
slightly
more severe exposure condition than that of the IEEE-383 standard
test
will be utilized.
Efforts conducted at Factory Mutual Research
Corporation (FMRC)
will
be utilized
as the basis for establishing the
appropriate exposure conditions.
5
In the FMRC tests
two factors were changed from those specified in the
IEEE-383 standard test.
First,
FMRC utilized
two vertical
cable trays
separated by approximately one foot, each loaded with a single layer of
cables,
and backed by insulating boards.
In
the IEEE-383 test
only a
single vertical
cable tray is utilized
with an open back in which large
gaps are left
between individual cables.
Second, the configuration of the
burner used as the exposure source was changed to a propane sand burner
rather than the standard propane ribbon burner.
No change in the intensity
of the source fire
was made.
A sand burner will produce a diffusion flame
rather than a premixed gas jet
flame.
This diffusion flame is
more
representative of actual fire
conditions and produces a somewhat more
severe thermal exposure condition for the cables.
With the standard ribbon
burner in its
standard configuration, much of the fuel is literally
jetted
through the cable array and effectively produces no heating effect.
Thus,
increasing the output of the standard burner does not necessarily produce a
more severe exposure as this jetting
effect is also magnified.
In the FMRC
tests
the sand burner is placed between the two vertical
cable trays.
The
diffusion flame produces a more uniform heating of the lowest section of
the cable array.
Figure 4 provides a schematic comparison between the two
test
methodologies.

In
the modified configuration the cables are subjected to a more severe
thermal environment than that of the standard test
in that (1) the two tray
configuration induces a higher thermal feedback to the burning cables, and
(2)
the sand burner's diffusion flame provides a somewhat more effective
heating source than the standard ribbon burner even though total
exposure
fire
intensity is identical.
In the FMRC tests,
use of this
configuration
resulted in
the ability
to further screen cable formulations which had
passed the IEEE-383 standard test.
Cables were segregated into (1) those
which would not propagate fires,
(2)
those which were marginal fire
propagators,
and (3)
those which readily propagated fire
under these
conditions.
Using this test

methodology,

side-by-side
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testing of aged and unaged cables

will be undertaken at the SNL fire
test
facility.
These tests
should
demonstrate any effects of aging on the cable flammability characteristics
under realistic
exposure conditions.
If cable materials are .identified for
which a pronounced effect is observed, aged samples may be exposed to the
standard IEEE-383 flame spread test
to determine if
these cables have lost
as well.
their
ability
to pass this test

IEEE-383 Configuration

FMRC Configuration

Cable Trays (2)
Insulating Board
Cable Tray (1)
Flame
Sand Burner

Flame

Ribbon Burner
777/777111711/

Figure 4:

Investigations

Simple schematic highlighting
between FMRC and IEEE-383 vertical
test
methodologies.

primary difference
cable flame spread

of Other Class 1E Equipment

In addition to cables, there will be other Class IE equipment for which
fire
related aging effects may be noted.
In particular, motors, control
circuitry, transformers, and rotating equipment may be subject to either an
increased vulnerability to fire
induced damage or to the initiation
of a
fire.
During FY-89 a prioritized
listing
of such equipment will be
developed.
This listing
of equipment will be based-on (1) the importance
of particular
components to plant safety,
(2)
the prevalence of that
equipment in plant safety areas,
(3)
the potential vulnerability of the
equipment base materials to age related degradation, and (4)
a review of
the experience base on age related equipment degradation.
It
should be
noted that previous efforts
under the USNRC Fire Protection Research
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Program have performed similarscreening analyses.I
utilized as appropriate in this study.

0

These results will be

Once this prioritized list
has been established, procurement of test
samples will be initiated.
Procured samples will include both new, and to
the extent possible, naturally aged components.
These samples will then be
tested for thermal endurance in a manner similar to that used for the cable
samples.
Limited efforts 5 have been performed related to this issue and
will be drawn upon as appropriate.
The questions of the susceptibility to
equipment induced fires is quite difficult to assess experimentally.
For
example, under the USNRC Fire Protection Research Program considerable
effort was expended to develop a repeatable experimental methodology for
electrically initiating a electrical control panel cable fire. 1 1
No firm
plans in this area have yet been developed.
Summary
In the review of available information on fire aging issues, it was found
that only cable flammability effects have been investigated, and that those
investigations that have been conducted were quite limited.
Further, the
information available on age-related cable flammability is inconsistent and
inconclusive.
Some results indicate an increased flammability with aging
while others indicate a decreased flammability.
These results are
dependent on both the material formulations and on the test procedures and
aging schemes utilized.
No efforts to investigate the other fire aging
issues, those of the effects of aging on other Class IE equipment and
passive fire protective features, have to date been identified.
Current
data is, not adequate to draw conclusions with respect to the significance
of any of the above issues.
Efforts to be performed in Fiscal Year 1989 will focus on two cable aging
issues, cable damageability and cable flammability.
Damageability is
related to the potential for inducing electrical faults in cables that may
not be directly involved in a fire.
Flammability relates to the behavior
of cables actually involved in a fire and the propensity with which cable
insulations will become involved in and contribute to fire intensity and
fire growth.
Cables are the focus of initial
investigations due to their
prevalence in plant systems, their dominance of combustible fuel loadings
in most plant areas,
their demonstrated vulnerability to relatively low
thermal exposure conditions, and their highly visible roll in the analysis
of plant fire risk.
Damageability studies will involve steady-state thermal exposure testing of
both aged and unaged cable samples.
Initial testing will involve energized
three conductor cables for which the time to electrical failure as a
function of exposure temperature will be measured.
The mode of cable
failure, conductor-to-conductor shorts versus conductor-to-ground shorts,
will also be monitored.
Flammability studies will involve the use of an intermediate-scale vertical
flame spread test configuration.
This configuration is similar to, but

somewhat more severe than, the standard exposure configurationspecified in
This more severe exposure condition should
the IEEE-383 flame spread test.
as low
result
in observable flame spread, even for most cables certified
Thus,
any change,
either increase or
flame spread by IEEE-383 testing.
decrease, in the cable insulation flammability should be readily observed
as well.
list
of
Efforts will also be initiated
in FY-89 to establish a prioritized
other types of Class 1E equipment to be evaluated in subsequent fiscal
years.
This equipment is
expected to include motors, control circuitry,
Once a prioritized
list
has
small transformers,
and rotating equipment.
samples will be procured.
Thermal damageability
been developed test
testing of this equipment is anticipated as a part of FY-90 efforts.
In
addition
to the issues of Class 1E equipment damageability and
protection
degradation of passive fire
flammability,
the age-related
also of potential concern.
These passive features include
features is
penetrations
cable coatings,
cable tray wrap systems,
and fire
barrier
seals.
The potential for age-related degradation of.these systems could
thus
result
in a loss of protective features effectiveness and reliability,
risk.
These efforts
do not fall
within the
increasing overall plant fire
scope of currently planned activities.
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ABSTRACT
The effects of aging on Residual Heat Removal systems in Boiling
Water Reactors have been studied as part of the Nuclear Plant Aging
Research program. The aging phenomena has been characterized. by
analyzing operating experience from various national data bases.
In addition, actual plant data was obtained to supplement and
validate the data base findings.
Time-dependent failure rates were calculated for several components
A computer program was developed and
to identify aging trends.
implemented to model a typical RHR system and perform time-dependent
Using the timeProbabilistic Risk Assessment calculations.
dependent failure rates calculated from the data, the effects of
aging on system unavailability and component importance were
investigated.

INTRODUCTION
The Nuclear Plant Aging Research (NPAR) program was established by the
Nuclear Regulatory Commission to address concerns related to aging effects on
The goals of the program
the safety and reliability of nuclear power plants.
are to characterize aging and service wear effects and identify methods of
Initial work under the NPAR program focused on
detecting and mitigating them.
addressed complete
specific components [1-8], whereas more recent work has
systems [9].
This paper presents preliminary technical results from the phase I
evaluation of the effects of aging on Residual Heat Removal (RHR) systems in
The goal of the phase I work is to characterize the
boiling water reactors.
aging phenomena by identifying predominant failure causes, modes and mechanisms,
as well as time-dependent aging trends.

RHR SYSTEM DESIGN AND OPERATION
There are several different RHR system designs currently in use in the
Each loop has
United States, however, the most common is the two loop design.
two pumps and one heat exchanger along with numerous valves and instrumentation
(Figure 1).
The RHR system can typically operate in several different modes, however,
low pressure coolant injection (LPCI) and shutdown cooling (SDC) are the two most
This study focussed on these two modes.
commonly aligned modes.
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REACTOR

TO LOOP B

Figure 1: Typical RHR System Design

In the LPCI mode, the RHR pumps take suction from the suppression pool and
inject
the coolant directly into the reactor bypassing the heat exchanger.
This
mode is automatically initiated
following a loss of coolant accident (LOCA).
In the SDC mode, the RHR pumps take suction from the reactor recirculation
loop, deliver the coolant to the heat exchanger where it
is cooled, and then
inject
it back into the reactor.
This mode is used during normal cool down of
the reactor and is manually initiated.

AGING ANALYSIS
To evaluate the effects of aging on RHR system performance, past operating
experience from various sources was obtained and reviewed.
Data were obtained
from national data bases, such as the Nuclear Plant Reliability
Data System
(NPRDS) and Licensee Event Reports (LER's).
To mitigate the limitations of the
data base information, each event was reviewed to assure consistency in aging
determinations and interpretations of failure characteristics.
In addition,
actual plant data from an operating BWR were obtained and analyzed to supplement
and validate the data base findings.
The NPAR definition of aging [10] was applied to each of the failures to
determine if the failure was aging related. The fraction of failures that could
be attributed to aging was then determined for each of the data sources.
As
shown in Figure 2 for the NPRDS data, large aging fractions were found indicating
that aging degradation is present in RHR systems and is a significant contributor
to failure.
The data were further sorted to identify the methods by which the failures
are currently detected (Figure 3).
It
was found that tests
and inspections
detected the predominant number of failures (65%).
However, approximately 27%

AGING 69%

UNKNOWN 14%

NON-AGING 17%
Figure 2 Fraction of Failures
Related to Aging
of the failures were not
detected until they resulted
abnormality.
in some operational
This could include events
such as the failure of
transfer on demand or an
a valve to
instrument giving an incorrect
indication. This finding
shows that current test,
inspection and maintenance
practices do not detect
aging degradation before
all
it results in failure.

TEST 42%
TEST...
42%.
.

.A.
.

OPERATI ONAL
ABNORMALITY 27%

... . ... ..

.. . . . . . . . . .

.

ALARM 2%
MAINTENANCE 6%
INSPECTION 23%

Figure 3: Failure Detection
Methods
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To determine the effect of the failure at the system level, the data were
categorized into four groups (Figure 4).
Approximately half of the failures
resulted in degraded system operation. This implies that the system could still
perform its design function, however, the failure would eventually need attention
or it would worsen and possibly result in loss of system function.
Failures in
this category included minor events, such as valve packing leaks, as well as
relatively significant events,such as radiation leakage from heat exchangers.
The data also showed that approximately 21% of the failures resulted in a loss
of redundancy.
This is significant since it increases the probability that the
system could become unavailable which could adversely impact plant risk.

OPERATION
DEGRADED63%•

............

"

UNKNOW N

LOSS OF REDUNDANCY
21%

NO EFFECT
25%

Figure

4: System Level Failure

Effects

An important effect of RHR failures identified from the LER's is that they
can result in radiological release (Figure 5).
Although small in number, these
failures are significant since each was aging related.
The failures typically
involved heat exchanger tube leakage caused by corrosion.
Since corrosion is
a time intensive aging mechanism, this type of failure can be expected to become
more common as plants age if current methods cannot detect the degradation in
a timely manner.

The predominant cause of failure was identified by categorizing the events
into three classes; normal service, human error and other.
Normal service
included all causes related to degradation mechanisms the component is normally
expected to be exposed to.
This includes the typical aging mechanisms such as
wear, corrosion, fatigue and calibration drift.
The data were then sorted
according to plant age to examine the time-dependent effects on cause of failure.
As shown in Figure 6, the predominant cause of failure was found to be normal
service for all plant ages.
This is consistent with the large aging fraction
discussed previously which indicates that aging degradation is a significant
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Figure 6: Failure Causes Versus Plant Age

Figure 6 also shows that the percentage of failures caused by normal
service remains relatively constant with time. Therefore, no dramatic increases
This could be attributed
in failures with age are evident from past experience.
to several factors including the predominant standby status of the RHR system
which reduces exposure to operating stresses, as well as the relatively stringent
test and inspection requirements on the system.
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The predominant failure mechanisms were also identified from the data
(Figure 7). Wear and calibration drift accounted for over half of the failures.
Wear was typically associated with mechanical components, such as valves, pumps
and heat exchangers, while calibration drift was typically associated with
electrical components such as switches and sensors. It should be noted, however,
that numerous other mechanisms are present in the RHR system which can lead to
aging related failures.
In order to detect all aging degradation, monitoring
methods would have to be very diverse.

.,,,•WEAR

30%

CALIBRATION DRIFT 25%1l

- ...

,-'1/ DETERIORATION 4%
CORROSION/EROSION 4%
DISTORTION 5%

OTHER 20%

CONTAMINATION 6%
SHORT/GROUND 6%

Figure 7: Failure Mechanisms

The data were further sorted to identify the components most frequently
failed (Figure 8).
Results showed that valves were the predominant component
failing, followed by instrumentation/ controls and supports. These data are not
normalized, therefore, population effects contribute to these results. However,
it is noted that each of the components have a large fraction of failures which
are aging related.
To identify the time-dependent effects of aging on component failures, the
data were normalized to account for population and operating hours/demands.
Time-dependent failure rates were then calculated for several of the RHR
components.
The calculations were performed by sorting the component failures
by mode and plant age for individual plants.
Linear regressions were then
performed to obtain a failure rate curve for each plant.
Results were then
averaged over all plants to obtain generic failure rate curves.
Upper and lower
bounds were calculated using the standard error of the averages.

Figure 9 presents the time-dependent failure rate for motor operated valves
(MOV's) failing to transfer.
As indicated, the initial
failure rate at age 0
is in good agreement with other commonly .used sources,
such as WASH-1400.
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However, as component age increases the failure rate tends to increase also.
In comparison with
For MOV's this increase was found to be 11% per year.
20% to 30% per
high.as
as
increases
rate
failure
which
in
[9],
previous studies
be moderate.
to
judged
was
MOV's
for
here
found
increase
the
year were found,
be moderate
to
found
were
components
mechanical
other
for
Failure rate increases
and pumps,
exchangers
heat
for
year
per
17%
and
including 8%
or low,
respectively.
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Time-.dependent failure rates were also generated for several electrical
components. Figure 10 shows an example for level switch loss of function.
As
indicated, the failure rate did not show any increase with age for this
component.
Similar results were obtained for other electrical components with
pressure and level sensors also showing no increase with, 'age and pressure
switches showing only a 3% increase per year.
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To examine the effects of the increasing failure rates at the system level,
a computer program was developed which performs time-dependent probabilistic risk
assessment (PRA) calculations.
The program (PRAAGE-1988)
modeled the Peach
Bottom RHR design in the LPCI mode and the SDC mode. Using the failure rates
calculated from the data and extrapolating them,
system unavailability
projections were made over a 50 year period.
In Figure 11, the unavailability projection for the LPCI mode of RHR is
presented.
This projection accounts for aging of the two most important
components contributing to system unavailability; MOV failure to transfer and
pressure sensor loss of function. Failure rates used for all other contributors
were the constant generic values originally found in the PRA. As shown, the LPCI
unavailability was found to increase by a factor of approximately 2 over the 50
year time period. A similar projection was made for the SDC mode which resulted
in an unavailability increase of approximately 4 times. The components aged for
the SDC mode calculation were pumps, MOV's and pressure sensors, which were the
leading contributors to system unavailability in this mode.

In a previous study [9], unavailability projections were made for the
component cooling water (CCW) system, which is a continuously operating system.
Comparing the results with the findings from this study (Figure 12) it is seen
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that the unavailability increase for the CCW system is significantly higher than
for the RHR system.
It must be noted that these results are based on analysis
of only two specific systems, therefore generalized conclusions cannot be made.
However,
the results shown here do indicate a potential trend for the
unavailability of standby systems such as RHR to be less severely affected by
aging then continuously operating systems such as CCW.

NORMALIZED UNAVAILABILITY
40

0

5

10

15

20

25

30

35

40

45

50

AGE (YEARS)

Figure 12: Normalized Unavailability Versus Age
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the RHR system can be
The apparent mitigation of aging effects in
Since the system is predominantly maintained in
attributed
to several factors.
standby status, exposure to operating stresses such as wear and erosion is
in
present, they do not result
reduced.
Although these mechanisms are still
This
as rapidly as they would in a continuously operating system.
failures
would result
in a slower increase in failure rate with age for components in the
standby system.
In addition, since the RHR system is a safety related system,
stringent.
This could be
and inspection requirements are relatively
the test
results
in a
beneficial in that aging degradation may be detected before it
failure.
CONCLUSIONS
An analysis of past operating experience for RHR systems has shown that
The predominant cause
a significant number of failures are related to aging.
operating and environmental
of failure is normal service, which includes all
The predominant
stresses the system is normally expected to be exposed to.
which are associated with
failure mechanisms are wear and calibration drift,
mechanical
and electrical
components,
respectively.
The components most
frequently failed include valves and instrumentation/controls.
An evaluation of the time-dependent effects of aging on component failure
rates and system unavailability has shown the following:
failure rate
- Mechanical components show a low to moderate increase in
withage.
This may be attributable to their predominant standby status
which reduces exposure to operating stresses such as wear and erosion.
to the relatively
stringent
test
and
It
may also be attributable
inspection requirements placed on the RHR system.
or no
- Electrical components such as switches and sensors show little
to the
This may be attributable
increase in failure rate with age.
stringent test
and inspection requirements placed on the RHR
relatively
system.
It may also be due to frequent replacement which is common with
components such as these.
- Aging effects produce a moderate increase in the unavailability of the
RHR system.
Comparison with previous work has~shown the potential for the
unavailability of standby systems such as RHR to be less severely affected
by aging than the unavailability of a continuously operating system.
study have been
Although the time-dependent aging effects found in this
judged to be moderate, it must be noted that this analysis was performed only
As part of the future phase II work, the results from this
at the system level.
The
study will be used to analyze the effects of aging at the plant level.
is
impact of aging at the plant level will depend on many factors, however, it
RHR unavailability can have a
possible that even a moderate increase in
is,
therefore., important that this be
significant impact on plant risk.
It
addressed in the phase II work.
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NUCLEAR PLANT AGING RESEARCH ON THE
HIGH PRESSURE INJECTION SYSTEMa
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(208) 526-8385
ABSTRACT
This paper presents the results of a review of light water reactor
High-Pressure Injection System (HPIS) operating experiences
reported in the Nuclear Power Experience Data Base, Licensee Event
Reports, Nuclear Plant Reliability Data System, and plant records.
The purpose of the review is to evaluate the potential significance
of aging as a contributor to degradation of the HPIS.
Tables are
presented that show the percentage of events for HPIS classified
by cause, component, and subcomponents for pressurized water
reactors.
A representative Babcock & Wilcox plant was selected
for a detailed study.
The U.S. Nuclear Regulatory Commission's
Nuclear Plant Aging Research guidelines were followed in performing the detailed study that identifies components susceptible
to aging, stressors, degradation mechanisms, and failure modes for
the HPIS.
In addition to th2 engineering evaluation, the risksignificant components were determined and the aging contribution
to risk was evaluated for the HPIS studied.
The risk analysis
utilized an existing PRA, the linear aging model and generic
failure cause data.
NOMENCLATURE
B&W

Babcock & Wilcox

BIT

Boron Injection Tank

BWST

Borated Water Storage Tank

CE

Combustion Engineering

CM

Corrective Maintenance

ECCS

Emergency Core Cooling System

aWork sponsored by the United States Nuclear Regulatory Commission,
Office of Nuclear Regulatory Research, under DOE Contract
No. DE-ACO7-761D01570.
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ESFAS

Engineered Safety Feature Actuation System

HPI

High-Pressure Injection

HPIS
I&C

High-Pressure Injection System
Instrumentation and Control

IIR

Incident Investigation Report

ISI

Inservice Inspection

ISM&M

Inspection,

IST

Inservice Testing

LER

Licensee Event Report

LOCA

Loss-of-Coolant Accident

LPIS

Low-Pressure Injection System

MOV

Motor Operated Valve

NPAR

Nuclear Plant Aging Research

NPE

Nuclear Power Experience

NPRDS

Nuclear Plant Reliability Data System'

PRA

Probabilistic Risk Assessment

PWR

Pressurized Water Reactor

SIT

Safety Injection Tank

Surveillance, Monitoring,

and Maintenance Practice

INTRODUCTION
This paper presents the highlights of a review of operating experiences and practices of commercial nuclear power plants to determine
the significance of aging as a contributor to degradation of the HighPressure Injection System (HPIS).
Further details on this work are given
in Reference 1. This study primarily covers Pressurized Water Reactors
(PWRs).
The Nuclear Plant Aging Research (NPAR) guidelines provided the
framework for the study. 2 System aspects of the HPIS are stressed with
specific component data utilized only to the extent needed to support the
system study. The HPIS interfaces with many other systems in performing
its functions.
These systems include the Class 1E power,,service water,
instrument air, low-pressure injection, and the Engineered Safety Features
Actuation System (ESFAS).
As with other safety systems, the HPIS is a
fail-safe design with redundant channels and high system reliability.
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However, failures in other systems can contribute to the HPIS unavailability. Data for this study were obtained from generic data bases, which
includes the Nuclear Plant Reliability Data System (NPRDS), Licensees Event
Reports (LERs), Nuclear Power Experience (NPE), and maintenance records
from one cooperating utility.
The specific objectives for the study were:
0

Identify specific problems related to aging

*

Determine the stresses, degradation mechanisms,
failure modes for major HPIS components

*

Review the Inspection,
practices (ISM&M)

0

Recommend improved ISM&M and identify performance parameters or
functional indicators potentially useful in detecting aging
degradation.

*

Identifying the risk significant component and contribution of
aging to HPIS risk.

Surveillance,

Monitoring,

and potential

and Maintenance

SYSTEM DESCRIPTION
The HPIS along with the Low-Pressure Injection System (LPIS) and the
Core Flooding System collectively form the overall Emergency Core Cooling
System (ECCS), which is designed to prevent core damage from a Loss-ofCoolant Accident (LOCA).
High-pressure injection is necessary to prevent
uncovering the core for small LOCAs, where high system pressure is
maintained, and to delay uncovering the core for intermediate-sized LOCAs.
The HPIS can also be used to cool the core following a non-LOCA reactor
shutdown (e.g., transient).
This mode of HPIS operation would be utilized
only if normal and emergency secondary heat removal via the steam
generators cannot be achieved.
The HPIS consists of three motor-driven high-pressure centrifugal
pumps, with two primary suction and discharge paths.
The HPIS described is
for B&W plants and those Westinghouse plants which use the HPI pump both
during normal operation for supply makeup water and during emergencies for
injection.
It is recognized that other standby HPISs may only have two HPI
pumps and work at lower pressures.
The detailed system configuration for a
Babcock & Wilcox (B&W) plant is shown in Figure 1, with the High-Pressure
Injection (HPI) mode of operation highlighted.
For most conditions, flow
from one pump is sufficient.
For special cases, two pumps may be required
for the system to fulfill its safety function.
The HPIS is capable of
supplying flow at relatively high reactor cooling system pressure.
For the
PWR studied, the emergency mode of operation is initiated if the reactor
system pressure decreases to 1500 psig, or if reactor building pressure
increases to 4 psig.
The emergency HPI flow path is from the borated water
storage tank through the HPI pumps and into the four cold legs of the
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will continue until manually terminated.

In addition to emergency functions, part of the HPIS is also used
during normal plant operation.
Together, the HPIS and related systems
perform the following functions:
*

Provides makeup and purification that maintains the volume of the
reactor coolant within acceptable limits during most modes of
operation, including chemical control and control of soluble
boron for long-term reactivity control

a

Provides seal injection water for the reactor coolant pumps

*

In the event of a reactor coolant system accident, provides HPI
of borated water for emergency core cooling and plant shutdown

a

Provides long-term cooling following a LOCA using the
high-pressure recirculation system and the low-pressure
recirculation system.

The HPIS emergency operation is controlled by the ESFAS.
An initiating
signal is received from the ESFAS that is automatically sent to the appropriate controllers for pumps, motor-operated valves, and pneumatic-operated
valves.
OPERATING EXPERIENCE
The NPE data base was reviewed to determine the most frequent cause of
failures and to identify the components with the most frequent failures.
The data base does not have a separate system classification for HPI.
The
HPI system is included in the ECCS system and the summaries reported in this
paper include some failures from the standby core spray system and the LPIS.
The data from the NPE will be, therefore, referred to as ECCS data in this
paper.
The review of operating experience from the NPE data base has identified the most frequent cause of component failure as maintenance error.
This is followed by design error, mechanical disability, and local Instrumentation and Control (I&C) events, as shown in Table 1. The ECCS component events ranked by frequency of occurrence are presented in Table 2.
The four components with the highest frequency of failure are valves (35%),
I&C (19%), pumps (19%), and piping (7%).
The recorded failures in the NPE
and LER data base for these components will be discussed briefly.
Valves--For the NPE data base command faults were the leading cause
for ECCS events involving valves, which includes electrical power or any
support system that prevents the valve from performing its intended
function. Command faults accounted for 32% of the ECCS failures involvin(q
valves.
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TABLE 1. ECCS FAILURE CAUSES FOR PWRS'FROM NPE DATA BASE
Cause

Percent

Maintenance error

28

Design error

13

Mechanical disabilitya

10

Local I&C failurea

4

Set point drifta

4

Chemistry out of spec

4

Subcomponent stickinga

4

Short/grounda

3

Weld failurea

3

Blockagea

3

Other

24

Number of events

a.

1552

Potentially aging rela'ed.

TABLE 2.

ECCS COMPONENT FAILURE RANKING FOR PWRS FROM NPE DATA
BASE
Percent

Component
Valves

35

I&C

19

Pumps

15

Pipe

7

Electrical

4

Heat exchanger

2

Pipe support

2

Tank

2

Other

2

Number of events

1552
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I A summary of HPIS valve failures from LER data is given in Table 3,

where 40% of the valve failures are classified as potentially aging
related.
In this potentially aging related category of failures,
mechanical controls (parts out.of adjustment) occurred most frequently
(8%), followed by seat or disk failure (6%), and packing failure (5%).
Instrumentation and Control--I&C failures reported in the NPE data
base included the sensors, electronics, and motor control centers for
valves and pumps.
In this category, instrumentation accounted for 58% of
the I&C failures, valve controls 22%, pump controls 6%; the rest were
miscellaneous control circuits.
Pumps--The LER data base listed 44 events which involved the main HPIS
pumps.
Out of these, 22 events were caused by control, maintenance, and
design error. The remaining events had no single dominant cause. About
20% of the events were potentially aging related.
Piping--The HPIS piping events from NPE data base, after eliminating
design, construction, and maintenance errors (which accounted for 37%),
were due primarily to weld faiiures (15%), corrosion (7%), and vibration
(5%).
The rest of the events were spread over many causes.
The NPRDS data for B&W and Westinghouse plants for frequency of
failure and system effects are presented in Figure 2. The pie diagram for
the HPIS event-cause category shows aging accounted for 21.3% of the
events, design (1.1.8%), test and maintenance (8%), human related (2.6%),
and all the rest were lumped under Other, which takes into account a large
number of unknowns some of which may be aging related.
The system effects
diagram shows that the HPIS was unaffected for 42.8% of the component
events and only 0.7% of the component events actually caused loss of total
system function.
Other system effects included loss of subsystem channel
(24.2%), degraded system operation (19%), and loss of redundancy (13.3%).
Plant data from the Incident Investigation Reports (IIRs) followed the
same pattern for frequency of events as the other data bases, as shown in
Table 4.
However, the maintenance records listed many more events. While
the top four components with the highest frequency of events were the same
for all the data bases, the ranking was different for the maintenance
data.
The maintenance data base ranked I&C first; pipe, supports, and
nozzles second; then valves and pumps.
This indicates that many minor
problems associated with I&C and pipe hangers received corrective
maintenance before major failures occurred.
The plant-specific data is
given in Table 5 in terms of number of Corrective Maintenance (CM)
requests.
A subbreakdown is also given for each of the major components.
The routine maintenance and miscellaneous items, which had 171 maintenance
requests, included such things as changing filters and repairing cabinet
hardware.
The narrative descriptions in the NPE data base were reviewed to
determine if failures have occurred as a result of conditions specific to
the HPIS.
Several failures were reported that resulted from the charging
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TABLE 3.

SUMMARY OF HPIS VALVE FAILURESa
Percent

Failure Cause
Potentially Aging Related
Mechanical controls
(Parts failed or out of adjustment)
Seat or disk failure
Packing failure

8

*Pilot valve failure
Torque valve failure
Motor operator failure

3
3
3

Leaking/ruptured diaphragm
Normal wear
Seal gasket failure

3
3
2

Limit switch failure
Excessive wear
Solenoid failure
Corrosion

1
1

6
5

40

Total
All Other

a.

Command faults
Personnel operations
Personnel maintenance

32
6
4

Construction
Design
Other and unknown

3
3
12

Total

60

Data source is LERs.
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HPIS Failure Categories
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Figure 2.

TABLE 4.

HPIS experience from NPRDS.

DATA BASE RANKING OF MOST TROUBLESOME HPI COMPONENTS

NPE

NPRDS

IIR

d
CM

Valves

1

1

1

3

I&C

2

2

2

1

Pump

3

3

3

4

4

4

4

2

Pipe, supports,

nozzles

c

b

a
Component

a.

Nuclear power experience.

b.

Nuclear plant reliability data systems.

c.

Internal

d.

Corrective maintenance.

investigative report.
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TABLE 5.

HPI PLANT DATA

Item
Routine Maintenance
(miscellaneous)

Number
of CM
Requests

Subbreakdown
of CM
Requests

171

Pipe Maintenance

55

Flange leaks
Hangers
Pipe, penetration, orifice
Snubbers

(22)
(17)
(12)
(.4)

Instrumentation

53

Sensors, monitors
Sensing line leaks

(38)

(15)

Valves

25

Mechanical problems
Packing replaced
Valve operator

(12)

(11)
(2)

Control Circuits,

21

Breakers, Switches, Leads
Pumps

18

Vibration
Pump repair
Mechanical seals
HPI pump repair
Boron accumulation
Pump motor

(7)
(4)
(4)
(1)
(1)

(1)

Other

13

-.Pump coolers
Bolts
Gaskets
Total

(7)
(3)
(3)
356
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of cold water into a hot system and from the handling of the water with a
high boron concentration.
The four most significant failures are discussed
below.
High-pressure injection/makeup nozzles have developed through wall
cracks.
The cracks resulted from thermal fatigue. The thermal fatigue was
caused by turbulent mixing of hot and cold coolant and thermal shock of the
hot safe-end wall during normal makeup. All cracks were associated with
loose thermal sleeves.
Improved thermal sleeve design and increase in
minimum continuous makeup flow to prevent thermal stratification have been
employed for failure mitigation.
Elbows in the safety injection piping between the cold leg and the
first check valve have developed through wall cracks in the heat-effected
zone of the elbow weld to the safety injection piping and in the base metal
of the elbow,
The cracks resulted from high-cycle thermal fatigue caused
by cold makeup water leaking through a closed globe valve at a pressure
sufficient to open the check valve. Mitigation methods are being
evaluated.
Installation of a globe valve downstream of the check valve to
isolate the injection line during normal make-up rather than the existing
valve is being considered.
Motor Operated Valves (MOVs) and check valves have failed to operate
due to boron crystallization on the valve stems, in the valve packing and
in the valve body. The reason for crystallization was not always reported
in the NPE and investigations may not have identified the cause.
However,
most causes were reported as packing leaks.
The valves were usually
cleaned and placed back in service. One incident reported additional heat
trace Was added to prevent future failures.
Injection boron concentration has been diluted from leaking valves.
Leaks have been reported for both check and globe valves.
Dilution of the
Boron Injection Tanks (BITs) for Westinghouse plants and Safety Injection
Tanks (SITs) for Combustion Engineering (CE) plants have been reported.
A
few dilutions have been reported for Borated Water Storage Tanks (BWSTs)
and for the Babcock & Wilcox (B&W) plants.
Improved monitoring of the
tanks and repair of the valve seats have been implemented as mitigation
measures.
AGING ASSESSMENT
The motor operated valve data from the NPRDS for Westinghouse plants
had enough events (56 total) to show an aging trend as shown in Figure 3
when the data is plotted in 5-year increments.
This is also shown in
Table 6 along with data for check valves, manual valves and HPIS pumps.
The check valves and manual valves showed no trend on aging failures.
The
HPIS pumps had a significant increase in the number of failures in the
10- to 14.9-year period for both aging and other causes.
The aging assessment of the HPIS involves a number of factors that
include stresses, degradation mechanisms, and failure modes.
A summary of
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TABLE 6.

Years in service

15

.10

Failure data for HPIS motor operated valves in 5-year increments
(data source in NPRDS).
COMPONENT FAILURES IN 5-YEAR INCREMENTS

NPRDS Data for Older Westinghouse Plants
Number of Failures
Component
MOV

Cv

Manual
valves

Pump
(centri figal)
<500 gpm

Failure
Classification
Other
Aging
Total
Other
Aging
Total

5-9.9 Years

10-14.9 Years

Total

16
3

T7

8
7
T5

5
12
T7

29
22
ST

7
2

4
1

9
2

0-4.9 Years

--g

Other
Aging
Total
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Other
Aging

4
4

Total

l8

3

7,

3
4

20
5-

iT

79

3
2

9

-7

7
T5

7
4

14
15

25
23

11

29

48

these various factors in the aging process along with the Inservice
Inspection (ISI) methods is given in Table 7.
Stressors acting on the various components contribute to the aging
process. Stressors associated with maintenance, operation, and testing
includes inadvertent HPIS actuation, water hammer, and thermal cycling.
Environmental stresses include abnormal temperatures or pressures, incorrect water chemistry, boric acid crystals, and vibration.
Electrical
stresses include external environment of temperature, humidity and limited
radiation, abnormal voltages and electrical transients affecting I&C.
Mechanical stresses include pipe misalignment, vibration, and dynamic
loading from valves closing.
Degradation mechanisms for the HPIS passive components (piping,
thermal sleeves, and nozzles) include fatigue, crack initiation and
propagation, and thermal embrittlement.
Valves are subjected to wear,
foreign material, mechanical linkage problems, and seat or disk degradation.
Air-operated valves main degradation mechanism due to contaminated
air supply is moisture or oil in the air. For I&C, the degradation
mechanisms are loose connections, corrosion of terminals, and catastrophic
component failures.
Pumps degrade through wear, vibration, and fatigue.
The potential failure modes for the HPIS valves and pumps are failure
to operate when needed; inadvertent operation when not called for; and,
during operation, a failure to operate as required.
Secondary modes would
include leaks, blockage, or command faults. The piping and other passive
components have failure modes c' leaks, cracks, or loose parts. For I&C,
the failure modes are opens, shorts, or failure to operate.
The inservice inspection methods for the HPIS components include
visual inspection for leaks, volumetric inspection, and operational tests.
Materials in the HPIS susceptible to aging include seals and packing
material in pumps and valves.
Any carbon steel materials in other systems
that are exposed to boric acid for some period of time will corrode.
Electrical components in the I&C subsystem are subject to degradation of
insulation, corrosion, and wear failures. The stainless steel piping aging
is due to thermal stresses and fatigue. Material wear in pumps, valves,
and relay contacts is a normal aging process.
INSPECTION,

SURVEILLANCE,

MONITORING,

AND MAINTENANCE

The surveillance requirements in the technical specifications for a
plant and the.American Society of Mechanical Engineers (ASME) Boiler and
Pressure Code comprise the testing requirements for the HPIS.
Additional
inspections for leaks may be performed periodically, as well as functional
tests on major components if required by the utility. For example, after
maintenance, functional tests may be necessary to verify operation.
Monitoring consists of comparing the performance of similar channels and
visual inspections for leaks in piping valves and pumps.
Current maintenance practices by utilities follow the recommendations by vendors for
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TABLE 7.

SUMMARY OF AGING PROCESSES FOR HPIS
Degradation

Mechanisms

Potential
Failure Modes

Major Component

Stressors

Nozzles and thermal
sleeves

System operating
transients,
thermal cycling,
vibration, water
hammer

Fatigue crack
initiation and
propagation

Leaks through
wall, loose parts

Visual inspection,
volumetric inspection

Valves and valve
motor operators

External environment, system
operation transients, maintenance and testing

Electrical insulation and seals
hardening, wear,
foreign material,
mechanical linkage
faults, boron
crystallization

Leakage, fail to
operate, blockage,
command faults

Visual inspection,
operational and
inservice tests

Air-operated

Systems operating
transients,
contaminated
air supply

Sticking, blockage,
fouling from water
and oil in air
supply

Fail to operate

Visual inspection,
operational tests

I&C

External environment, electrical
transients,
thermal cycles,
maintenance,
vibration

Electrical insulation and seals
hardening, corrosion, loose connections, failure
(catastrophic)

Open, shorts,
fail to operate

Testing

Pumps

External environment, systems
operating
transients,
thermal cycles

Wear, vibration,
fatigue

Seal leaks, fail
to start, fail
to run

Inservice testing,
visual inspection

Pipe supports

Vibration, water
hammer

Fatigue, loosening
of connections

Breaking loose

Visual inspection

Piping

Vibration, water
hammer, thermal
cycles

Thermal fatigue,
abrasive wear

Through the wall
leakage or cracks

Visual inspection,
volumetric inspec-

valves

ISI Methods

tions

major components, such as valves and pumps.
The B&W plants that have
experienced nozzle cracking have also indicated enhanced inspection and
surveillance of the nozzle and associated piping welds.
Section XI of the ASME defines the Inservice Testing (IST) used by the
plants.
Pumps are tested quarterly unless a relief request is granted.
*For these tests vibration, differential pressure, and flow are measured.
Bearing temperatures are also measured but on a less frequent schedule.
Vibration is an excellent indicator of pump degradation and is a good
monitor for pump aging.
Periodic measurements of the electrical characteristics of the motor are not required by Section XI.
A check at one plant
indicated that monitoring is not dome.
Pump vibration and performance are
not sensitive measurements for electrical insulation and other motor
electrical degradation.
Electrical characteristic measurements would be
required to detect such aging.
Valves are tested quarterly unless a relief request has been granted.
For these tests, stroke time is measured, usually without differential
pressure.
The measurements are often made crudely using a stop watch.
Such tests would not be effective as a monitor for aging.
Periodic
measurement of the electrical characteristic for motor operators is not
required by Section XI.
For resolution of IE Bulletin 85-03 most plants
are using diagnostic equipment to verify torque switch settings.
Although
the use of this equipment often includes electrical measurements of the
operator, the tests are usually only done once. for verification and are not
usually repeated periodically.
For valve testing to be a useful monitor
for aging, more accurate measurements of stroke time and periodic measurement of electrical characteristics of the motor operator will be needed.
Section XI also defines the Inservice Inspection (ISI) for welds.
Welds are to be inspected volumetrically each 10 years.
The cracks in the
HPI nozzles and elbows were detected by leaks not by the ultrasonic
inspection of the ISI program.
The ultrasonic techniques specified by
Section XI were found to be inadequate to detect cracks resulting from
thermal fatigue.
The instrument gain had to be increased significantly and
the 45-degree transducer had to be supplemented by a 60-degree shear wave
transducer in order to detect the cracks.
Also, one crack developed in the
base metal of the elbow.
Section XI only requires inspection of welds.
Inspection of high-stress areas of base metal may be needed.
HPIS AGING SYSTEM UNAVAILABILITY ASSESSMENT
This aging assessment is based on the linear agin model 4 and utilizes data from the Probabilistic Risk Assessment (PRA)ý for the representative plant studied and generic failure cause data on HPIS com onents
from a composite of 9 PWR plants which were 10 years old or older.R This
approach is on approximate method that uses PRA results (steady state
models) to evaluate aging risk.
The PRA results provided the system fault
trees and baseline data.
The baseline data was then combined with the time
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dependent failure cause data to provide the aging assessment.
The software
tool for this work was the Integrated Reliability and Risk Analysis System
(IRRAS). 7
The fault trees and event data from the PRA were loaded into a PC and
the IRRAS program run to determine the cut-sets for the significant
sequences.
The outputs of the program that were used in this analysis
included the probability that the HPIS fails to provide injection water
when required and the-risk achievement importance measure for each event.
The probability that the HPIS fails to provide injection water was obtained
from the cut-set quantification.
The risk achievement ratio importance
measure is used to identify the components which contributed significantly
to unavailability of the system.
The example illustrated is for the HPIS failure to provide injection
water on demand when one of three HPI pumps are required.
The base case
was run first
using the failure data from the PRA.
This base case data was
assumed for the first

5-year interval.

The aging acceleration parameter was used.for subsequent calculations
in 5-year increments out to 40 years.
Each active component in the system
had an aging acceleration factor calculated for it based on the generic
failure cause data for that type of component.
The equation for aging acceleration parameter
considerations from Reference 4 is

f

4

a~lfT

"a"

based on the moments

X

where
4

=

constant from the deviation

f

=

nonrandom fraction of failures of the component which are
caused by aging mechanisms

t

=

average time to failure
mean failure rate.

x

Probability calculations were then performed for 5-year increments of
time using the following general equation
Pn = Pn-I + [(AT)(aT)]

where
Pn

=

new probability for the new 5-year increase
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Pn-1

-1

probability for the previous 5-year increment

aT

=

five years

:

twenty-four hours (mission time)

=

acceleration parameter.

a

The full detailed procedure used for the risk assessment will be in
the final report on the HPIS (Reference 1).
The calculated HPIS unavailability is plotted for the operating time
period from 5 years to 40 years in Figure 4.
The HPIS unavailability at
5 years was 5.59 x 10-5 and for 40 years had increased to 1.35 x 10-.
The risk achievement (RA) ratio was used to identify the components
that contributed significantly to system unavailability. The RA is an
indication of how much the HPIS unavailability goes up if the specific
event was totally unreliable (failure probability equal to 1.0).
The Risk
Achievement Ratio is determined by evaluating the minimal cut-set upper
bound (sequence frequency) with the basic event failure probability set to
1.0 and dividing it by the minimal cut-set upper bound evaluated with the
basic event failure probability set to its true value.
In equation form
this is
RA = F(l)/F(x)
where
RA

=

risk achievement ratio

F(i)

minimal cut-set upper bound (sequence frequency) evaluated
with the basic event failure probability set to 1.0

F(x)

minimal cut-set upper bound (sequence frequency) evaluated
with the basic event failure probability set at its true
value.

The component events and their risk achievement ratios are presented
in Table 8.
The components associated with the events are shown in Figure 5. Only four component events are identified as contributing significantly to the unavailability of the system. These are HP-24 MOV, HP-25
MOV, HP-101 CVO and HP-102 CVO.
If both valves (MOV-24 and MOV-25) fail to
open, the borated water would be unavailable to the HPIS.
Similarly, if
both of the check valves (CV-I0O and CV-102) failed, the borated water would
be unavailable.
These four component events were the only ones that had a
RA of greater than three for the case modeled (one of three pumps required).
An RA of three was considered a conservative runoff point for identifying
significant components.
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TABLE 8.

40
8-3389

HPIS unavailability taking aging into account.

RISK SIGNIFICANT COMPONENT EVENTS AND RISK ACHIEVEMENT RATIOS FOR
HPIS (ONE OF THREE PUMPS REQUIRED) AT 5 YEARS AND 40 YEARS PLANT
LIFE
Risk Achievement Ratio
Component Event

5 Years

40 Years

HP-24 MOV

70.9

67.0

HP-25 MOV

70.9

67.0

HP-lOl CVO

71.3

67.6

HP-102 CVO

71.3

67.6

-
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Part of the HPIS used during normal and emergency operations with
components that contributed to system unavailability
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shaded.

This approach is suitable, as presented, for exploratory investigations
and prioritizations of aging risk-important equipment.
More advanced aging
reliability models with better methods of computing "a" and which are related
to aging degradation phenomenology, are needed to replace the moments method
for some equipment (especially in the case of the threshold behavior).
CONCLUSIONS
The specific problems related to aging were:
(a) through-wall cracks
have occurred in the makeup nozzle and safety injection line elbow'from
thermal fatigue, (b) valves have failed-to operate.due to boron crystallization, and (c) injection boron concentration has been diluted from leaking
valves.
An evaluation of major components identified that about 20% of report
Less than 1% of reported failures caused
HPIS failures are related to aging.
loss of system function and valves are the component with the highest
frequency of failures.
Inspection and surveillance review has identified that electrical
measurements on pump motors and Valve operators (for MOVs) could be used to
detect aging.
Also, that improved inservice testing of valves is needed to
detect aging and assure operability with load.
The detection of cracks
caused by thermal fatigue requires enhanced ultrasonic testing methods.
In
addition, inspection of base metal in high-stress regions is needed to detect
cracks in.those areas.
The risk evaluation identified that valves contributed significantly to
change in system
unavailability of the system and that aging caused little
unavailability.
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This paper was prepared as an account of work sponsored by an agency of
the United States Government.
Neither the United States Government nor any
agency thereof, or any of their employees, makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for any third
party's use, or the results of such use, or any information, apparatus,
product or process disclosed in this paper, or represents that its use by
such third party would not infringe privately owned rights. The views
expressed in this paper are not necessarily those of the U.S. Nuclear
Regulatory Commission.
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SAFETY IMPLICATIONS OF DIESEL GENERATOR AGING MANAGEMENT
K. R. Hoopingarner
Pacific Northwest Laborator a)
Richland, Washington 99352
ABSTRACT
Significant safety improvements can be achieved in diesel-generator
management related to aging, testing, and other important regulatory concerns. This paper reports on the progress of aging
research related to nuclear service diesel generators, which
developed data and information supporting the recommended safety
improvements.
The key to diesel-generator safety improvements is the development
of a new balanced approach where testing, inspections, monitoring
and trending, training, and maintenance all have appropriate
importance. Safety improvement is projected in a management program that concurrently achieves three goals: first, the reduction
of the fast-start stressor by regulatory and utility actions;
second, the establishment of more appropriate testing and trending
procedures; third, the adoption and use of reliability-centered
maintenance activities. This paper describes the recommended
safety improvements and the positive role of utility management in
the process and outlines a new recommended regulatory approach.
Diesel generator aging and wear is the subject of research sponsored by the Nuclear Plant Aging Research (NPAR) Program under the
U.S. Nuclear Regulatory Commission (NRC), Office of Nuclear Regulatory Research. The research was conducted by Pacific Northwest
Laboratory (PNL), which is operated for the U.S. Department of
Energy by Battelle Memorial Institute.
INTRODUCTION
Diesel generators are
related emergency needs in
engines is in the range of
Each nuclear power reactor

(a)

essential for supplying power for cooling and
nuclear power plants. The general size of these
5,000 to 10,000 hp, or about 3,000 to 8,000 kW.
typically has two diesel generator units.

Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute.
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Diesel generators'were identified as components with a high-risk significance in many generic and plant-specific studies, and as a consequence, were
included in the Nuclear Plant Aging Research (NPAR) Progr@• This program is
The objectives
sponsored by the U.S. Nuclear Regulatory Commission (NRC)•'.
of the NPAR research activities were to find the causes of aging effects and
propose ways of managing potential corrective actions.
Phase One Research
The diesel-generator study task was assigned to the Pacific Northwest
Laboratory (PNL), and the first phase of the aging evaluation of nuclear
service diesel generators has been completed. The NRC has published this
evaluation in two volumes (Hoopingarner et al. 1987). The preliminary.
results of the first phase were presented at the Fourteenth Water Reactor
Safety Information Meeting. The important failure causes were identified,
and the corrective actions utilized by the utilities were presented. The
safety emphasis given at this meeting is illustrated in Figure 1. This

9%
Outside System
Boundary
Switchgear 4%

- Aging Failures
chaust

rack
8%- - - 2

Pumps
Coolers
Filters
i,
- Others

%

-,

-

29/6

I'I

10

3% !

10%

-Ohr

3%

-Others

2%

30%
-Governor 12% ".1
-Relays
3% i

-Control Air 2%

a

3% 0
10%/ _

I

o--

i

,,,

------------

SExhaust

,
-

,

Ehast

--

4%

4%a

Exciter and

5

I
Voltage
Regulator
System

----2%
Regulator
----- ----

*

iI

I'
S-

Generator

I

,r------------------

0

2

%

,.-

- - - - --

-' -I s~o~r~oo l , lko, I Coo ling
l I u' l
Starting
SSystenm

.-.--

S

------

-AirValve

3%

-Controls

3%
2%
2%

Motors
-Others
-

-.-.-.
- ---.

FIGURE 1.

Oil

Colnuel

tkeI
Combstio

10%

(a)

- Electrical

-Sensors
,' Oter
'

',

2%
-Pistons
1%
1%
-Con Rods
-Crankshaft 1%
-0Others__5%5%
-Crankcase

Only
14% of
Failures
Here

Diesel Generator
System Boundary\

a
-

Intake

10%
,
a -Pumps

2%

Piping
- Coolers
-Others

2%
2%
4%

:

2%

-

*

.-.-.-.

.-

-_-.

.-.-.-.

13%
-Piping

5%

0

I

-

Pumps

a

a

-

Injectors 2%

;

-Others

. . . .

4%
2%

.- . . . . . .-

Aging Failures Associated with Systems and Components

Under Contract DE-ACO6-76RLO 1830,

NRC FIN:

82911.

diagram shows the important diesel-generator systems and components and
gives the related failure percentages for each. The key point is that the
most significant safety improvement should occur when management and
maintenance attention is directed to the components and systems with the
higher failure rates.
Phase Two Research
The most recent work on diesel-generator testing and aging mitigation
has been published by PNL as a Technical Evaluation Report (Hoopingarner
et al. 1988).
This second phase of the diesel-generator research is ongoing
to determine why these engines appear to wear or age faster than non-nuclear
service diesel engines. The data and additional information will be discussed in some detail in this paper, together with a comprehensive aging
mitigation plan for diesel generators.
One important direction and emphasis of the current phase two research
has been to apply the aging findings to the broader issues of "Station Blackout" (USI-A-44) and "Diesel Reliability" (GI-B-56). When aging effects are
avoided or corrected, there are inevitable safety improvements related to
operability, reliability, and other safety concerns. Thus, the NPAR program
has developed important data and recommendations to share with utility and
regulatory personnel regarding these issues.
Another emphasis of the aging research has been to address dieselgenerator testing and associated aging effects. Current regulatory requirements mandate that nuclear service diesels should start in 10 to 12 seconds
and be fully loaded within 45 seconds. Typically, these engines are tested
at least once a month to ensure that they will indeed meet such rapid loading
conditions. This testing, often identified as "fast-start" testing, has now
been identified in the NPAR research as a leading cause of rapid wear, or
"aging," for certain components in the diesel engines. This is not a new
problem. In September 1982, the NRC staff prepared a summary of dieselgenerator experience for the Advisory Committee on Reactor Safeguards recommending that a) routine test starts on a 3-day frequency should be eliminated, and b) testing should be focused on identifying unreliable diesel
generators and then major repair action should be pursued, rather than just
more testing (NRC 1985). The recommendations in this paper should eliminate
this fast-start stressor and the associated aging and safety effects.
DIESEL-GENERATOR MANAGEMENT PROGRAM
The resolution to the station blackout issue requires the utilities to
implement a diesel-generator reliability program. The proposed resolution to
the generic diesel reliability issue further defines some of the reliability
elements. The NPAR aging research on diesel generators generally supports
the findings and resolutions proposed for these two issues. There are differences in some of the details, which is to be expected, because the NPAR

,-,__•-i• .-__'r

research was based upon aging and the issue research methodology was dissimilar. However, the recommended NPAR diesel-generator management program
developed to address plant aging is an adequate reliability program which
addresses these two issues.
Safety Issues Addressed
The diesel-generator management program, developed as part of the aging
mitigation effort in the NPAR research, was intended to specifically address
the following safety issues and problems:
" The statistical basis used to determine diesel-generator aging
degradation and associated reliability appears to have three serious flaws: 1) changes from acceptable reliability to unacceptable
reliability cannot be readily detected in time periods appropriate
for regulatory, or utility, action; 2) the general ground rules for
rigorous statistical analysis are not achieved, especially the need
for uniform lot samples, the relationship of sample size to lot
size (large number of failure causes and components), and the fact
that the sampling process itself (testing) affects the analysis and
the results; and 3) the false indication rate, with errors both
high and low, has too large a probability for effective regulation.
The cumulative probabilities of false indication, over many years,
is very high.
" The program results should be predictive to help detect aging and
indicate future operability and reliability with a high confidence.
Incipient failures should be detected, rather than progressing to a
system failure.
" The program should eliminate or reduce the fast-start stressor
problem.
" The program should address failures related to unnecessary major
engine overhauls. Data indicate failure rates may be increased for
some period following major maintenance and overhauls.
" The issues related to station blackout and diesel reliability
should be a consideration" Aging of fuel and lubrication oils should be addressed, as well as
other common mode failures.
Recommended Program
Diesel generator management programs should incorporate the following
basic program elements:
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"

Modified monthly testing should include a slower start and gradual
engine loading with a recommended run time of about 10 hours or
more.

" The monthly test goal should be to obtain the true operating condition parameters of the engine and generator system.
" Condition monitoring and trending is needed.
" Improved maintenance practice details should include adequate
training, appropriate inspections, and safety-related preventative
maintenance.
" Experience from non-nuclear diesel-powered stations and marine
applications, as well as successful nuclear emergency power units
with the better reliability records, should be considered.
" Failure correction methods and practices should find the root cause
of the system failures and, to the extent practical, implement
permanent repairs and avoid future engine and generator failures.
" There should be a defined central management responsibility.
The above program elements should be combined into an integrated model
program. This model program is similar to the overall program and good
practices already in place at many of the small non-nuclear diesel-powered
units used by some electrical atilities. Regulatory overview of the dieselgenerator system should focus on how a utility's submitted program conforms
to the model program and on how well the utility manages the program. This
approach would conform to the requirements for other nuclear plant safetyrelated equipment. Some of the more important elements of the management
program are detailed in the following paragraphs.
Monthly Testing
The fast-start testing and loading of nuclear station diesels results in
conditions found to be unique of all of the stressors found in the NPAR aging
study: it was possible to eliminate this aging stressor, rather than only
mitigating its effects, as is the case with all of the others. Replacing
fast-start and fast-load testing with a new monitoring and trending program,
including a Slower engine test-start speed profile, results in many benefits.
The direct benefits of a slower engine speed profile include significantly
less piston ring and cylinder wear, reduced harmful overspeeds for the
turbocharger and the generator, less valve camshaft and bearing wear, and
less threat of an engine trip due to the initial and unavoidable overspeed
with the fast-start speed ramp.
Aging and reliability concerns were reviewed by diesel experts who were
familiar with the data, information, and proposed recommendations.
They
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were requested to evaluate the safety assurance of fast-start testing compared to slow-start testing to ensure that all important safety questions
were addressed.
The experts concluded that the recommended slower starts
adequately tested all major components.
Monthly testing provisions should include modifications of hardware,
technical specifications, and procedures to support the ability to start with
a slower speed ramp designed to obtain synchronous speed in about 30 seconds.
A prelube process is desirable before routine test starts. Two minutes at
full operating oilpressure, is recommended.
Test operation should be permitted at synchronous speed without loading for 2 to 5 minutes, while oil
pressure and other important engine conditions are checked.
It is recommended that operations at a reduced idle-speed for the same purpose should be
permitted.
Assuming synchronous speed and no observable faults, the test program
should encourage gradual engine loading over a 5- to 30-minute period.
Step
loads representing actual site motor loads are useful but not essential for
monthly testing.
Recommended testing procedures require reasonably stable engine test
conditions, a minimum of 3 sets of data, and about one hour between data
sets.
There are about 50 parameters of interest for condition monitoring,
collecting 3 data sets will result in approximately 150 data points for each
evaluation test period.
Hoopingarner et al. (1988) gives more information
and a complete listing of these test parameters.
Table I is~a sample of
these test parameters for the engine cooling water.
TABLE 1.

Sample of Monthly Test Parameters

Engine Cooling Water
Water pressure to engine
Water temperature to and from engine
Water pressure to and from engine water cooler
Water temperature to and from engine water
cooler (could be radiator)
Water pressure to and from raw water cooler
Water temperature to and from raw water cooler
Water pressure to and from turbocharger
Water temperature to and from turbocharger
Water pressure to and from turbocharger after
cooler
Water temperature to and from turbocharger after
cooler
Water pressure and temperature to and from L.O.
cooler
Jacket water pump pressure (to and from)
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Requirements
Required Optional
X
X
X
X
X
X
X
X
X
X
X
X

Monitoring and trending evaluation procedures require an immediate data
review to ensure that all tests parameters are within the operational, or
normal, range. If not, corrective maintenance should be scheduled. Longrange trending analysis may be done later. Such trending should be completed
on a periodic basis, but not longer than quarterly to ensure that adequate
safety margins exist. Engine loads should be gradually reduced at the end of
the monthly tests period and terminated at about 25% load or at the manufacturer's recommended level.
Post-operational lubrication is recommended,
applicable manufacturer's guidelines should be followed. Optional faststarts, overload tests, and additional stops and starts may be performed on a
warm and well-lubricated engine with much less aging and wear effects. These
additional tests should be reserved for the plant outage periods, which occur
on approximately an annual basis.
Condition Monitoring and Trending
For improved safety the diesel-generator monitoring and trending program
should detect many potential failures in incipient states before the component or system actually fails.
The recommended program of testing, monitoring and trending is a
forward-looking process, which gives very good assurance of future system
operability. Such a program, often called "condition monitoring," was
recommended by the diesel experts consulted during the NPAR aging study.
A conditioning monitoring and trending program should be designed to
evaluate monthly about 50 diesel engine parameters. These recommended
parameters are defined in Hoopingarner et al. (1988, Appendix A). They are
essentially the important pressures and temperatures of the oil, water, and
the intake and exhaust subsystems. These parameters should be compared to
normal and safe operating range values for each of the 50 data points recommended. At the end of the monthly test, assuming all parameters are in the
normal range, near-term diesel-generator operability may be predicted. Deviations from normal indicate that maintenance should be scheduled. Longerterm operability trends may be predicted by trending and plotting the data
over long-time periods. Estimates of when certain data points will no longer
be within the normal operating range will indicate when future maintenance or
engine overhaul should be scheduled.
Recommended Maintenance Improvements
The first maintenance improvement recommended for increased safety purposes and aging mitigation is to avoid teardown of the engines for inspection
purposes only. Various studies have shown that periodic engine disassembly
without specific failure correction needs have an overall adverse influence
on the system failure rate (Prichard 1984). The decision to overhaul an
engine should be based on an evaluation of the monitoring and trending data.
A healthy engine, as determined by the new recommended test program, should
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not be disassembled. The data support the conclusion that failures and
associated safety risks are definitely not improved by periodic overhaul of a
well-running engine.
Improved diesel-generator maintenance should not be viewed as individual
items for correction, but rather as one overall maintenance program. The
NPAR data and information developed point to general improvements needed to
reduce aging and increase reliability in parts of the overall maintenance
process. Improved assurance of engine reliability is obtained if maintenance
is directed to 1) repair defects and obvious failures, 2) perform recommended
engine service and inspections without engine disassembly, and 3) perform
maintenance to correct components identified by the monitoring and trending
program.
Training levels and maintenance management practices vary among the
licensees, but a need for improvement in specific areas was noted in the NPAR
research. The most important safety benefits related to training need to be
addressed. To avoid maintenance-induced aging problems, PNL has recommended
that engine and governor maintenance training be improved. Operator training
to overcome failure-to-start and -run problems and to show how to manually
start the engines is also perceived as a need. The ability to manually start
the engines by bypassing a failed component, such as a control system or air
start valve, is a significant safety benefit for station blackout
considerations.
At least two persons should be given maintenance training equivalent to
that offered by the diesel engine and governor manufacturers. Such persons
should be at the plant maintenance/engineering level and.could then help
train others. The systems, components, and stressors most likely to be
involved in diesel generator aging and failures have been identified in the
research on aging. Additional training on those items with the higher failure percentages, such as the instrument and control system and the governor,
should give the best results.
Another maintenance point is that normal engine vibrations have a severe
influence on the control-system instruments and calibration. Vibration was
the diesel generator stressor found in the PNL research to cause the highest
percentage of failures. It is recommended that engine preventive maintenance
should be increased to mitigate the aging and wear results of this vibration,
and that the preventive maintenance efforts should emphasize engine and
engine-skid-mounted instruments. The aging research has developed information related to vibration and the other important stressors and the corresponding inspections and preventative maintenance items which should be the
most effective (Hoopingarner et al. 1988).
Experience from non-nuclear diesel powered applications was factored
into the recommendations presented to the NRC on maintenance, inspections,
operations, and testing practices. This overall perspective is important in
recommending better practices with corresponding safety improvements. A
final maintenance observation is that proposed failure corrections need to be
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carefully evaluated to ensure that in each case the true cause is known and
is being fixed, rather than a repair of a symptom of the real problem. This
requires a good management approach and the willingness to invest the
resources necessary to operate a good diesel-generator program as outlined in
this paper.
REGULATORY CONSIDERATIONS
The NPAR aging study was intended to develop data and recommendations
for NRC consideration related to potential safety problems caused by the
aging process. The general application was not foreseen for use of the
diesel research information for diesel reliability improvements, plant technical specification modifications, improved resource application by the NRC
and the utilities, and specific recommendations to change some regulatory
requirements. All of these end uses of the research have been accomplished
or are under active consideration. Collectively, the safety implications of
all of these changes and recommendations are important.
Current requirements for fast-start testing, fast engine loading, and
overload testing need to be reconsidered.
In association with certain
nuclear plant technical specifications, these requirements may lead to
greater future safety problems and unreliability. Requirements for routine
testing should define slow-start testing, slower engine loading, and diesel
overload testing objectives that can be supported by the study results.
The plant standard technical specifications related to the dieselgenerator system should be modified to add to safety assurance. The research
information confirms opinions developed by industry and regulatory personnel
over many years of experience that current technical specifications are not
always conservative nor effective. In particular, those relatedto fast
engine starting and loading, frequent sensor calibration, engine startup
during abnormal plant conditions, frequent starts and special test requirements need to be carefully evaluated. This process has been started.
After consideration of the study data, nuclear regulatory guide documents addressing diesel-generator requirements should be withdrawn, combined
into a new single guide document or modified as appropriate.
Diesel statistical probabilities, especially statistics based on 100
valid start and run tests, are very difficult to defend on a technical basis
due to the very long time period needed to collect the data (maybe 5 years).
A better regulatory approach is a monthly operational readiness test ("health
checkup") of the diesel generator system as outlined in this paper.
SUMMARY
There are significant positive safety implications if diesel generator
management is improved and diesel generator operational readiness is assured.
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Under the new management approach recommended, licensees would be required to
have an approved diesel generator program which would represent a balanced
approach where testing, inspections, monitoring and trending, training, and
maintenance all have appropriate importance. The regulatory overview should
not be prescriptive, but rather should compare the licensees overall program
against an acceptable program made up of the elements outlined and recommended in this paper.
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Abstract
In
support of the Nuclear Regulatory Commission's Nuclear Plant
Aging Research (NPAR)
Program, Oak Ridge National Laboratory is
conducting a review of Pressurized Water Reactor Auxiliary Feedwater
Systems.
Two of the objectives of the NPAR Program are to identify
failure modes and causes and identify methods to detect and track
degradation.
In Phase I of the Auxiliary Feedwater System study,
a detailed review of system design and operating and surveillance
practices at a reference plant is
being conducted to determine
failure modes and to provide an indication of the ability
of current
monitoring methods to detect system degradation.
The extent to
which current practices are contributing to aging and service wear
related degradation is also being assessed.
This paper provides a
description of the study approach, examples of results,
and some
interim observations and conclusions.

I.

Introduction

The Nuclear Regulatory Commission's Nuclear Plant Aging Research (NPAR)
program was initiated
to ensure that aging and service wear related degradation
of nuclear power plant systems and components could be understood, recognized,
and effectively mitigated.
Oak Ridge National Laboratory (ORNL) is presently
conducting a study of Pressurized Water Reactor Auxiliary Feedwater
(AFW)
Systems in support of the NPAR program.
This paper describes the methodology
that is being utilized
in the ORNL review of AFW Systems, gives examples of
results
achieved to date, and identifies
some interim conclusions that may be
drawn from the results.
II.

AFW System Functions

A typical AFW System for a four loop plant is
shown in Figure 1.
In
reality,
there is no such thing as a "typical" AFW System, due to variations
resulting from a number of factors, including different steam generator numbers
and configurations, evolving regulatory requirements, and designer preferences.
There are, however, some common design functions which are supported by the AFW
System.
The submitted manuscript has been
authored by a contractor of the U.S.
Government under contract No.
DEACOS-84OR21400. Accordingfy. the U.S.
Government
retains
a
nonexckusive.
royalty-tree license to pu
or rewoduce
the published form of this contribution. or
aHow others to do so. for U.S. Government
Purposes."
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FIGURE 1. TYPICAL FOUR LOOP PWR
AUXILIARY FEEDWATER SYSTEM
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The AFW System is a safety related system that is used for heat removal
from the Reactor Coolant System (RCS)
by delivering water to the Steam
Generators.
The AFW System is required to operate following a number of
anticipated transients and design basis accidents, including loss of normal
feedwater, feedwater line break, small break loss of coolant accident, steam
generator tube rupture,
station blackout, and others.
The AFW System is
depended upon, in conjunction with main steam line safety valves and main steam
line power operated relief valves or atmospheric dump valves,
to provide
sufficient heat removal to allow the RCS to be initially stabilized in hot
standby conditions and then subsequently cooled and depressurized to hot
shutdown conditions where the Residual Heat Removal System can be placed into
service.
In addition to providing for heat removal from the RCS, the AFW System
must also be capable, either automatically, or with operator assistance, of
isolating a faulted or ruptured steam generator.
This capability is required
to ensure that (1) adequate flow can be delivered to intact steam generators,
(2) containment overpressurization or overheating does not occur due to
continuing steam release, and (3) the steam generators do not overfill.
Another postaccident function of the AFW System is to provide a liquid
barrier between any potential steam generator tube leakage and the environment
by maintaining steam generator water level above the top of the steam generator
tubes.
The liquid barrier ensures that iodine in the fluid leaking from the
primary to the secondary side will be "scrubbed" prior to release.
In the
calculation of radioactive
release rates,
an iodine decontamination
or
partitioning factor of 0.01 is typically applied when accounting for releases
through main steam line safety or relief valves.
In addition to the posttransient and accident functions, the AFW System
is often used in support of normal plant start-up and shutdown evolutions.
The
reason that the AFW System is often used instead of the main feedwater system
during these periods is that at zero or very low power levels, operation of the
main feedwater system is difficult due to the fact that flow rate demands are
extremely low relative to feedwater pump capability.
It
should be noted that some plants have nonsafety related start-up
feedwater pumps that are normally used in the support of plant start-up and
shutdown.
In such cases, the AFW System is frequently referred to as the
Emergency Feedwater System, and would normally be operated only for testing or
in response to an automatic demand.
III.

Study Methodology
A.

AFW
designed
accident
licenses,

Background
Systems, as well as
to withstand the most
analyses,
which are
must demonstrate that

other engineered safety features systems, are
deleterious single failure.
The design basis
performed to secure and maintain operating
unacceptable consequences do not result even if

the most limiting single failure (normally the failure of an entire train of all
engineered safety features systems) occurs concurrently.
One of the key aspects of the assumptions related to the single failure
criterion is that all failures which would degrade a system must be detectable.
IEEE-379 observes that "The detectability of failures is
implicit in the
application of the single failure criterion."
The Standard provides the
following "generic statement" about the single failure criterion:
"The system shall be capable of performing the protective actions
required to accomplish a protective function in the presence of any
single detectable failure within the system concurrent with all
identifiable, but nondetectable failures, all failures occurring as
a result of the single failure, and all failures which would be
caused by the design basis event requiring the protective function."
Two notable events of recent years in which the AFW systems played vital
roles, the Davis-Besse loss of main and auxiliary feedwater and the San Onofre
loss of power and water hammer, involved multiple failures that were common mode
in nature, and resulted in conditions outside of analyzed bounds.
Operator
actions, including actions outside of the control room in the Davis-Besse
episode, were required to reestablish AFW flow to the steam generators.
Many
of the failures in these two events were preexistent, and could have been
detected.
While there are many lessons to be learned from these and other
events, one clear lesson is that the continuing validity of the single failure
criterion and design basis licensing analyses are directly and heavily dependent
upon the adequacy of the testing and maintenance programs.
B.

General Approach

The approach that is being used at ORNL in the AFW System study is the
relatively simple principle that degradation or failure that is detected can and
will be corrected.
Of course the converse of this principle is that degradation
or failure that is not detected will, in all likelihood, not be corrected.
In order to assess the extent to which current utility
practices are able
to detect degradation or failure within the AFW System, ORNL is reviewing the
AFW System design, operating, maintenance, and testing program for a plant owned
by a cooperating utility.
While it is recognized that there are a broad range
of AFW System designs, as well as operational support programs, it is felt that
a detailed review of a specific plant's programs can provide some valuable
insights into the ability of current industry practices, on a generic basis, to
detect degradation or failure.
C.

Scope

Each of the major components that must function properly in order for the
AFW System, as a whole,
to operate as required is being reviewed.
The
components being reviewed include not only those that are part of the AFW System
proper, but also interfacing. system components that directly support the AFW
System function.
The interfacing components include steam generator blowdown
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isolation valves,
main feedwater isolation valves,
main steam line safety
valves, main steam line power operated relief
valves, alternate pump suction
source isolation valves, AFW turbine steam supply valves,
as well as the
instrumentation and controls associated with the reviewed components.
Each component's required function is first
established based upon the
system design basis functional requirements.
The failure modes for each of the
components are then identified, based upon the functional requirements.
It
should be noted that the established failure modes are only those which would
result
in substantial train
degradation or train
failure.
As an example, a
valve packing or bonnet leak would not comprise a failure, but failure
to
reposition upon demand would.
With
the
failure
modes
established,
operating,
surveillance,
and
maintenance practices associated with each component are reviewed to determine
the extent to which degradation or failure mechanisms that are related to each
failure
mode are detectable.
This portion of the review also assesses,
qualitatively,
the relative
impact that testing itself
would have upon component
aging and service wear.
IV.

Example Component:

Trip and Throttle Valve

As noted earlier,
each of the major AFW System components is
being
assessed as a part of the system review.
One of the key components that is
present in most plants' AFW systems is the turbine Trip and Throttle. (T&T)
valve.
In order to illustrate
the review process, a description of and some
review observations relative
to the T&T valve are provided.
The description and
discussion presented here are specifically applicable to the reference plant
being reviewed by ORNL in the AFW System study.
It
should be recognized that
many of the design features are generic, while others are plant specific.
A.

T&T Valve Description and Functions

The T&T Valve is a 3-inch globe valve with a 125 VDC motor operator.. As
its name implies, the T&T valve can be used for control purposes, by throttling,
or it can be used as a fast
trip
device to protect against turbine overspeed.
The T&T valve at the reference plant
response to a number of signals, including:

is

normally

closed.

It

opens

in

-Safety Injection
-Low-Low Level in 2/4 Steam Generators
-Emergency Bus Undervoltage
-Loss of Main Feedwater Pumps
-Manual Start Signal
The first
three of the above signals are safety related automatic start
signals.
The loss of main feedwater pump start
signal is
also automatic,
however, a portion of the channel is nonsafety grade.
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The
to provide turbine overspeed protection.
The T&T valve also trips
motor
tripping function is accomplished by an unlatching of the valve from its
accomplished by the
Valve closure following the unlatching is
operator.
Valve closure
combined forces from a yoke spring and the weight of the valve.
and sealing is also provided by the valve flow path orientation (steam entry is
above the seat, and exhaust is below the seat).
when an overspeed condition is sensed by
T&T valve tripping is initiated
The nominal
either an electronic speed monitor or a mechanical speed sensor.
are 4300 RPM for the electronic overspeed, and 4900
setpoints for these trips,
for the mechanical overspeed.
Normal operating speed is 3970 RPM.
is actuated by energization of a solenoid
The electronic overspeed trip
Following an electronic overspeed
operator.
which unlatches the valve from its
thereby
the valve motor automatically drives to . the shut position,
trip,
Once the motor and valve are relatched,
relatching the valve and the operator.
a start
the valve can be reopened, and in fact, will automatically reopen if
present.
signal is still
speed is
initiated
when turbine
trip
is
overspeed
The mechanical
sufficient
to activate a triggering device (based upon centrifugal force
This
linkage.
associated with the turbine speed) which operates mechanical trip
operator in the same manner
trip
linkage ultimately unlatches the valve from its
local
However, when a mechanical overspeed occurs,
as the solenoid action.
linkage at
operator attention is required in order to reset the mechanical trip
the turbine before the T&T valve can be reopened.
functions for the T&T valve,
In addition to the automatic open and trip
the reference plant design includes an automatic steam supply transfer function
Normally, only one steam generator is aligned
which requires T&T valve action.
In the event that the turbine driven pump does
to supply steam to the turbine.
not achieve a designated discharge pressure within a specified time period
to
following the opening of the T&T valve, an automatic sequence is initiated
transfer the turbine steam supply from the normal steam generator to an
This automatic function is included in the design
alternate steam generator.
as a means of assuring that the turbine driven pump can be driven by an intact
the normal steam supply source is not able to drive the
steam source, even if
A turbine
turbine (for instance, in the case of a broken feed or steam line).
in which the automatic transfer is required is designed to
driven pump start
proceed as follows:
signal)
-T&T valve opens (in response to automatic start
a timer.
(Note that if
-T&T valve stem actuated limit switch starts
required discharge pressure is reached prior to the time the timer cycle
is completed, the remainder of the sequence will not occur.)
-T&T valve closes
-Normal steam supply valve closes
-Alternate steam supply valve opens
-T&T valve reopens

Each of the steps in this sequence must be complete before the succeeding
step is initiated. The sequence minimizes the possibility of depressurizing two
steam generators.
The T&T valve motor operator is also provided with thermal overload
protection.
By design, the overload switches are bypassed on any automatic
start signal.
The torque switch in the valve opening circuit is entirely
bypassed for all' strokes, including manual initiated opening, and the valve
opening is halted by an open limit switch.
The torque switch in the closed
direction is bypassed except for the final 2% to 3% of stroke.
T&T valve stem limit switches provide control and indication inputs to
several support functions associated with the AFW system:
-Enable the ramping function of the governor valve control circuit
-Provide a start signal to the turbine driven pump room ventilation fan
-Start the timer for the automatic steam supply transfer circuit
-Enable the automatic closure feature for the valve's motor operator in
the event of an overspeed trip
-Provide close signal Steam Generator Blowdown isolation valves
-Provide a permissive signal to allow opening of the alternate pump.
suction source isolation valves in the event of low suction pressure
-Provide local and main control board indication of valve position
B.

T&T Valve Manual Controls and Indication

The T&T Valve is
controls:

provided

with

the following remote

and local

manual

-Main Control Board (MCB) valve control handswitch which can be used to
open or close the T&T valve.
-MCB valve trip pushbutton. Depressing the pushbutton has the same effect
as an electronic overspeed trip.
-Transfer switch located at a local control panel.
This switch allows
transfer of T&T valve control to local. It should be noted that with the
control transferred to local, all of the valve automatic open functions,
as well as the electronic overspeed trip, are blocked.
-Pushbuttons at local control panel. There are pushbuttons to open, close,
stop, and trip the T&T valve.
The "stop" pushbutton can be used to
interrupt valve stroking at any point in the open or close stroke,
thereby allowing the valve to be used in its throttling/control function.
Note that these pushbuttons are only enabled if control has been
transferred to the local control panel by use of the transfer switch.
The following indication and alarms are provided for the T&T Valve:
-Valve position indicating lights at MCB and local control panel
-MCB Annunciator for electronic overspeed trip
-MCB Annunciator for mechanical overspeed trip
-Plant process monitoring computer indicates: T&T Valve open; No power to
T&T Valve; No power to speed control
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C.

T&T Valve Failure Modes

Generic failure modes for motor-operated valves would include failure to
open, failure
to close, and failure to operate as required.
For purposes of the
AFW System study, the designated failure modes are more specific, and are based
upon the
individual component
functional
requirements.
Based upon the
functional requirements of the T&T valve,
the following failure
modes were
designated:
Failure Mode

Description

1

Valve operator fails
to
turbine driven pump start

2

Valve operator fails
to complete the close-open strokes
response to automatic, steam supply transfer signal (i.e.,'fails
to close or fails
to reopen).

3

Valve electronic overspeed trip
function fails
to trip
before the mechanical overspeed trip
occurs, thereby
local resetting (and preventing automatic restart).

4

Valve fails

5

Valve stem operated switches fail
to provide
other AFW related equipment or functions.

open in
signal.

to open sufficiently

response

to

an automatic

to allow adequate

AFW

in

the valve
requiring

flow.

input

signals

A few characteristics of these failure modes are worth mentioning.
First
of all,
it should be clear that there could be multiple failure causes or sources
for each of the failure modes.
For example, for Failure Mode 1, the valve
operator could fail
to open due to a corroded set of contacts, a preexisting
unlatched valve/operator condition, a ground in the motor windings, a faulty
limit switch, or a multitude of other reasons.
(Of course, each of these failure
causes or sources would have their
own set of causal factors.)
Secondly, these failure modes, as well as the nondetectable failures which
will be discussed later,
are specific to the reference plant.
While it is felt
that the failure modes and nondetectable failures provide some valuable insights,
it must be recognized that these are not necessarily generic.
For example, while
the reference plant opens the normally closed T&T valve to start
the turbine
driven pump, other plants.have the T&T valve normally open, and start
the turbine
driven pump by opening upstream isolation valves.
For such plants, failure of
the T&T valve to open in response to automatic start
signals would clearly not
be a failure mode.
A final observation about the identified failure modes is that the number
of failure modes could be increased or decreased,
depending upon individual
preference.
For example, Failure Modes 1 and 2 could be combined into a single
failure mode that might read "Valve operator fails
to open or close in response
to an automatic signal."
Alternatively, Failure Mode 2 might be broken down
into two failure modes--failure to close for the steam supply transfer and

to

failure to reopen for the steam supply transfer.
The critical
factor is that
all
mechanisms that could prevent the valve from accomplishing its
required
functions must be addressed.
D.

Surveillance

Practices

There are four tests'
which are used to demonstrate operability of the T&T
valve.
The T&T valve is stroked by a number of other tests;
however, those tests
are not used to demonstrate operability of the T&T valve, but rather that other
components are operable.
Test A, which is performed on an 18-month (refueling) frequency, is intended
to verify that the T&T valve opens in response to each automatic open signal.
The
test
does, in fact, verify that the T&T valve opens for all
signals except for the
emergency bus undervoltage signal.
The test
allows jumpering of either of two sets
of contacts (the set is selected at operator discretion) that close in response to
undervoltage conditions on the associated emergency bus.
There is no other testing
which verifies
that the contacts do indeed close for undervoltage conditions.
Test B,
which is
performed primarily on a quarterly basis,
meets the
requirements of ASME Section XI valve testing by measuring valve stroke times.
Consistency between remote indication and actual valve position is verified every
two years.,
Test C, which records response time data in conjunction with the valve
stroking that occurs in Test A, is used to determine the overall turbine driven pump
response time.
Test D, a calibration procedure which is primarily oriented toward the turbine
governor valve, is performed on an 18-month frequency.
This test
verifies
that
operation of the mechanical trip
linkage, by use of a trip
lever located at the
turbine, interrupts power to the valve operator, and that power is restored when
the mechanical trip
linkage is reset.
The test
also verifies
the stroke length of
the T&T valve and the proper setting of a stem actuated limit switch which enables
a ramping function for'the
governor valve.
The electronic overspeed trip
setpoint
is checked by use of a speed input signal simulator (note that the turbine is not
running for this test).
Based upon a review of procedures that are used to demonstrate operability of
the T&T valve, as well as other procedures which would result
in operation of the
valve, it
is estimated that the T&T valve receives approximately 50 full
strokes
(where a full
stroke involves opening and then closing the valve) per year.
In
some cases, the valve is stroked a number of times (estimated to be as many as 11
for Test A)
in
the conduct of a single procedure.
It
should be noted that
precautions are included in some of the test
procedures,
as well as a general
operating procedure that DC motor operated valves should not be continuously stroked
for more than five minutes (where continuous stroking would be a stroke in either
direction followed.by a stroke in the opposite direction within one minute).
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Nondetectable

E.

Failure Examples

and
the T&T valve design and functional requirements
After reviewing
establishing failure modes based upon these requirements, a thorough review of the
test
procedures which implement the associated Technical Specification Surveillance
Requirements, along with a review of pertinent operating and maintenance procedures
The procedures review indicated that there are a number of potential
was conducted.
sources of failure or degradation which could exist and not be detected by current
two of
As an example, four failure sources that could affect the first
practices.
current
by
be
detected
and that would not
the above identified Failure Modes,
practices, are presented below.
Description

Potential Failure
Source
A*

The thermal overload settings are improper.

B*

The bypassing of the thermal overload switches on
signals does not occur.
automatic start

C

The T&T valve does not open in
undervoltage conditions.

D

The automatic steam supply transfer sequence

response to emergency bus

fails.

* If
either the thermal overload settings or the thermal overload bypassing
was verified as part of a plant procedure, adequate protection would be afforded.
As it turns out, neither is checked.

and C represent degradations which are
B,
Potential Failure Sources A,
pertinent to Failure Mode 1, "Valve operator fails to open in response to an
Potential Failure Sources A, B,
signal."
automatic AFW turbine driven pump start
and D represent potential degradation or failure sources which are pertinent to
to complete the close-open strokes in response
Failure Mode 2, "Valve operator fails
to
to close or fails
, fails
to automatic steam supply transfer signal (i.e.
reopen)."
There are some important points that should be made about these four nonFirst,
some of the potential failure
detectable potential sources of failure.
sources represent only one part, or one type of part, while others represent a large
Potential Failure Sources B and D provide
number, and broad spectrum of parts.
point.
this
contrasts that are useful for illustrating
Potential Failure Source B involves only two similar sets of contacts that are
due to any of several failure mechanisms,
The contacts could fail
not checked.
including sticking open or corroded contact surfaces, but only the single part is
involved.
On the other hand, Potential Failure Source D represents a large number, and
diverse spectrum of parts, ranging from limit switch contacts to the T&T valve
Some of the parts associated with.Failure Source D, for instance the limit
motor.
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For other parts, such as the valve motor, which
switch contacts, are not checked.
is verified to stroke open properly in periodic testing, the conditions associated
with a steam supply transfer demand are more severe than the test conditions due to
multiple valve strokes (for example,
the motor supply cable would experience
cumulative heating due to sequential valve stroking, thereby increasing resistance
and reducing the voltage available at the motor, increasing the probability of motor
failure).
Secondly,
it
is noteworthy that* the potential failure sources include
situations where only the T&T valve is involved as well as situations where multiple
components or system interactions. are involved. For instance, in Potential Failure
Sources A and B, only the T&T valve is involved, while in the cases of Potential
Failure Sources C and D, component and system interactions are involved.
However,
in all four cases, an undetected failure could exist which would prevent the T&T
valve from operating as required, which in turn would prevent the turbine driven
pump train from performing as required.
A third point is that while a potential failure source may apply to more than
one failure mode, it does not necessarily apply equally.
Note that Potential
Failure Source A applies to both Failure Modes 1 and 2.
However, in relation to
Failure Mode 1, the T&T valve must only stroke open' for a normal turbine driven pump
start. But in relation to Failure Mode 2, the valve must initially stroke open, and
then close and reopen for the steam supply transfer sequence.
Failure due to
degraded thermal overloads would be more likely for Failure Mode 2 than for Failure
Mode 1.
Finally, it should be recognized that all four items represent conditions
which could be overcome by local operator intervention, or possibly by remote
operator action (see Section B, "T&T Valve Manual Controls and Indication").
Lack
of knowledge of exactly why the T&T valve failed to open automatically following an
emergency bus undervoltage condition, for example, would not prevent the operator
from recognizing that the valve was not open (from MCB indication) and then opening
the valve from the MCB, the local control panel, or by use of the valve handwheel.
V.

Current Status of Work on Other Components

The AFW System Assessment is ongoing.
The design, operating, and testing
practices of many of the relevant components have been at least partially reviewed.
The attached Table 1 provides a status of review for each of the components.
VI.

Study,

Interim Observations and Conclusions
There are several tentative observations that can be drawn from the AFW System
based upon work completed to date.
1.

There are potential degradation and failure sources for many of the
components reviewed which would not be detectable by current practices.
The examples cited above for the T&T valve are primarily related to
instrumentation and control (I&C) circuitry.
While it is too early to
draw firm conclusions, it appears that many (more than half) of the
potential failure sources that are not detectable by current practices
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are related to I&C circuitry (as opposed to mechanical and hydraulic
type degradation or failure, such as degradation of pump hydraulic
capability).
2.-

Many of the potential failures sources which would not be detectable
involve multicomponent or system boundary interactions, where testing
of individual components does not adequately indicate system condition.

3.

Most potential failure sources that are not detectable by current
or no additional testing, from
practices could be detected with little
the standpoint of number or duration of tests.

4.

Based upon the reviewto date, for some of the components the extent of
is a major
testing is excessive to the point that the testing itself
contributor to aging and service wear-related degradation.

It can be tentatively concluded, therefore, that the quality of existing
testing programs for the AFW System can be enhanced, while at the same time, the
overall quantity of testing can be reduced.
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Table

1.

Review status of AFW components

Component

Status of Review*

Motor Driven Pumps

C

Turbine Driven Pump

P

Alternate

C

Suction Source Valves

Steam Generator Level Control Valves

C

Pump Suction Check Valves

C

Pump Discharge Check Valves

C

Miniflow Check Valves

C

Other Check Valves

P

Turbine

C

Steam Supply Valves

Turbine Trip And Throttle Valve

C

Turbine Governor Valve

P

Feedwater

C

Isolation Valves

Feedwater Isolation Check Valves

C

Steam Generator Safety Valves

P

Steam Generator Power Operated Relief Valves

P

Steam Generator Blowdown Valves

C

*C - Review substantially complete,
P - Review partially complete.

-155-

PRAAGE-1988:

An Interactive IBM-PC Code for Aging Analysis.
of NUREG-1150 Systems
R.R. Fullwood and W.G. Shier
Brookhaven National Laboratory
Upton NY, 11973
ABSTRACT

Probabilistic Risk Assessments
(PRA)
contain a great deal of
of a nuclear power plant but do
information for estimating the risk
PRAAGE (PRA+AGE) is an interactive, IBM-PC code
not consider aging.
for processing PRA-developed system models using non-aged failure
rate data in conjunction with user-supplied time-dependent nuclear
plant experience component failure rate data to determine the
as well as
effects of component aging on a system's reliability
generic
various
of
importances
age-dependent
the
providing
This paper describes the structure, use and application
components.
of PRAAGE to the aging analysis of the Peach Bottom 2 RHR system in
the LPCI and SDC modes of operation.
1.

Introduction

Aging, as it is used in this report, refers to the end-of-life region of
the wearout curve (mortality curve) in which the probability of failure is no
longer characterized by a constant failure rate but is increasing with time.
The report Higgins, 1988, discussed in some detail
the mathematical modeling of
the wearout process and its
approximation as a linear increase in the failure
rate with time.
The theory of linear aging was presented in Vesely, 1987, as
being the result
of Poisson-distributed assaults on a component until
it finally
fails.
This assault model predicts a failure rate that linearly increases with
time starting
when the component is new.
Higgins, 1988, using nuclear power
plant experience data, showed that certain classes of components such as pumps
and valves do not show such a simple dependence but characterization as two
connected linear dependencies
is required.
The first
segment is a constant
failure rate, i.e.,
the failure rate is independent of time; the second segment
is a continuation of the first
but with a discontinuity in slope after
which the
failure rate linearly increases with time.
Both the rate of increase and the
location in time at which the break occurs are characteristic of the component.
System aging is the sum of failure rates of its
components for each time
step only in
the special case of non-redundant systems.
If
a system is
redundant, it ages at a rate that is the train
aging rate raised to the power
of the redundancy.
For example, a system composed of three redundant trains
each of which ages at a rate of 10%/year, will have a system aging rate of
30%/year.
(This system effect is discussed further in Higgins, 1988).
Because
systems, not individual components, protect the public safety, aging analysis
should be performed in a system context.
The first
major modeling of two nuclear power plant, their
systems and
components to determine their
risk and the reliability
of the safety systems was
WASH-1400.
This was
followed by further PRA methods
development,
PRA
applications to regulatory issues and PRAs for many power plants.
(Fullwood and
Hall, 1988 provides a review of PRA development in this period.)
A major
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development in improving the quality of PRAs
analysis of which, PRAAGE-1988 is designed.

is

the NUREG-I150

study

for the

The Reactor Risk Reference Document, NUREG-1150 provides the results
of
major risk
analyses to five different US plants (Surry, Zion, Sequoyah, Peach
Bottom and Grand Gulf) using state-of-the-art
methods.
This work provides a
data base and insights to be used for a number of regulatory applications:
l)Implementation of the NRC Severe Accident Policy Statement, 2) implementation
of NRC Safety Goal Policy, 3)
consideration' of the NRC Backfit Rule,
4)
evaluation and possible revision of regulations or regulatory requirements for
emergency preparedness,
plant -siting,
and equipment qualification,
and 5)
establishment of risk-oriented priorities
for allocating agency resources.
The work presented here is a further application of the NUREG-1150 work
by applying these system models to the investigation of aging in the residual
heat removal system (RHR) at Peach Bottom -the oldest of the plants analyzed in
NUREG-1150.
Because of the quality of the PRA work in the NUREG-1150 models,
one of the ground rules for the work presented here was to accept the PRA system
models without modification in the form of system cutsets (Fullwood and Hall,
1988).
The PRA system models are described in NUREG/CR-4450 and were provided
to us along with the probability data by the Sandia National Laboratory.
This
information was transferred to. a floppy disk for use in an IBM-PC and constituted
the default data to be replaced by nuclear power plant experience data showing
aging effects when obtainable from a companion study, Lofaro 1988 included in
these papers.
Higgins, 1988 used an early version of PRAAGE (called PRAAGE-1987) for
modeling the CCW system at Indian Point based on the Indian Point Probabilistic
Safety Study (IPPSS).
PRAAGE-1987 took advantage of certain symmetries in the
cutsets to implement them in a unique, compact matrix format.
While this worked
well for this
particular case, the method is
not generally applicable and a
major 'thrust of PRAAGE-1988 was a code that could operate directly with cutset
input.
The organization of this paper is the introduction, just
presented, the next
section describes the design criteria
for PRAAGE-1988.
Section 3 presents
structure of PRAAGE,
section 4 describes how to use the code and section 5
presents results from its
application to the RHR system in the LPCI and SDC
modes of operation.
2.

Design Criteria for PRAAGE

PRAAGE-1988 was designed on the bases of the experience with PRAAGE-1987
include additional enhancements for current aging work.
The principal criteria
were:

to

9 Perform an accurate analysis of the affects.of aging of the Peach Bottom
RHR system,
* Accept aging data in
in Higgins, 1988,
* Include any test
data modeling,

the bilinear form found to be necessary as reported

and maintenance models that are developed
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in

the

* Be easily converted to analyzing the aging of other systems for which
cutset and data block information are available.
Easy convertability is
taken to mean that it can be done in a few hours or less.
" Minimize the manual inputting of data,
" Be operable on all grades of IBM and compatible personal computers using
the MDOS operating system with a disk drive and graphics adapter.
* User friendliness by instructing the operator
values which the operator may choose to modify.

and providing

default

* Perform the calculations rapidly enough that the operation may be
considered interactive. The current longest computation time is 30 seconds
in which the unreliability, normalization and all the necessary importance
information is calculated.
* Perform generic groupings of components.
This is needed because
component specific data are not available and such a large number of
components is difficult to manipulate and interpret.
Presently PRAAGE is
dimensioned for 20 generic components.
Generic components may be grouped
by any ANDing and/or ORing of the four-element component name identifiers.
The search mask for generic component construction is constructed in this
fashion to assist the operator and avoid the possibility of typographical
errors which would result in no component selection.
PRAAGE assumes that
the operator will, select the generic components of present concern but
that these selection may not include all components.
Those components
omitted are grouped as a "residual" generic component and treated the same
as those specifically identified i.e. subjected to the aging and T&M models
as will probability modification as a group.
9 Allow individual component probability modifications.
* Record the parameters used in

an aging analysis and the results,

o Print numerical and textual results,
o Provide graphical displays and printed output.
All of these criteria were met with the exception of test and maintenance
modeling (T&M).
This is a very complex problem because the aging data obtained
from nuclear power plant experience reflects the effects of the T&M that. is
performed on each component in each plant.
To introduce an explicit T&M model
into PRAAGE would require that the effects of, T&M be removed from the data and
a generic T&M model be developed and applied in the system model.
Other limitations in current PRAAGE (which may be circumvented if need be) are:
9 PRAAGE-1988 operates in the small probability approximation.
This means
that it will not calculate accurate results if probabilities are set to
"l" as is commonly done to simulate a component outage.
(This feature
was provided in PRAAGE-1987 but was not used in PRAAGE-1988 for reasons
of calculationai simplification.
Its inclusion would increase the code
complexity and running times.)

-'59-

0 The data input to the cutsets are probabilities

- not failure
rates.
If a component is modeled as failing
during a mission time, the failure
rate must be multiplied separately by the mission time.
(PRAAGE-1987
identified and accepted both types of data and performed the necessary
multiplication when needed.
It will probably be necessary to modify the
data representation if the T&M module is implemented.)

* The maximum problem sizes used to data sizes are 701 cutsets, 134
components, 20 generic components,
and six time steps but the ultimate
limitations have not been explored.
It
is
likely
that if
overlay
techniques are used in the code that much larger problems can be analyzed.
3.

Structure of the Code

Figure 1 shows the computational flow that takes place in PRAAGE.
The
basic input information is obtained by down-loading a data block and the cutset

Figure I
Computational Flows in

PRAAGE

results from a SETS (Worell, 1985) code analyses of the fault trees representing
the RHR mode being studied.
The data block contains probability data (not
failure rate) for 384 components.
The 4 configurations of the RHR system are:
LPCI, SDC, RHR and CSS.
This work studied LPCI, which has 494 cutsets using
127 components and SDC which has 701 cutsets involving 134 components.
Since
memory requirements are a paramount concern in personal computer programming,
the extraneous data is removed by the independent preprocessing code TRIM.
The new data block containing only data for the components in the cutset
block being processed are stored on floppy disk to provide the input to PPOSETSI
(Post Processor of SETS, Indexed).
PPOSETSI converts the component names and
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the component probabilities
into indexed variables,
p[i,l]',
and nam(i),
respectively,
for array processing.
Beginning with the name of the first
selected component, PPOSETSI looks at each component name in each cutset.
If
a match is detected, the .cutset is modified by replacing the 16 character name
with p[ij].
This process continues until the whole equation block has been
converted into a form using indexed variables.
PPOSETSI goes a step further and
decomposes the original cutset block which is one long equation into many
separate equations - one for each cutset.
This transformation is performed
automatically to produce programming in the Pascal language.
These many new
equations are stored on floppy disk for reading into LPCIEQ which does the
processing of the equations.
In this sense PPOSETSI is a program that actually
writes some of the Pascal programming language used in the LPCIEQ computer
program.
PPOSETSI is followed by INVERT which takes the cutset file with the
components identified by number and determines the cutsets in which a component
appears.
The results of this is to provide a directory to LPCIEQ for the
grouping of cutset values to form the importances.
The cutset transfer to LPCIEQ is done in a very unusual fashion.
The
equations cannot be read in as string variables because these are programming
instructions for LPCIEQ.
The manner of entry is to read them into the LPCIEQ
program as a block transfer in the editor mode.
Further discussion of LPCIEQ
will be deferred until completion of the discussion of the macro construction
and data preparation.
The macro constructor code (MCROCONI) groups similar components for common
treatment.
A component name in the NUREG-1150 format is made up of 4 elements
or subnames.
These four subnames for the component respectively represent the
system it is in, the dominant failure cause, the dominant failure mode and a
unique identification for the component.
MCROCON1 requests a name for the
generic component and then lets the operator construct the generic component by
ANDing and ORing the contents of each selected column.
When the operator
indicates completion, all components not selected for one. of the generic groups
are placed in the "residual" group. This is a fairly lengthy selection process,
not to be frequently repeated, so the generic component groupings thereby
constructed are saved to disk where they can be reused without having to repeat
the generic grouping process.
MCROCON1 also offers a simpler assembly process
by selecting on first
subname which is the system identification. There is good
physical reason for the use of system groupings but it is also faster then
individually tailoring the groupings and was very convenient for code
development.
This menu also provides for a printout of generic component groupings but
this is actually the compressed file used for generic component storage and
transfer and is not easy to understand. So far, there has been no reason to make
it more user-friendly but it is retained for its usefulness in code diagnostics.
The first
number indicates the number of components, next the number of generic

1

The "i"

index is

the component designator;

the second,

"j"

index,

is

the

time designator for use in the aging analysis.
Since PPOSETSI sets up the
component probabilities for the components when new, the time index is set to
1l1".
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components, then by the number of components in each group, by the component
identifying numbers in each group and finally by the names of the generic
components.
If the first
column construction method of generic component
construction is selected, the name of the generic component is the same as the
search mask.
This generic component code is passed to the data preparation code
(DATAPREP) which allows the modification of the probability of failure at startup
time (t = 0, j = 1) for each of the components by directly changing the values.
The operator may modify the failure probabilities of all of the components in
a group by the multiplication of their values by a.common multiplier.
(A common
multiplier produces a proportional change even if the absolute value of each
component probability is different).
The parameters for each aging model are
specified by the analyst in an interactive process. When aging model preparation
is selected, the analyst is requested to select a generic component for aging
model preparation.
Then the analyst is requested to input the time at which
aging starts followed by the aging slope in percent per year.
This process is
repeated until all generic components subject to aging have had their-model
specified.
If no aging model is specified, it is assumed there is no aging (the
aging slope is set to zero).
After the aging models have been specified, they are not automatically
applied to the time zero probabilities but the analyst is required to order their
incorporation.
This is done to allow the analyst a last opportunity to modify
the data. However to perform the aging analysis, the models must be implemented
which results in the construction of the component failure probabilities for each
time step.
(The time steps are 0, 2, 5, 10, 20, and 50 and cannot presently be
changed by the analyst without recompiling the code).
These time dependent
failure rates may be stored on floppy disk for use by LPCIEQ.
LPCIEQ may retrieve the time-dependent probability data as well as the generic
component descriptor data from floppy disk or LPCIEQ may access the data from
memory. If the latter is the case, it is necessary precede the running of RHRAGE
by selecting and running MCROCONI and DATAPREP.
LPCIEQ is rather slow starting (requiring about 30 seconds) because the code is
calculating all 494 or 701 cutset equations involving 127 or 134 components for
six aging times and executing a complex assembly process to construct the
Birnbaum and Inspection importances.
Upon completion, the remaining operations
are very fast because the code is only grouping importances for the individual
components into the generic component groupings and performing the necessary
computations for the importance measure selected.
When the calculation is
complete, the results are automatically displayed. The results can be displayed,
printed, graphed or saved to disk.
The graphs may also be reproduced on a dot
matrix printer.
4.

Using PRAAGE-1988

Table 1 lists
the present contents of the PRAAGE-1988 distribution disk.
It is
written in Turbo Pascal 4.0 (TP4 by Borland International).
This code is
considerably different from Turbo Pascal 3.0 which was the language used for
PRAAGE87 as reported in Higgins, 1988.
A major change in the codes was
in discontinuing chaining and overlays in favor of "units".
This is done by
setting up an executive code, PRAAGE2.exe with a "uses" statement that names
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Table 1
List of Codes Comprising the PRAAGE Ensemble
RHR/SDC Mode
Name
Size (kilobytes)
Purpose
132608
Main program calling units
PRAAGE2.exe
MAINTITL.tpu
1664
Global data file
MCROCONI.tpu
12736
Performs generic groupings
DATAPREP.tpu
21456
Data edit, aging and T&M
LPCIEQ.tpu
70608
Computes the cutset equations
RHRAGEI2.tpu
21600
Importance assembly and graph
CENCOMP1
660
Ceneric component identification
INVBLOK.pas
8491
Inverse file
NAM1PREP.PAS
104
First
column component name
NAM2PREP.PAS
121
Second column component name
NAM3PREP.PAS
133
Third column component name
NAM4PREP.PAS
715
Fourth column component name
NAMBLOK
2093
Full component names
DATBLOK
3939
Default time zero data
AGEPDATI
21802
Aging data file
BANNER.exe
47840
Title and synopsis
PRAACE.bat
43
Calls BANNER and PRAAGE2
the "units" that it uses.
Units can also use other units.
These are compiled
codes designated as "TPU" for Turbo Pascal Unit that contain a public section
declaring variables and subroutines accessible to programs that have the units
name in the uses statement.
When the disk is loaded, the user simply types
"PRAAGE".
This calls PRAAGE.bat - a batch file
which calls "BANNER.exe".
This
displays a full
screen sign stating "Brookhaven National Laboratory presents
PRAAGE - PRA applied to Aging"which is followed by a synopsis of the code.
On
a key press, the main program, PRAAGE2.EXE, is called.
It calls
MAINTITL.tpu
to present a default problem title
and request for identification
of the default
path and drive. With this
information, it presents the main menu shown as Figure
2.
These tasks may be performed in any order but if they are performed out of
sequence, they use results
stored from previous runs.
If it is an entirely new

MAIN MENU
,elect

Select

the Tasks to be performed for:
the NUREG-1150 Peachbottom RHR/SDC Aging Study

i

Define the Generic component Groupings

2

Modify Individual or Generic component Groups,
Aging and Test and Maintenance Models

3

Compute, Display, Print and Graph Age Dependent
System Unavailability and Generic Component
Importances

4

Quit
the Number of the Task to

be Performed

Figure 2

The Main PRAAGE-1988 Menu
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Generic Component Menu

1:
2:
3:
4:
5:

Construct Generic Component Grouping
Column of Component
Construct Grouping from First
Groupings
Constructed
Record the
the Constructed Groupings
Print
Leave the Generic Component Construction
Select

Id.

Your Job

the Number Identifying

Figure 3
Generic Component Construction Menu
problem, they must be run in sequence.
If task 1 is selected, the menu shown
in Figure 3 will bepresented.
Only the first
2 tasks are actually used in
generic component definition.
By far the most versatile
is selection 1.
If this
is selected, PRAACE asks for a name for the generic component which may contain
12 characters.
Then the Figure 4 menu is presented in which a dialogue takes

Construction of a
What component

i.d.

Generic

position

Component

do you want to

(xlx-x2x-x3x-x4x)
key on?

1

3 DCP, 4 DGACTA, 5 DGACTB, 6 DGACTC, 7 DGACTD,
1 ACP, 2 CSS,
13 IAS, 14 LCI,
3 ECW, 9 EHV, 10 ESF, 11 ESW, 12 HSW,
15 RBC, 16 RHR, 17 SDC, 18 LOSP,
Select part
of the Generic Component Mask
(Y/N)
that
correct?
.ou selected,"ACP", is
with another identifier?
Do you wish to "and" this

(Y/N)

Figure 4
Menu for Forming a Generic component by ANDing and.ORing
place between the analyst and the code.
To understand the meaning refer to
Figure 5 showing typical names for the components in the model.
As stated
earlier,
the first
column is the system designator, the second column is the
cause, third, the mode and the last
column is the unique identifier.
In the
dialogue shown, the analyst indicated to key on the first
subnames.
Then PRAAGE
displayed all
of the first
subname designators and the operator selected "1" from
this list.
PRAAGE responded by saying that ACP (AC power) was selected and
asking if this is correct.
When the operator replied "Y" for yes, PRAACE asked
the operator if he wished to AND this with another designator.
When the operator
said "N" (no), PRAAGE displayed the information shown in Figure 6.
After the
display,
PRAACE asked the analyst if
he wanted to OR the designator with
something.
If he said yes, then he could perform further ANDing operations to
construct a composite mask using these logical operations.
In this
case, the
operator said no and PRAAGE asked if
another generic component
is
to be
constructed.
If he had said yes the whole process would have been repeated
starting
with a name for the generic component.
Since no was designated, the
construction process was ended.
But note-only a few components were included
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ACP-PHN-LP-E!7WG
ACP-TAC-LP-EDG1
ACP-TAC-LP-EDG2
ACP-TAC-LP-EDG3
.ACP-TAC-LP-EDG4
CSS-MOV-MA-MV26A
DCP-BAT-LP-A2.
DCP-BAT-LP-B2

DCP-BAT-LP-C2
DCP-BAT-LP-C3
DCP-BAT-LP-D2
!)CP-BAT-LP-D3
DCP-INV-LP-24C.
DCP-INV-LP-24D
DCP-PHN-LP-BATR
DCP-REC-LP-2
DCP-REC-LP-4
DGACTA
DGACTB
DGACTC
Figure 5
Four Subname Component Naming Used in

Construction

of a Generic Component

NUREG-1150

(xlx-x2x-x3x-x4x)

What component i.d.
position do you want to key on?
1
1 ACP, 2 CSS, 3 DCP, 4 DGACTA, 5 DGACTB, 6 DGACTC, 7 DGACTD,
8 ECW, 9 EHV, 10 ESF, 11 ESW, 12 HSW, 13 IAS, 14 LCI,
15 RBC, 16 RHR, 17 SDC, 18 LOSP,
Select part of the Generic Component Mask
£

You selected,"ACP", is that correct? (Y/N)
Do you wish to "and" this
with another identifier? (Y/N)
-------- Generic Name: acp Consists of:--------------------------Components selected are: 1 ACP-PHN-LP-ESWG
Components selected are: 2 ACP-TAC-LP-EDGI
Components selected are: 3 ACP-TAC-LP-EDG2
Components selected are: 4 ACP-TAC-LP-EDG3
Components selected are: 5 ACP-TAC-LP-EDG4
Components selected are: 135 ACP-BAC-LP-416A
Components selected are: 136 ACP-BAC-LP-416B
Components selected are: 137 ACP-BAC-LP-416C
Components selected are: 138 ACP-BAC-LP-416D
No. of acp
items selected: 9
Do you want to "OR" with other selections as the same generic component
Do you want to construct another generic component? (Y/N)
Figure 6
Display of the Components Selected by the First Subname,
First Designator Mask
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(Y/Ný

in the generic components defined.
To avoid losing information, PRAAGE assigns
the remaining components to a generic component called "Residual" so the minimum
number of generic components is two.
If the operator had selected 2 in the generic menu, the screen would blink
and state
that the first
column construction (i.e.
system groupings) is complete.
In the laborious process of building the generic components by AND and OR
groupings, the operator will probably want to save these definitions on disk.
This is done by selecting item 3 in the generic component menu (Figure 3).
If
item 4 is selected (print
the generic groupings),
a rather cryptic printout
results.
The first
number is the number of components, the second number is the
number of generic components,
The next number-of-generic component lines provide
the decoding of the following string
listing
the numbers of the individual
numbers of the components in the groups.
This is followed by the names of the
generic components that have been assigned.
Leaving the menu is executed by selecting "4" from the generic menu which
returns to the main menu (Figure 2).
Following the sequence, the operator
selects "2" to modify the component probability data.
The purpose of this menu
(shown in Figure 7) is not just
to edit data, inject the aging or T&M but it also

Individual

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:

and Generic Component Modification Menu

Modify Components in Generic Component Groupings
Modify Individual Component Probabilities
in PRA Order
Modify and Prepare the Aging Models
Modify and Prepare the Test and Maintenance Models
Implement Aging into
the Probabilities
Implement Test and Maintenance into
the Probabilities
Record the Time Dependent Probability
Data Base
Display the Time Dependent Probability
Data Base
Print
the Time Dependent Probability
Data Base
Leave the Component Modification

Figure 7
Data Modification and Aging Model Menu
creates the remaining probabilities for the time steps.
If this. is not done
RHRAGE will fail.
If task 1 is selected, the editing is convenient by dealing
with the components according to the generic component definitions.
This results
in the menu shown in Figure 8 being displayed.
This lists
the names of the
generic components what were previously constructed.
The operator can change
selected generic components change in whatever order he chooses or if most of
them will be changed, he can select "C" for cycle and it will cycle through the
names thereby obviating the need for designating individual names.
When a name
is selected, the menu in Figure 9 is displayed showing not only the component
name but also the current probability value.
If the operator chooses to change
these as a group, he enters a multiplier (positive but may be greater or less
than one) and PRAAGE responds with a new menu displaying the effects of the
operator's modification.
If the change is wrong, it can be corrected by
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The Generic Component Names Are:

1IACP
4 DGA
7 ESF
10 IAS
13 RHR

3 DCP
2 CSS
6 EHV
5 ECW
9 HSW
8 ESW
12 RBC
11 LCI
15 LOS
14 SDC

Select Number of Individual Generic Component for Change
Or Type "C" to Cycle Or Type Q to Quit

Figure 8
List of Generic Component Names for Selecting Data Modification

Generic Component No.1 named ACP Is

Composed Of:

1.OE-0002;
1 ACP-PHN-LP-ESWG
2.2E-0002;
2 ACP-TAC-LP-EDG1
2.2E-0002;
3 ACP-TAC-LP-EDG2
2.2E-0002;
4 ACP-TAC-LP-EDG3
2.2E-0002;
5 ACP-TAC-LP-EDG4
1.lE-0005;
135 ACP-BAC-LP-416A

136 ACP-BAC-LP-416B

I.lE-0005;

137 ACP-BAC-LP-416C
138 ACP-BAC-LP-416D

1 1E-0005;
1.1E-0005;

# and Enter New Probability
Select
"Q" to
Generic Multiplier,
for

or 0.xx Format or
in "E"
Next Cycle
for
Quit, or "N"

"G"

Figure 9
Component Names Contained within a Generic Grouping
The Analyst Selects the Number of a Component whose Value is to be Changed
multiplying by the reciprocal

of the previous change.

If it is necessary to change a probability value within a generic grouping,
of
from the data modification menu and a listing
the operator may select "2'
From
components by number, name and probability value is presented (not shown).
If this
this, the operator selects the number of the component for modification.
is done, PRAAGE repeats the old value and requests a new value in real format
is typed, a notice is displayed
If a typo such as a letter
as shown in the menu.
If integer format is used, no warning is displayed and
to retype the number.
Then the values of the un-aged probabilities are as desired,
no change is made.
PRAAGE returns to the main data modification menu and the operator designates
task 3 to inject

the aging models.

Figure
in the menu shown in Figure 10 being displayed (this
This results
is the composite of considerable dialogue) and the operator is asked to designate
In this case the operator chose item 1
a generic component for age modeling.
and PRAAGE answered back that ACP was selected and asked for confirmation.
The operator responds in real
PRAAGE then asks for the time that aging begins.
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PRAAGE then
format and PRAAGE repeats the entry so the operator can check it.
asks for the slope of the aging ramp in fractional (not percent) change per year
in real format.
The operator responds and PRAAGE repeats the response and asks
the operator is another aging model is to be constructed for some other generic
component.
If
the answer is no PRAAGE returns to the main data modification
menu.
When PRAAGE is finished, undoubtedly, the operator will want to enter a
T&M model but since this has not been done it will not be discussed.
Before leaving the data modification menu,

it

is

essential that aging be

The Generic Component Names Are:

1 ACP

2 CSS

3

4 DGA

5 ECW

6 EHV

DCP

7 ESF
10 IAS
13 RHR

8 ESW
9 HSW
11 LCI
12 RBC
14 SDC
15 LOS

Select a Generic Component for Age Modeling Or

Type Q to Quit

1

You Selected No. 1 named ACP
When Does the Aging Ramp Begin?

(years from startup,

x.x)

5.0

What is

the Slope of the Ramp?

(fraction/year,

x.x)

0.1

You Specified Start
5.OE+0000 and Slope
Do You Want to Prepare Another Model?

1.0E-0001

Figure 10
Implementing an Aging Model
but
implemented into the failure probability data to cause. construction of all
the time zero probabilities which come from the data base as modified by the
done by selecting tasks 5 and/or 6 in
the main data
analyst.
This is
If task 7 is selected, the time dependent probability data
modification menu.
will be saved to disk under a name of the operator's selection or a default name
may be used.
If the operator wishes to see the data that will be used in RHRAGE, he
selects task 8 and a printout results as sample of which is shown in Figure 11.
After the printout and return to the main data modification menu, the
operator selects "9", returns to the main menu and selects "3" to go to RHRAGE
for the importance calculations.
After some preliminary questions the main
Seven importance measures are
importance menu is presented (Figure 12).
(Percent unavailability contribution per component as
displayed for selection.
done in PRAAGE-1988 is not implemented.)
In this figure, the analyst selected
"2" for the
Inspection Importance.
Nearly immediately (since the individual
importances were precalculated) the importances are displayed as shown in Figure
task 8 is selected from
14.
If the operator decides to print out the results,
If plotting is desired, task 9 is selected to result
the main importance menu.
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Prob.

No./Initially

The Age Dependent Probabilities Are:
2nd Year 5th Year
loth Year
20th Year 50th Year

1
1. 0E-0002
1. OE-0002
2.2E-0002
2
2.2E-0002
3
2. 2E-0002 2. 2E-0002
4
2. 2E-0002
2.2E-0002
5
2. 2E-0002
2.2E-0002
6
8. OE-0004
8. OE-0004
7
1. 3E-0003
1.3E-0003
1. 3E-0003
8
1. 3E-0003
1. 3E-0003
9
1. 3E-0003
1. 3E-0003
10
1. 3E-0003
1. 3E-0003
1. 3E-0003
11
1. 3E-0003
12
1. 3E-0003
1. 3E-0002
1. 3E-0002
13
1. 3E-0002
14
1. 3E-0002
2.7E-0001
15
2.7E-0001
Press key for next page

1. OE-0002
2.2E-0002
2.2E-0002
2.2E-0002
2 .2E-0002
8. OE-0004
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0002
1. 3E-0002

1. 5E-0002
3. 3E-0002
3. 3E-0002

3.3E-0002
3. 3E-0002
8. OE-0004
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0002
1. 3E-0002
2.7E-0001
2.7E-0001

2. 5E-0002
5.5E-0002
5. 5E-0002
5.5E-0002
5.5E-0002
8. OE-0004
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0002
1. 3E-0002
2 .7E-0001

5. 5E-0002
1. 2E-OO1
1. 2E-0001
1. 2E-0001
1. 2E-0001
8. OE-0004
1. 3E-0003
1. 3E-0003
1. 3E-0003
1.3E-0003
1. 3E-0003
1. 3E-0003
1. 3E-0002
1. 3E-0002
2.7E-0001

Figure 11
Time Dependent Probabilities after Aging Implementation
Select Importance Measures for:
the NUREG-I150 Peachbottom LPCI Aging Study
1
2
3
4
5
6
7
8
9
10
11

Birnbaum Importance
Inspection Importance
Percent Unavailability Contribution
Unavailability Budget Contribution
Vesely-Fussell Importance
Risk Achievement Worth Increment
Risk Reduction Worth Increment
Print Selection
Plot Part of Selection
Print Component Unavailability Fract.
Quit Menu
Figure 12
Importance Measures Selection Menu

in a display such as shown in Figure 13.
No provision for saving the results
to disk has been made because the input data necessary for recalculation has been
saved.
5.

Description of the RHR System in

the LPGI and SDC Modes

The function of the SDC mode of RHR is to remove decay heat during
accidents in which the reactor vessel integrity is maintained.
The RHR system
is a two-loop system consisting of motor-operated valves (MOV) and electric motor
driven pumps (Figure 14).
There are two pump/heat exchanger trains per loop,
with each pump rated at 10,000 gpm at a head of 20 psid. Cooling water is taken
from the wetwell and flows through the heat exchanger for recirculation in the
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reactor vessel in the SDC mode.
'In the LPCI mode, water is
taken from the
reactor vessel and flows through the heat exchangers for recirculation in the
tree analyzed in NUREG/CR-4450 but
reactor vessel.
These two systems are fault
these fault
trees are not exhibited because of space limitations in this paper.
Some modeling assumptions that were employed in the, fault

tree preparation

are:
1) SDC system failure from misaligned valves

is

neglected.

for
components being out -of service
2)
The fault
tree considers
maintenance.
This is only considered to be possible if there is double blockage
for high pressure piping and single blockage for low pressure piping.
3)

Pump isolation due to spurious

4)

The control circuitry

5)
The pumps are
saturated conditions.

is

assumed

6) Failure due to a test-diverting
manually initiated
and aligned.

faults

is

not modeled in
to

fail

when

flow is

7) A suction path must be available
a pump.
the reactor vessel path to start

neglected.
detail.
the

suppression

neglected because

pool

this mode is

from either the suppression pool

8) Failure of the suppression pool from random failure plugging
strainers is neglected.
6.

Using Nuclear Power Experience Data' in

reaches

or

of the

the RHR Aging Investigation

calculations
After PRAAGE-1988 was working, it was tested by comparing its
with the same problem calculated by the SETS code for the system reliability
The agreement was
which is
the only parameter that, both codes calculate.
extremely good.
This was not surprising because both code work in the small
probability approximation.
of components in
The next investigation was a study of the prioritization
(This was
the SDC and LPCI modes using the probability data from NUREG/CR-4450.
done before the BNL data investigation for the Peach Bottom RHR had been
It will be noted
completed).
Results from this are shown in Table 2.
that the dominant contributor to unavailability is the emergency service water
Table 3 is an examination
system which may be regarded' as external to the RHR.
of the LPCI with the effect of the supporting systems removed to exhibit the
percent contributions to unavailability of components specific to the RHR in the
LPCI mode.
Table 4 shows a similar calculation for the SDC mode.
al.
(in these proceedings) compiled nuclear plant experience data to
Lofaro et
These
determine the aging rate as well as new non-aging failure frequencies.
are shown in Table 5.
This results in the aging of the generic components as
aging (LPCI mode) shown in
shown in Figure 13 and in the RHR system reliability
Figure 15.
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Table 2
Component Importances: LPCI Mode using PRA Data
Per cent of Unavailability

System/Component

ESW System:all modes
Pressure/Level Sensors: miscalibration
MOVs: failure
to transfer
MOVs: out for maintenance
Pressure Sensor: loss of.function
modes
Ventilation System: all
Diesel generators: failure to start
modes
AC Power: all
Level Sensor: loss of function
Pipe Segment Fault

53%
18
7.9
5.0
4.1
3.9
1.3
0.9
0.4
0.3

Table 3
LPCI Mode Component Importance using PRA Data
Component: Failure Mode
Sensor: miscalibration
to transfer
MOV: failure
MOV: out for maintenance
Pressure Sensor: loss of function
Pipe Segment Faults
Others

Percent of Unavailability
48%
23
15
12
1
1

Table 4
Component Importances: SDC Mode using PRA Data
Percent of Unavailability
Component: Failure Mode
56%
to transfer
MOVs: failure
24
Pressure Sensors: loss of function
12
MOVs: out for maintenance
3.7
MOVs: limit switch failure
1.9
Sensors: miscalibration
0.54
RHR Pumps: failure to start
0.4
RHR Pumps: failure to run
0.3
RHR Pumps: out for maintenance
1.2
Other

Component

B3NL Analysis
PRA mean
value
3.8E-3

failure to
transfer
Pressure Sensor: loss
of function

MOV:

2.5E-3

Table 5
of Failure Probabilities
BNL maximum
BNL mean
value
value
1.3E-3
1.OE-5
6.OE-4
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8.4E-4

Aging
Rate %/year
0.11
0.02
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Figure:13
Copy of PRAAGE-1988 Graphical Output in Low Resolution
(Acronyms are: esfxhe - engineered safety features (ESF) human
errors, movma- MOV out for maintenance, lcimov - LPCI MOV, esfasp ESF pressure sensor and lcisf -,LPCI pipe section.)

Figure 14
Simplified Schematic of the Residual Heat Removal System
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the NUHEU-115U PeachbottoM LPCI Aging Study
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Figure 15
The Effects of the Aging of the Components shown in
on the RHR System in the LPCI Mode
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UTILIZATION OF AGING PROGRAM RESULTS IN PLANT INSPECTIONS
W. GUNTHER AND R. FULLWOOD
Brookhaven National Laboratory
Upton, N.Y. 11973
ABSTRACT
Research conducted under the auspices of the U.S. Nuclear Regulatory
Commission Nuclear Plant Aging Research (NPAR) Program has resulted
in a large data base of component and system operating experience.
aging
determine
equipment
This data base has been used to
susceptibility
and the potential for equipment aging to impact plant
safety and reliability.
Methods
of detecting and mitigating
component and system aging have also been identified.
This paper discusses how the NPAR results
could be used to focus
inspection activities
on age-sensitive components and systems and
on the specific modes and mechanisms of age degradation.
These
activities
range from the regular inspections conducted by resident
inspectors to extensive special inspections such as the Safety
System Functional Inspection typically conducted by a team of
inspectors.
BACKGROUND
The NPAR Program's goals are to obtain an understanding of the aging
degradation process in components, systems, and structures, and assess methods
for detecting and mitigating aging'. This hardware-oriented engineering research
program uses a two phase approach.
The phase 1 studies assess the nuclear power
plant
operating
experiences
to
identify
and characterize
aging
modes,
mechanisms, and effects, and identifies
measurable functional parameters which
could be used to detect aging degradation in the incipient stage.
The phase 2
.research is an in-depth engineering study and assessment of aging detection and
mitigation methods based on the testing of naturally aged equipment, a review
of current nuclear power plant maintenance practices,
and a cost/benefit
analysis for applying recommendations.
Associated with each NPAR study is
the need to determine the role of
inspection, maintenance, and monitoring in counteracting aging and service wear
effects.
The role of maintenance in managing aging is an important area where
NRC emphasis has been applied.
A review by the NRC of maintenance performed at
several plants resulted in the conclusion that "Most utilities
do not perform
condition monitoring due to inadequate knowledge of degradation mechanisms and
the
relationship
between measurable
parameters
and predicted
functional
capability."' 2
The output from NPAR in this area could assist
the inspector in
determining the extent of licensee inadequacies where appropriate.
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To achieve the objective of integrating NPAR information into the NRC
Inspection Program, several tasks must be accomplished.
These tasks are to
determine which NPAR. information is
relevant to areas addressed by the
inspector; how the Inspection Program presently addresses component and system
performance monitoring; and the format in which the NPAR information can be
presented so that the material can be readily accessed and updated.
As illustrated in
the following:

first

Figure 1, the information flow path depicted includes

1.

Determine NRC Inspection Program requirements:
The results of *a
review of the NRC Inspection Manual are presented, highlighting
those areas in which typical NPAR research results could be applied.

2.

Complete NPAR Program Results: This paper presents examples of NPAR
Program results which should be available to. the inspector'. Several
information areas are discussed.

3.

Develop the guidelines:
For extracting information from the NPAR
reports, guidelines have been established which include background
information, operating experience, recommended maintenance, testing,
and inspection, and references.
This is intended to be a summary
of NPAR information pertinent to an inspection of a nuclear power
plant.

4.

Application of Guidelines: To determine the effectiveness of the
guidelines established for obtaining information from the NPAR
reports, a trial
application of the methodology will be implemented
for two components-motors and inverters.

5.

Information Transfer: The potential information transfer mechanisms
are presented, including relationships to inspection modules, team
inspections, and special subject area inspections.

This paper presents the research findings developed from completion of the
three tasks.
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Complete guidelines for motors
and inverters
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computer scoping
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J

Figure 1

NPAR Information

Integration Flow Chart

Inspection Guidance to Address Nuclear Power Plant Aging
The NRC Inspection Program
responsibility of ensuring that
nuclear power plant can be and
The Inspection Program
public.

objectives from .the fundamental NRC
derives its
planned and existing licensed operation of a
to the
risk
are being conducted without undue
2
objectives include the following :

a.

Identify conditions which may adversely affect public
safety in order that appropriate corrective action can
be taken

b.

the
Determine
performance.

c.

Determine the status of compliance with NRC regulations
and orders.

level

of

effectiveness

of

licensee

is
provided to
guidance
Through the use of inspection procedures,
inspectors in a variety of functional areas including Operations, Maintenance,
Inspectors include Resident Inspectors, as
Surveillance, and Modifications.
in specialized or team inspections.
well as other NRC personnel who may assist
Chapter 2515 of the NRC Inspection Manual was reviewed to determine areas
and to ascertain where aging information could improve the
of emphasis,
and the NRC
It
should be recognized that the utilities
inspection goals.
surveillance,
on monitoring,
with emphasis
routine
inspections
require
detection, and preventive maintenance to assure that nuclear plants are operated
These provide potential indications of age related degradation.4
safely.
The NRC, through the regional offices, performs independent inspection of
inspection program and
equipment and systems, as well as audits of each plant's
augmented inspection teams are sent to a plant to
If necessary,
results.
resolve special issues and problems.
The NRC Inspection Program emphasis is on evaluating the performance of
with
associated
and
standards
on
requirements
licensees
by
focusing
engineering, and operational aspects of licensee
administrative, managerial,
NRC requirements
The Program recognizes that licensees may satisfy
activities.
in
the form of
and therefore expresses inspection guidance
differently,
performance objectives and evaluation criteria.
NPAR Information Relevant to Inspections
The NPAR Program can provide information to the Inspection Program to help
in areas relevant to aging, aging
guide the regional inspection activities
This work can provide guidance
detection, and mitigation of aging degradation.
to NRC inspectors on equipment which is aging sensitive by identifying specific
modes and mechanisms of age-related failures.
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The types of information generated by NPAR which were found to be relevant
to inspection needs include the following:
functional indicators - NPAR reports identify parameters
which can be monitored or measured to detect aging
degradation.
The inspector can apply these results to
enhance visual inspections (walkdowns) and to evaluate
licensee programs for assuring equipment and system
operability.
failure modes, causes, effects - operating experience
data evaluated in NPAR studies can alert the inspector
to prevalent system and equipment failure mechanism.
The potential for failure rate changes with plant age
is an NPAR output of interest to the inspector in
evaluating preventive maintenance resources.
stresses which cause degradation - an inspector can
benefit from knowing the environmental and operational
stresses which cause aging degradation.
maintenance recommendations - the inspector is required
to evaluate aspects of a licensee's maintenance program
for a number of different inspections, including special
team inspections. Each NPAR report contains a review of
current maintenance practices, a summary of vendorrecommended
maintenance,
and
recommendations
for
preventive and corrective maintenance which can be used
to detect and mitigate the effects of aging.
inspection prioritization - based on the failure rate
determined through a detailed operating experience
review and a model developed through Probabilistic Risk
Assessment (PRA) techniques, NPAR system reports present
the relationship between age degradation and plant risk.
These results can be applied in the Inspection Program
for redirecting inspection resources as the plant ages.
To further summarize where this NPAR information may be used, a matrix
(Table 1) has been developed.
This table shows the primary information
categories applicable to the inspection areas reviewed.
It should be noted,
however, that the inspection procedures give the inspector a great deal of
latitude to perform his responsibilities.
Therefore, for any given inspection
or inspector, the level of detail required may differ depending upon the
specific circumstances.
It therefore is recommended that as much potentially
useful information as possible be made available.
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NPAR INFORMATION CATEGORIES
Inspection Type
(Procedure)

Background
Info.

Oper.
Exper.

l.Safety System
Functional
Inspection

X

X

Maint.
Recom.

References

X

X

(SSFI)
2.

Safety System
Outage Modification Insp.
(SSOMI)

X

X

3.

Operational
Safety Verification (71707)

X(b)

X

X'(a)

X

4.

Engineered
Safety Feature
System Walkdown
(71710)

X(b)

X(c)

X(d)

X

5.

Maintenance
Inspections
(62700 series)

X(d)

X(e)

6.

Surveillance
Inspections
(61700 series)

X(f)

(a)
(b)
(c)
(d)
(e)
(f)
Table 1

X(d)

NPAR functional indicators
Age susceptible components and stresses
Domina'nt failure modes and mechanisms
Evaluation of current maintenance
practices
Industry standards and guides for various
components
Stresses associated with testing
Use of NPAR Results

in

Inspection

Continuing work in the risk area within NPAR will provide additional
information to the inspector for selecting aspects of the system for inspection
which are of greatest safety significance, and will therefore result
in the
largest benefit.
The potential exists that, based on input from the NPAR
Program, inspection priorities
for systems and components would change over the
iife
of the plant.
This would be due to several reasons including:
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1.

The aging degradation rate of some systems are high. Therefore, the
licensee must allocate additional resources as the system ages in
The resources
order to maintain acceptable safety and availability.
The
the areas of maintenance and testing.
would likely be in
Inspection Program should be capable of verifying that these
resources are adequate.

2.

For systems which do not experience significant aging degradation,
may remain the same or decrease as the plant
the inspection priority
such as PRA, would
selection techniques,
Other priority
ages.
remain viable.

3.

Within
impact
of
life
within

the
a system, components age differently and therefore,
will change over the
of a component on system availability
the plant. The selection of major components for inspection
the system could be altered based on input from NPAR.

conceptually how inspection priorities
Figure 2 illustrates
based on the influence of equipment aging.

could change

is
the Reactor
The first
illustrated.
Three types of systems are
Protection System (RPS) representing an important safety related system which
The inspection activities
may not exhibit substantial degradation due to aging.
early in
associated with this type of system are assumed to be of high priority
and despite minimal aging degradation expected due to the nature of
plant life,
on
would continue to demand a high priority
the equipment (electronics),
due to
This influence is strictly
inspection resources throughout plant life.
the importance of the system on plantrisk.
Low Pressure
A second type of *system operates in a standby mode, i.e.,
safety significance and the
Because of its
Coolant Injection (LPCI) in a BWR.
importance of properly aligning the system to assure automatic operation *as
This is influenced
will initially
be high.
required, the inspection priority
by the need to evaluate the licensee's capabilities to safely operate the
training,
and
operator
operating procedures,
reviewing
the
facility
by
On the other hand, as NRC
associated with the system.
surveillance testing
and it can be shown that this
confidence is gained in the licensee's abilities,
standby system experiences minimal degradation due to aging, it is conceivable
type of system could decrease rver
that inspection rescurces dedicated to this
operating life.
the plant's
The continuously operating system is the third type of system considered
A
a PWR.
System in
the Component Cooling Water (CCW)
Figure 3,
i.e.,
in
significant aging rate has been modeled for this type of system due to the
foi active components such as pumps,
continuous mode of operation, particularly
early in
Despite having a low inspection priority
valves, and instrumentation.
due to redundancy and system simplicity, an increase in inspection
plant life
based on the deleterious effects of aging on system
could be justified
priority
of the NRC Inspection Program to
The ability
and availability.
reliability
verify that licensee maintenance effectively manages the effects of aging to
increase is of paramount importance.
offset potential plant risk
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Figure 3 illustrates that within a system, component importance can change
with plant life due to the effects of aging. From the NPAR phase 1 CCW work a
model was developed which incorporated failure rates for pumps, valves, and the
exchangers based on actual operating experience data5 .
When plotted over the
40 year life of the plant, it was observed that the importance of pump operation
This type of information could therefore
to CCW availability became dominant.
assist the inspector in determining priorities for a system inspection.
CONCLUSIONS
It is concluded, based on the review of inspection procedures, that the
NPAR data base can assist the inspector in focusing his activities on those
components and systems most likely to affect plant safety as the plant ages.
In addition, the NPAR data and research results can provide the inspector with
criteria for determining the validity of findings and the completeness of
licensee responses.
Evaluating a licensee's administrative programs is another
area where NPAR results can provide a reference, especially those reviews
associated with operations, maintenance, and testing.
NPAR generated information which has
Inspection Program requirements are:
*
*
*
*
*

direct

relationship

with

NRC

functional indicators
failuremodes, causes, and effects
degradation causing stresses
maintenance recommendations
component and system risk impact as a function of time.

Examples of inspection procedures
or more of those NPAR results are:
*
*
*
*
*

a

reviewed which could benefit from one

71707, Operational Safety Verification
71710, Engineered Safety Feature System Walkdown
62700 series, Maintenance Program Inspections
61700 series, Surveillance Program Inspections
Safety System Functional Inspection (SSFI)
Safety System Outage Modification Inspection (SSOMI)
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SYSTEM INSPECTION PRIORITIES
BASED ON NPAR INPUT
Priority
High
RPS (electronics)

LPC' (S tand by)ý--,.,
Medium

CCW (Continuous)

Low

0

10

20

40

30

Reactor Age

Figure 2

Potential Prioritization of System Inspections Based on' NPAR Input

100%
R
E
L
A

80%

T

I
V

E

60%

I

M
P
0
R
T
A

N
C
E

40%

2

0%
0

10

20

40

30

SYSTEM AGE (YEARS)
COW VALVES
Figure 3

Inspection

---

SW VALVES

-K-

PUMPS

-9-

Importance of Components Within a System

-183-

HX'S

REFERENCES
1.

NUREG 1144, Rev. 1, 9/87,
(NPAR) Program Plan."

2.

NUREG 1212, Vols 1 & 2,
Industry," 1985.

3.

NRC Inspection Manual,
"Policy and Guidance for- Development
Inspection Manual Programs" Chapter 0030, 10/13/87.

4.

Prepared Testimony Submitted by Lando N. Zech, Jr. to the Subcommittee on
Energy and Power of the US House of Representatives, 11/10/87.

5.

NUREG/CR-5052, "Operating Experience and Aging Assessment of Component
Cooling Water Systems in Pressurized Water Reactors," 7/88.

"Nuclear Plant Aging Research

"Status of Maintenance in

-184-

the U.S. Nuclear Power

of

NRC

PROBABILITY OF CRACK-INDUCID FAIA]R

IN BWR RECIRCUIATION PIPING

Garry S.. Holman
lawrence Livermore National Laboratory
University of California
Livermore, California / U.S.A.
ABSTRAT
The Lawrence Livermore National Laboratory (LI!NL) has estimated the probability of double-ended guillotine break (DEGB)
in the reactor coolant piping of Mark I boiling water reactor
(BWR) plants. Two causes of pipe break are considered: crack
growth at welded joints and the seismically-induced failure
of component supports.
For the former a probabilistic fracture mechanics model is used, for the latter a probabilistic
support reliability model. This paper describes a probabilistic model developed to account for effects of intergranular
stress corrosion cracking (IGSCC).
The IGSCC model, based on
experimental and field data compiled from several sources,
correlates times to crack initiation and crack growth rates
for Types 304 and 316NG stainless steel against materialspecific "damage parameters" which consolidate the separate
effects of coolant environment (temperature, dissolved oxygen
content, level of impurities),
stress (including residual
stress), and degree of sensitization.
Application of this
model to actual BWR recirculation piping shows that IGSCC
clearly dominates the probability of failure in 304SS piping,
mainly due to cracks that initiate within a few years after
plant operation has begun.
Replacing Type 304 piping with
316NG reduces failure probabilities by several orders of
magnitude.

1.

INTRODUCTION

The Lawrence Livermore National Laboratory (LINL), through its
Nuclear Systems Safety Program, has performed probabilistic reliability
analyses of PWR and BR reactor coolant piping for the NRC Office of
Nuclear Regulatory Research. Specifically, IINL has estimated the
probability of a double-ended guillotine break (DEGB) in the reactor
coolant loop piping of PWR plants, and in the main steam, feedwater,
and recirculation piping of BR plants. For these piping systems, the
results of these investigations provide NRC with one technical basis on
which to:

"This work was supported by the United States Nuclear Regulatory
Commission under a Memorandum of Understanding with the United States
Department of Energy."
*
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(1)

reevaluate the current general design requirement that DEGB be
postulated in the design of nuclear power plant structures,
systems, and components against the effects of postulated pipe
breaks. Recent NRC rulemaking actions, based in large part on
the results of our PAR evaluations, now provide a means for
eliminating dynamic effects of reactor coolant loop breaks
(e.g., pipe whip, jet impingement) as a basis for PAR plant
design.

(2)

determine if an earthquake could induce a DEGB and thus reevaluate
the design requirements that pipe break loads be combined with
those resulting from a safe shutdown earthquake (SSE).
Recent
deviations from the NRC Standard Review Plan, for example, now
allow decoupling of SSE and DEGB loads for PWR reactor coolant
loop piping.

(3)

make licensing decisions concerning the replacement, upgrading, or
redesign of piping systems, or addressing such issues as the need
for pipe whip restraints on reactor coolant piping.

In estimating the probability of DEGB, LINL considers two causes of
pipe break; pipe fracture due to the growth of cracks at welded joints
("direct" DEGB) and pipe rupture indirectly caused by the seismicallyinduced failure of critical supports or equipment ("indirect" DEGB).
2.

BACKGOUMN

Over the past several years, generic evaluations of reactor coolant loop piping were completed for PWR nuclear steam supply systems
manufactured by Westinghouse, Combustion Engineering, and Babcock
& Wilcox. In these evaluations, LLNL performed the following:
(1)

estimated the probability of direct DEGB taking into account such
contributing factors as the initial size (depth and length) of
pre-existing fabrication flaws, pipe stresses due to normal operation and sudden extreme loads (such as earthquakes), the crack
growth characteristics of pipe materials, and the capability to
detect cracks or to detect a leak if a crack were to penetrate the
pipe wall.. For this purpose, LINL developed a probabilistic
fracture mechanics model using Monte'Carlo simulation techniques,
implemented in the PRAISE (Piping Reliability Analysis Including
Seismic Events) computer code.

(2)

estimated the probability of indirect DEGB by identifying critical
supports or equipment whose failure could result in pipe break,
determining the seismic "fragility" (relationship between seismic
response and probability of failure) of each, and then combining
this result with the probability that an earthquake occurs producing a certain level of excitation ("seismic hazard").

(3)

for both causes of DDGB, performed sensitivity studies to identify
key parameters affecting the probability of pipe break. We also
performed uncertainty studies to quantify how uncertainties in

-i86-

input data affect the uncertainty in the final estimated probability of pipe break.
The results of these evaluations consistently indicated that the probability of a DEGB in P¶R reactor coolant loop piping is extremely small,
about IE-7 events per reactor-year from indirect causes, and less than
IE-10 events per reactor-year from direct causes. It was also found
that thermal stresses dominated the probability of direct DEGB, and
that earthquakes contributed only negligibly. These results suggested
that the DEGB design requirement -- and with it related design issues
such as coupling of DEGB and SSE loads, asymmetric blowdown, and the
need to install pipe whip restraints -- warranted reevaluation for PWR
reactor coolant loop piping. Details of these investigations have been

extensively documented elsewhere [1,2,3,4] and will not be discussed
here any further.
The objectives and approach of the BWR study [5] were essentially
the same except that additional potential failure mechanisms were
added. LILNL limited its investigation to Mark I plants, which have
recirculation piping particularly susceptible to the effects of interAlthough our evaluations
granular stress corrosion cracking (IGSCC).
were all generally similar, two important aspects distinguished the BR
study from the earlier PWR evaluations:
(1) the susceptibility of certain BR stainless steels to stress
corrosion cracking required development of an appropriate
probabilistic model of corrosion phenomena. Stress corrosion is
generally not perceived as a problem in P¶R primary loop piping
and, as a result, was not considered in our earlier evaluations.
(2)

the greater conplexity and flexibility of BR recirculation piping
compared to PFR primary loops required that intermediate pipe
supports (e.g., snubbers, spring hangers) be incorporated in the
evaluation.

This paper will focus on the methods we developed to probabilistically
model stress corrosion cracking and on application of the model to a
"representative" BR recirculation system (Fig. 1). The methods used
to address failure of intermediate supports are described in detail in
a companion paper [6] and will not be discussed here.
3.

DOUBLE-ENDED GUILLOTINE BREAK CAUSED BY CRACK GETXH
The probability of "direct" DEGB in reactor coolant piping is esti-

mated using a probabilistic fracture mechanics model implemented in the
PRAISE computer code and associated pre- and post-processing routines.
Details of the model are documented elsewhere [7,8] and will not be
repeated here, but can be summarized as follows.
For a given weld joint in a piping system, the probability of failure (i.e., leak or break) is estimated using a Monte Carlo simulation
technique. As diagramed in Fig. 2, each replication of the simulation
-- of which a typical simulation may include many thousand -- begins

with a pre-existing flaw having initial length and depth randomly
selected from appropriate distributions. These distributions in turn
relate the probability of crack existence. Fatigue crack growth is
then calculated using a Paris growth model, to which are applied
stresses associated with normal operating conditions and postulated
seismic events. The influence of such factors as non-destructive
examination (NDE) and leak detection is also considered through the
inclusion of appropriate statistical distributions (e.g., probability
of crack non-detection as a function of crack size). leak occurs when
a crack grows through the pipe wall, break when failure criteria based
on net section stress (for austenitic materials) or tearing modulus
(for carbon steels) are exceeded.
Completing all replications for a given weld joint and tabulating
those cracks that cause failure yields the cumulative probability of
failure as a function of time at that weld. If only pre-existing
cracks are considered, then "stratified sampling" can be applied to
assure that initial crack samples are selected only from those sizes
that can potentially cause pipe break. Through this technique, very
low failure probabilities (less than one in a million) can be reliably
estimated from only a few thousand replications of the Monte Carlo
simulation.
After the failure probabilities at all weld joints in a piping
system have been estimated, a "systems analysis" combines these results
with the non-conditional crack existence probability (a function of
total volume of weld material) and seismic hazard (which relates the
occurrence rates of earthquakes as a function of peak ground
acceleration) to obtain the non-conditional probabilities of leak and
DEGB.
This was the basic approach followed in our evaluations of PiR
reactor coolant loop piping. One significant factor complicating the
evaluation of BWR piping, however, was the need to include effects of
When present, IGSCC
intergranular stress corrosion cracking (IGSCC).
not only accelerates the growth rate of existing flaws, but also causes

new cracks to initiate after plant operation has begun. The effect of
these "initiated" cracks on the probability of DEGB must be therefore
be considered in addition to that of pre-existing flaws.
Recirculation piping in older BWR plants, particularly those
characterized by the General Electric Mark I containment design, has
been found in recent years to be susceptible to intergranular stress
corrosion cracking. Stress corrosion cracking occurs in stainless
steel piping (in the Mark I plants, Type 304) when the "appropriate"
(in an adverse sense) conditions of "sensitization" -- material
properties conducive to IGSCC that result from prolonged exposure to
high tenperatures during welding -- environment, and stress are met.
Earlier versions of PRAISE treated the effect of IGSCC on pre-existing
cracks through a simple relationship between growth rate and the stress
intensity factor at the crack front; crack initiation was not modeled
at all. It is important to note that this model was not applied in our

IWR evaluations because operating experience has indicated that IGSCC
is not a problem in PWR reactor coolant loop piping.
4.

PROBABILISTIC MDDEL OF STRESS CORROSION CRACKING

As part of our BWR study we developed an advanced IGSCC model for
the PRAISE code [9].
This model is semi-empirical in nature, and is
based on experimental and field data compiled from several sources.
Using probabilistic techniques, the model addresses the following IGSCC
phenomena:
0

crack initiation, including the effects of environment, applied
loads, and material type (i.e., sensitization).
Crack location,

time of initiation, and velocity upon initiation are all defined
by appropriate distributions based on experimental data.
"Initiated" cracks are considered separately fromn pre-existing
cracks until one of the following two criteria are satisfied:
(1) the crack attains a depth of 0.1 inch, or (2) the velocity
of the crack estimated according to the Paris grwth law exceed
the initiation velocity. Beyond this point, "initiated" and
"fracture mechanics" cracks are treated identically.
*

crack growth rate, including effects of environment, applied
loads, and material type.

0

multiple cracks. Because our earlier evaluations were based on
pre-existing flaws only, each Monte Carlo replication included one
crack only. Inclusion of crack initiation requires that multiple

cracks be considered during each replication.
0

crack linking.

Treating multiple cracks requires that their

potential linkage into larger cracks be considered. This is done
using linkage criteria specified in Section XI of the ASME Boiler
and Pressure Vessel Code.

The model covers not only the Type 304 stainless steel (304SS) found in
most Mark I recirculation piping, but Type 316NG "nuclear grade" steel
as well, a low-carbon alloy widely regarded as an IGSCC-resistant
replacement for Type 304.
Crack grwth rates and times-to-initiation
for each material are correlated against "damage parameters" which
consolidate the separate influences of several individual parameters.
The damage parameters are multiplicative relationships among
exponential terms which individually describe the effects of the
various phenomena on IGSCC behavior, including:
0

environment, specifically coolant temperature, dissolved oxygen

content, and level of impurities.
0

applied loads, including both constant and variable loads to
account for steady-state operation and plant loading or unloading,
respectively.
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0

residual stresses. Steady-state pipe loads due to welding
residual stresses are considered in addition to fatigue loads.

*

material sensitization.

Figures 3 and 4 show, respectively, times-to-initiation and crack
growth rates for 304SS, the material on which the initial development
of the model was based. The solid curved lines in Fig. 4 show crack
growth rates predicted by the earlier IGSCC model in PRAISE for oxygen
concentrations of 0.2 ppm (typical during plant operation) and 8 ppm
(typical during startup); the relatively close agreement implies that
the earlier model gave reasonable crack growth rates despite its much
simpler approach.
The damage parameters in the 304SS model were based on the results
of both constant-load (CL) and constant extension rate (CERT) IGSCC
laboratory tests. Many other factors were considered during initial
model development, but were later excluded from consideration either
because they were judged to be of secondary influence for 304SS, or
because suitable operating data was not available to exercise them in a
plant-specific evaluation. The model also assumes that growth rates
and times-to-initiation measured under intentionally harsh laboratory
conditions can be extrapolated to the relatively benign conditions
found in actual reactors. We regarded this assumption as conservative,
noting, for example, that some experimental observations [10] suggest
levels of stress intensity factor below which stress corrosion cracking
is effectively arrested or at least significantly reduced. Our original simplified model of IGSCC allowed for such "threshold" behavior
(see Fig. 5), the present advanced model does not.
Although the present model was developed for 304SS, adapting the
correlation scheme for 316NG was a relatively straightforward matter of
defining new damage parameters based on appropriate laboratory data;
the basic functional form of the model was otherwise left unchanged.
Two features unique to the 316NG model are, however, noteworthy:
*

where both CERT and CL data were available for 304SS, only CERT
data was available for 316NG. These data were used to define
constant-load growth rates and times-to-initiation in 316NG under
the assumption that the creep behavior of both alloys is similar.

"

as noted earlier, three conditions are necessary for IGSCC in
austenitic steels: stress, environment, and sensitization. In
304SS, whenever stress corrosion cracking occurs in laboratory
tests intended to simulate operating BWR conditions, it is most
often intergranular. In 316NG, however, CERU specimens fail by
transgranular stress corrosion cracking (TGSCC), whereas IGSCC
is observed in fracture mechanics specimens. Since the relative
influence of environment and loading on TGSCC in 316NG appears
similar to that of IGSCC in 304SS, the available TGSCC data were
used to predict cracking in 316NG.
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Residual stresses are treated as a random variable in the Monte
Carlo simulation. Distributions of residual stress as a function of
distance from the inner pipe wall were developed from experimental data
for three categories of nominal pipe diameter. For large lines (20 to
26 inches), residual stresses took the form of a damped cosine through
the wall as based on data collected by General Electric and Argonne
National laboratory (see Fig. 5).
The nominal tensile stress at the
inner pipe wall is about 40 ksi. For intermediate-diameter (10 to 20
inches) and small-diameter (less than 10 inches) lines, a linear
distribution was assumed through the pipe wall with respective inside
wall stresses of 9.3 ksi and 24.4 ksi.
The 304SS model was benchmarked by ccmparing predicted leak rates
under nominal BWR applied load conditions against actual leak and crack
indication data made available to us by the NRC Office of Nuclear
Reactor Regulation (NRR).
During benchmarking we quickly ascertained
that residual stress was the parameter most influencing the predicted
leak rates, and we therefore opted to "tune" the model on this basis.
A variety of schemes were considered before we settled on adjusting the
stress magnitude (using a multiplication factor) to bring the model
into agreement with the field data. Figure 6 compares predicted leak
rates against field data for various adjustment factors, Figure 7 the
number of NDE indications with depth a greater than 10 and 50 percent
of the wall thickness h, based on the optimum stress adjustment
factor. As Fig. 6 shows, surprisingly large reduction factors had to
be applied to bring the model into line with the field data, suggesting
that factors other than residual stress may be more influential than we
first concluded.
Calculations performed during final development of the 316NG model
revealed several interesting characteristics of its behavior compared
to that of the less-resistant 304SS. For example, we performed analyses both for initiated cracks and for pre-existing cracks, the latter
case reflecting only the effect of stress corrosion on crack growth and
not only the addition of new "initiated" cracks to the overall population. Figure 8 shows a typical set of results from these analyses, in
this case cumulative leak probabilities for an intermediate-diameter
weld. Two observations are significant here:
0

at any given time, the estimated failure probability in 304SS is
some two to three orders of magnitude higher than in 316NG.

*

the time required to reach a given leak probability is about six
times as long in 316NG as it is in 304SS.

These results also show that where failure in 304SS is always dominated
by initiated cracks (i.e., resulting from stress corrosion), in 316NG
the initiated cracks dominate the probability of leak only after about
12 years. Once cracks are present, however, growth rates are nominally
the same in either material. Consequently, the predicted difference in
behavior between the two materials is due to differences in the timesto-initiation and in the number of initiated cracks, rather than differences in their "fracture mechanics" characteristics.

5.

PROBABILITY OF FAILURE IN BW

RECIFlCUAIN WOOP PIPING

After we ccupleted development of the stress corrosion model, we
applied it to the recirculation loop piping in an actual Mark I BWR
plant. We estimated the leak and DBGB probabilities both for an
existing recirculation loop (Fig. 1), and for a proposed "replacement"
loop (Fig. 9) fabricated from 316NG. Aside from its use of the more
corrosion-resistant material, the replacement loop differs from the
original by having fewer weld joints (about 30 ccapared to 50) and by
eliminating entirely the pump bypass line (see Table 1).
During development of the IGSCC model, we found that its complexity greatly increased computer time requirements for its execution (up

to three CPU hours per wel

for the 20000 to 50000 Monte Carlo replica-

tions typical of our analyses) ccmpared to our earlier PWR reactor
coolant loop assessments. In order to keep the computational effort
within practical bounds, we grouped the welds in the BWR pilot plant
recirculation piping, taking those welds with the highest applied loads
in each group. We then estimated the leak and DEGB probabilities at
each of these representative welds and performed a systems analysis
assuming that these leak and DEGB probabilities applied to all welds in
the respective group. We followed a similar procedure for the proposed
replacement system.
Practical considerations aside, the assumption of "worst case"
stress conditions for each weld group offers reasonable assurance that
the results of the analysis will be conservative. This conservatism is
further enhanced by the fact that we did not include in-service inspec-

tion (ISI) in our evaluations (although PRAISE has this capability),
nor did we consider how such IGSCC mitigating measures as weld overlay

or inductive heating stress improvement (IHSI) might influence the
estimated failure probabilities. Our main objective was to investigate
the relative behavior of different material types under otherwise nominally identical conditions.
Figures 10(a) and 10(b) show, respectively, cumulative per-loop
system leak and DEGB probabilities estimated by PRAISE for the existing
loop configuration (i.e. including bypass piping). Results are given
both for the original 304SS material and for the Type 316 nuclear
grade. In the 304SS piping, leak is predicted to occur after about ten
years of operation (i.e. the cumulative probability of leak approaches
one).
While it is important to keep in mind the conservatism of the
analysis, this result is nonetheless reasonably consistent with some
field observations. The corresponding probability of DEGB is on the
order of IE-2 after 10 years (or about 1E-3 per year), increasing only
slightly (by about a factor of two) over the remaining 30 years of

plant life.
If the 304SS is replaced with 316NG while keeping the original
piping configuration (a fictitious intermediate step between the

existing loops in our pilot plant and the replacement system actually
proposed), corresponding leak and break probabilities are nominally
zero after 10 years of operation. The probability of leak first

exceeds IE-4 after about 12 years, increasing to about 5E-I at the end
of plant life. Two DBGB events (out of 25000 Monte Carlo replications)
were predicted in the riser weld, the first of which occurred at about

30 years; all other weld groups experienced no DBGB events over the
entire 40 years of plant life. The resultant end-of-life system break
probability is about 2E-3 per loop, or about 2E-4 per loop-year; keep
in mind that this result assumes (1) no "threshold" behavior, (2) no
ISI over the 30-year period, (3) worst-case applied stresses, and that
(4) all risers in the system behave identically. For the "replacement"
loop configuration actually proposed, the end-of-life DEGB probability
falls to about IE-3 per loop (1E-4 per loop-year), due to fewer welds
in the new system (Fig. 11).
The bar charts in Fig. 12 shcw the relative contribution each weld
type makes to the overall system probabilities of leak and DEGB; note
that Fig. 12 does not depict the number of predicted failures, which
were far fewer in the 316NG material than in the 304SS. In the existing loop configuration, about 80 percent and 20 percent of the breaks,
and about 65 percent and 25 percent of the leaks, occurred at riser
welds and bypass line welds, respectively. The remaining leaks predicted (about 10 percent of the total) were distributed, in descending
order, among header, discharge line, and suction line welds.
In the proposed replacement system, virtually all leaks occurred
in riser welds. System break resulted solely from riser DEGB as discussed above, which Fig. 12(b) reflects.
The relative contribution of different weld types is further illustrated by Fig. 13, which shows weld-by-weld leak probabilities for the
existing loop configuration. Note in particular that the per-weld leak
probabilities differ by up to one order of magnitude at 10 years, and
by almost two orders of magnitude by the end of plant life. Note also
that while the per-weld leak probabilities for riser and bypass piping
behave similarly over time, the larger number of riser welds (20 compared to 10) and their somewhat higher per-weld leak probability are
reflected in their dominant overall contribution to the probability of
system leak (Fig. 12).
Figure 14 ccmpares riser per-weld leak probabilities for 304SS and
316NG piping, in both cases based on the original loop configuration.
Note the probability of leak in the 304SS weldment exceeds IE-4 after
only about 3 years of operation, while in Type 316NG this threshold is
crossed only after scme 15 years. The reason for this difference is
clear from Fig. 15, which shows the total number of riser crack initiations in our evaluation (one weld, 25000 Monte Carlo replications) in
both the 304SS and 316NG materials. Note that cracks initiate in 304SS
within the first year of operation; by the time the first initiation
occurs in the 316NG (about four years), nearly 1000 cracks have
initiated in the less resistant material. The ratio of 316NG initiations to 304SS initiations falls to less than 100 at ten years, and to
less than five by the end of plant life (see Fig. 16).
By this time,
however, piping in an actual plant would have gone through one or more
ISI cycles.
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Although the results presented here are only for the representative riser weld (i.e. the dominant contributor to the probability of
system failure), they are characteristic of what we observed for the
other welds considered. In all cases, the 316NG appears to owe its
corrosion resistance mainly to the fact that (1) fewer cracks initiated
than in the 304SS material, and (2) those that did initiate typically
did so later in plant life. Once a crack initiates, however, its
subsequent growth rate is not significantly affected by material type.
6.

SUMARY AND ONCIUSIONS

6.1

Discussion of Results

As part of our evaluations of reactor coolant piping for the
Nuclear Regulatory Commission, we developed an advanced probabilistic
model of stress corrosion cracking which we applied to the recirculation loops of a Mark I BWR plant. Based on the results of these
evaluations, we were able to make the following general observations:
*

if stress corrosion is not a factor, thermal fatigue is the main
cause of pipe failure. Furthermore, the probability of break is
similar to that in PWR reactor coolant loop piping (on the order
of IE-10 per reactor-year or lower). As for PWR reactor coolant
loop piping, earthquakes contribute only negligibly to the probability of direct DEGB.

0

when stress corrosion is a factor, corrosion-induced failure
clearly dominates. Furthermore, the probability of pipe failure
is dominated by residual stresses (i.e. uniform loads) rather than
by stresses induced by applied loads. Our analyses further indicated that failure probability is very sensitive to the particular
description of residual stress assumed in the analysis. This
result may offer insight into field observations where nominally
identical recirculation loops (e.g., in terms of configuration,
materials, applied loads) may exhibit stress corrosion cracking in
one plant and not in another. Such differences may be at least
partly attributable to plant-to-plant differences in residual
stresses caused by welding and "fit up" during pipe assembly.

*

recirculation loops fabricated from Type 304 stainless steel are
predicted to leak after about 10 years of operation. Although
this result is based on conservative "worst case" stress assumptions and on the assumption of no in-service inspection over this
period, it is also consistent with some field observations.
If the 304SS material is replaced by 316NG and the existing loop
configuration is retained, the system leak probability at ten
years (a "typical" ISI interval) is effectively zero. The endof-life system leak probability (i.e. after another 30 years of
operation) is about 5E-1 per loop, or about 2E-2 per loop-year
assuming "worst case" applied stresses and no ISI.
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*

for recirculation loops fabricated from Type 304 stainless steel,
the system probability of DEGB is about IE-2 after ten years of
operation (or about 1E-3 per loop-year), increasing to about 2E-2
by the end of plant life. Again, these results reflect "worst
case" applied stresses and no ISI.

0

for recirculation loops fabricated from Type 316NG stainless
steel, the system probability of DEGB is zero for the first
30 years of operation, even under '"worst case" applied stresses
and no ISI. In our evaluation we predicted only two riser breaks
(out of 25000 Monte Carlo replications), none in other weld types,
which implies a per-loop DEGB probability on the order of 1E-4 per
year or less over the final ten years of plant life, zero up to
that time. Routine ISI over plant life could be expected to
substantially lower the "late-life" probability of DEGB though
early detection of potentially troublesome cracks.
Note that for 316NG, our "intergranular" stress corrosion model
was actually based on laboratory data for transgranular stress
corrosion cracking; we were unable to find suitable IGSCC data.
Consequently, we would expect corrosion-induced cracking to more
likely be transgranular rather than intergranular, and the
probability of failure induced by "IGSCC" to actually be less than
implied by our evaluations.

0

for the replacement Type 316NG loop configuration, comprising'
fewer welds (about 30 coapared to 50) and eliminating the bypass
line altogether, the end-of-life leak and break probabilities drop
by about a factor of two. Interestingly, the time-dependence of
the system leak and break probabilities does not change significantly, reflecting the observation that the risers, rather than
the bypass piping, dominate the probability of system failure.

0

where failure in Type 304 piping is always dominated by initiated
cracks (i.e., resulting from stress corrosion), in 316NG the
initiated cracks dominate the probability of leak only after about
12 years. Once cracks are present, growth rates are nominally the
same in either material. Consequently, the predicted difference
in behavior between the two materials is due to differences in the
number of initiated cracks and their later times-to-initiation,
rather than how these cracks would grow once initiated.

6.2

Current and Future Applications

The NRC Office of Nuclear Reactor Regulation (NRR) recently published NUREG-0313, Rev. 2, which describes methods acceptable for
controlling the susceptibility of BWR reactor coolant piping to
intergranular stress corrosion cracking [11]. Although the NRR staff
prefers replacement of sensitive piping with piping fabricated from
IGSCC-resistant materials such as Type 316NG, enhancement of existing
piping by appropriate combinations of repair (e.g., weld overlay,
IHSI), prevention (e.g., hydrogen water chemistry), and augmented ISI

is also an acceptable option for plant licensees. For example, the NRR
guidelines specify various inspection intervals and sample sizes,
depending on IGSCC mitigating measures that have been applied to an
affected piping system, but do not define the specific welds that must
be inspected.
The results of our recirculation loop evaluation indicated that
the likelihood of pipe failure (i.e. leak or break) can vary widely
among the weld joints in a piping system. Consequently, the specific
welds selected at any given inspection could have a significant influence on system safety. As part of a new project for the NRC Office of
Nuclear Regulatory Research, we are using the PRAISE computer code, and

in particular our probabilistic model of stress corrosion cracking, to
establish an inspection priority for BWR recirculation loop welds on
the basis of calculated leak rates for the "representative" Mark I BWR
plant in our earlier evaluation. Although not intended in itself to
define an "acceptable" piping inspection program, it will provide NRR
with one technical basis for reviewing utility responses to NUREG-0313,

Revision 2.
The usefulness of probabilistic evaluations in regulatory applications has already been demonstrated through recent NRC rulemaking
actions based in large part on the results of L[NL piping reliability
studies. Although not a part of our present work, future licensing
assessments related to the issue of stress corrosion cracking might
conceivably include the following:
e

development of specific licensing criteria. It is presumed that
the criteria now included in NUREG-0313, Revision 2, will provide

the basis for future NRR licensing decisions pertaining to EsR
piping susceptible to IGSCC. Probabilistic evaluations like the
one discussed in this paper could conveniently be applied to more
fundamentally define just what constitutes an "acceptable" piping
inspection program.
0

assessment of the effectiveness of the recommended inspection sche-

dules relative to alternate inspection schemes (e.g. more or less
frequent inspection, greater or lesser extent of inspection).
*

assessment of the effectiveness, either relative or absolute, of
various measures for enhancing the performance of piping susceptible to stress corrosion cracking.

In principle, our probabilistic approach could be applied without
modification to the first two of these activities, although additional
work to improve PRAISE code efficiency would be desirable. The
approach could also be applied to the third given appropriate PRAISE

code modifications, such as the capability to change residual stress
patterns, coolant conditions, and pipe gecmetry at selected times during plant life to model, respectively, IHSI, hydrogen water chemistry,
and weld overlay. Such capability would be a powerful tool for future
licensing assessment and shoud be considered for further development

and application.
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Table 1.

Pipe diameters, number of welds in existing and oroposed
recirculation loop configurations for BWR pilot plant.

Weld Group

Diameter
(in)

Welds/loop
(existing)

Welds/loop
(proposed)

Discharge

26

10

11

Suction

26

6

5

Header

20

5

2

Risers

12

20

12

Bypass

3

10

0

51

30

Total per loop
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Fig. 1.

Pilot plant recirculation system (existing configuration).
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Fig. 2.

Flowchart of the probabilistic fracture mechanics model implemented in the PRAISE computer code.
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Fig. 4.

IGSCC crack growth rate in 304SS as a function of damage parameter, steady-state operation. The solid lines represent crack
growth rates predicted by the earlier IGSCC model in PRAISE.
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Ccomparison of leak probabilities derived fram field data with
leak probabilities estimated by PRAISE for various values of
residual stress adjustment factor (304SS).
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Fig. 9.

Replacement recirculation loop configuration proposed for BWR
pilot plant.
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GUILtDTINE BREAKS INDIRECTLY CAUSED BY SEISMZICALLY-INDUCED FAILURES

Garry S. Holman
T. Lo
Lawrence Livermore National Laboratory
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ABSTRACT
The lawrence Livermore National Laboratory has developed
techniques for evaluating how piping support failures caused
by earthquakes would contribute to the overall probability of
piping system failure. These techniques have been applied to
evaluate various reactor coolant piping systems in both PWR
and BWR plants. These evaluations typically found that the
likelihood of pipe break due to seismically-induced support
failure is small, not only for the large, stiff piping found
in P¶R primary systems, but for more complex, more flexible
piping systems as well.
We have also applied these
"reliability assessments" to specific regulatory issues such
as the safety significance of various support failure
identifying individual supports whose failure
scenarios,
would most serious affect system integrity, and assessing
system failure on the basis of realistic failure criteria.
The usefulness of such evaluations in a regulatory context
has been demonstrated through recent NRC rulemaking actions,
which were based in large part on the results of IMlL piping
reliability studies.
1.

INTRODUCTION

The Lawrence Livermore National Laboratory (LLNL), through its
Nuclear Systems Safety Program, has performed probabilistic reliability
analyses of IPR and BWR reactor coolant piping for the NRC Office of
Nuclear Regulatory Research. Specifically, ULNL has estimated the
probability of a double-ended guillotine break (DEGB) in the reactor
coolant loop piping of PWR plants, and in the main steam, feedwater,
and recirculation piping of IWR plants. For these piping systems, the
results of these investigations provide NRC with one technical basis on
which to:

"This work was supported by the United States Nuclear Regulatory
Comnission under a Memorandum of Understanding with the United States
Department of Energy."
*

-2I

(1)

reevaluate the current gener~al design requirement that DEGB be
postulated in the design of nuclear power plant structures,
systems, and components against the effects of postulated pipe
breaks. Recent NRC rulemaking actions, based in large part on
the results of our PWR evaluations, now provide a means for
eliminating dynamic effects of reactor coolant loop breaks
(e.g., pipe whip, jet impingement) as a basis for PWR plant
design.

(2)

determine if an earthquake could induce a DBGB and thus reevaluate
the design requirements that pipe break loads be combined with
those resulting from a safe shutdown earthquake (SSE).
Recent
deviations from the NRC Standard Review Plan, for example, now
allow decoupling of SSE and DBGB loads for PWR reactor coolant
loop piping.

(3)

make licensing decisions concerning the replacement, upgrading, or
redesign of piping systems, or addressing such issues as the need
for pipe whip restraints on reactor coolant piping.

In estimating the probability of DEGB, LTNL considers two causes of
pipe break; pipe fracture due to the growth of cracks at welded joints
("direct" DEGB) and pipe rupture indirectly caused by the seismicallyinduced failure of critical supports or equipment ("indirect" DEGB).
This paper will focus on methods used to estimate the probability of
pipe break caused by support failure.
2.

BACKG3b)UND

Over the past several years, generic evaluations of reactor coolant loop piping were completed for PWR nuclear steam supply systems
manufactured by Westinghouse, Combustion Engineering, and Babcock
& Wilcox. In these evaluations, LINL performed the following:
(1)

estimated the probability of direct DEGB taking into account such
contributing factors as the initial size (depth and length) of
pre-existing fabrication flaws, pipe stresses due to normal operation and sudden extreme loads (such as earthquakes), the crack
growth characteristics of pipe materials, and the capability to
detect cracks or to detect a leak if a crack were to penetrate the
pipe wall. For this purpose, ILNL developed a probabilistic
fracture mechanics model using Monte Carlo simulation techniques,
implemented in the PRAISE (Piping Reliability Analysis Including
Seismic Events) computer code.

(2)

estimated the probability of indirect DBGB by identifying critical
supports or equipment whose failure could result in pipe break,
determining the seismic "fragility" (relationship between seismic
response and probability of failure) of each, and then combining
this result with the probability that an earthquake occurs producing a certain level of excitation ("seismic hazard").
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(3)

for both causes of DEGB, performed sensitivity studies to identify
key parameters affecting the probability of pipe break. We also
performed uncertainty studies to quantify how uncertainties in
input data affect the uncertainty in the final estimated probability of pipe break.

The results of these evaluations consistently indicated that the probability of a DEGB in PJR reactor coolant loop piping is extremely small,
about IE-7 events per reactor-year from indirect causes, and less than
IE-10 events per reactor-year from direct causes. It was also found
that thermal stresses dominated the probability of direct DEGB, and
that earthquakes contributed only negligibly. These results suggested
that the DEGB design requirement - and with it related design issues
such as coupling of DEGB and SSE loads, asymmetric blowdown, and the
need to install pipe whip restraints -- warranted reevaluation for PWR
reactor coolant loop piping. Details of these investigations have been
extensively documented elsewhere [1,2,3,4] and will not be discussed
here any further.
The objectives and approach of the BR study [5] were essentially
the same except that different dominant failure mechanisms were added.
LifqL limited its investigation to Mark I plants, which have recirculation piping particularly susceptible to the effects of intergranular
Although our evaluations were all
stress corrosion cracking (IGSCC).
generally similar, two important aspects distinguished the BR study
from the earlier PWR evaluations:
(1)

the susceptibility of certain BWR stainless steels to IGSCC (not a
problem in PWR reactor coolant loops) required development of an
This
appropriate probabilistic model of corrosion phenomena.
model is described in detail in a companion paper [6] and will not
be discussed here.

(2)

the greater complexity and flexibility of BR recirculation piping
compared to FWR primary loops required that intermediate pipe
supports (e.g., snubbers, spring hangers) be incorporated in the
evaluation.

Thus, while our evaluations of indirect DEGB in PWR reactor coolant
loops were limited to seismically-induced failure of so-called "heavy
component" supports, our evaluation of BR reactor coolant piping
considered a second mode of "indirect" DEGB -- failure of intermediate
pipe supports and supports for light loop components -- in addition to
the failure of heavy component supports.
3.

PIPE BREAK CAUSED BY FAILURE OF HEAVY COMPUNENT SUPPORTS

3.1

General Discussion

If earthquakes and pipe breaks are considered as purely random
events, the probability of their simultaneous occurrence is negligibly
low. However, if an earthquake could cause DEGB, then the probability

of simultaneous occurrence would be significantly higher. Our study of
direct DEGB concluded that earthquakes were not a significant contributor to this failure mode. However, another way in which DEGB could
oocur would be for an earthquake to cause the failure of component
supports or other equipment whose failure in turn would cause a reactor
coolant pipe to break.
As shown schematically in Fig. 1, evaluating the probability of
indirect DEGB involves the following three steps:
(1)

identify "critical" components whose failure could induce a DEGB.
For each component, estimate the conservatism and the uncertainty
in the calculated structural responses for various loading conditions, such as dead weight, thermal expansion, pressure, and
seismic loads. In our PWR evaluations, we identified as critical
components the reactor pressure vessel supports, the steam
generator supports, and the reactor coolant pump supports; these
components are often referred to as "heavy component" supports.
Many other plausible causes of indirect DEGB unrelated to earthquakes (e.g., crane failure, pump flywheel missiles) were also
considered as part of an in-depth pilot study, but were determined
to of negligible significance compared to heavy component support
failure.
A BWR, of course, has no steam generators and the failure of
coolant pump supports was considered separately as discussed later
in this paper. Therefore, the only critical "heavy component"
supports that we considered in our BR indirect DEGB evaluation
were those making up the reactor support structure. These
included the lower support structure at the base of the RPV as
well as the lateral stabilizers at the top of the vessel.

(2)

for each critical component, develop a fragility description for
each failure mode. Each fragility description relates the probability of structural failure conditioned on the occurrence of an
earthquake of given peak ground acceleration. Combine fragilities
for individual components into an overall "plant level" fragility
to account for all significant failure modes and the associated
fragility descriptions.

(3)

calculate the non-conditional probability of indirect DEGB by convolving the plant level fragility with an appropriate description
of seismic hazard. "Seismic hazard" relates the probability of
occurrence of an earthquake exceeding a given level of peak ground
acceleration.

Because it is
support would
evaluation in
The following
evaluation is

conservative to expect that failure of a heavy component
unconditionally result in pipe break, the "indirect DEGB"
this case becomes a "support reliability" evaluation.
discussion, excerpted from Ref. 7, describes how this
performed.

3.2

Methodology

The probability of indirect DEGB, P[DEGB],
expressed by:
S
=

P[DEGB]

0

can be mathematically

00

n
P[ U (Ci< Ri)
i1=1

(1)

A =a] fA(a)da

where:
U
C.

=

"union" symbol

=

capacity of structural element "i"

random variable representing response of structural
element "i" to peak ground acceleration a

R=
f A(a)da

(e.g., RPV support,

steam generator support)

1

=

frequency of occurrence of an earthquake with peak
ground acceleration between a and a+da

Equation (1) is written assuming that there is perfect knowledge about
the values of the parameters that define the probability terms. Since
there is uncertainty in these parameter values, a subjective probability distribution of the probability of induced DBGB will be obtained by
appropriately varying the parameter values.
The first term within the integral of Eq. (1) is the conditional
probability of occurrence of DEGB due to structural failures for a
given peak ground acceleration, a. It is defined as the probability of
failure of at least one of the structural elements which can lead to
DEGB of the RCL piping. Therefore, the focus in this study is only on
those structural elements within the containment whose failure can
result in DEGB. Among these, soee elements may have large margins of
safety against seismic failure and thus may not contribute significantly to the probability of DDGB. Therefore, critical elements are
defined as those whose failure could contribute significantly to the
For PWR plants, these were
probability of indirectly-induced DBGB.
identified as the steam generator supports, the reactor coolant pump
supports, and the reactor pressure vessel supports [1].
The conditional probability of DBGB is evaluated by treating the
failure events of individual structural elements as statistically ,
independent.
This gives a conservative upper bound on the probability
of DEGB. Also, if one of the structural elements has a very high
conditional probability of failure compared to other elements, the
upper bound is a good approximation to the actual P[DEGB].
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3.3

Seismic Fragility

The conditional probability of failure of a structural element for
a given peak ground acceleration is called the seismic "fragility" of
the element (Fig. 2).
The fragility evaluation in our DEGB evaluations
was accomplished using information on plant design bases and by appropriately extrapolating the responses calculated at the design analysis
stage to the failure levels of the structural elements.
Evaluation of the fragility is simplified by defining a random
variable called the ground acceleration capacity. The ground acceleration capacity, denoted by AC, is expressed as:
AC

=

* AE

(2)

where F is the factor of safety on the design basis earthquake (usually
the safe shutdown earthquake) and AE is the peak ground acceleration
at the safe shutdown earthquake. Tk -factor of safety is defined as a
ratio of the seismic capacity of the structural element C. to the
response, R., of the element due to the SSE. Since C. anA R. are
random variables, the factor of safety F is also a random vaiable.
The factor of safety F is modeled as a log-normally distributed
randcmw variable with the parameters, median F and logarithniic standard
deviation g. Two basic types of variability are identified in describing the factor of safety: one that represents the inherent randomness
and one that represents the uncertainty in the parameter value, e.g.
the median. These variabilities are quantified by the logarithmic
standard deviations 3
and A
, respectively. Essentially, )3
represents the variab1ty duedu randomness of earthquake chararistics for the same peak ground acceleration and to the randomness of the
structural response parameters which relate to these characteristics.
The dispersion represented by 3F,u is due to such factors as:
1.

our lack of understanding of structural material properties such
as strength, inelastic energy absorption capacity and damping,
and

2.

errors in calculated response due to use of approximate modeling
of the structure and equipment, and inaccuracies in mass and'
stiffness representations.

For equipment supports, the factor of safety can be modeled as the
product of three variables:
F

=

FC * FRS * FRE

(3)
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where the capacity factor FC for the equipment support is a product of
a strength factor F and an inelastic energy absorption factor F . The
strength factor F •epresents the ratio of ultimate strength to the
. The inelastic energy absorption factor
stress calculated for A
(ductility) accounts fodFhe fact that an earthquake represents a
limited energy source and structures or components are generally capable of absorbing substantial amounts of energy beyond yield without
loss of function.
The structural response factor F recognizes that in the design
analyses, the structural response was 1ýmputed using specific (and
often conservative) deterministic response parameters for the structure. Because many of these parameters are random (often with a wide
variability) the actual response may differ substantially from the
design response calculated for a given peak ground acceleration. The
more significant factors include variability in (1) ground motion and
associated ground response spectra for a given peak free-field ground
acceleration, (2) soil-structure interaction, (3) energy dissipation
(damping), (4) structural modeling, (5) method of analysis,
(6) combination of modes, and (7) combination of earthquake components.
depends upon the response characThe equipment response factor F
teristics of the equipment (in this 99se, the nuclear steam supply

systems including RPV, steam generators, reactor coolant pumps, and
their supports) and is influenced by the same variables as those listed
for structural response.
For each variable affecting the factor of safety, the median value
as well as the associated random and modeling uncertainties 'R andflU
are estimated.
With the overall factor of safety F estimated as described above,
the ground acceleration capacity of the structural element is then calculated using Eq. (3):

AcAc

Fc
•FF
FC * R

RE

AR

=

2
2
+
(PC,R + ORSR

pA,U

=

('c2U +

,2u

*(4)

+ 8

2

ASSE(4
)1/2
E,RE

(5)

u) 1 2

(6)

The ground acceleration capacity of each equipment support was modeled
as the lowest capacity in all credible failure modes. This is a
realistic assumption since the failure modes are highly correlated due
to common structural material, method of fabrication, and correlation
of input motion. Again, if the structural element of one of the
failure modes has a very low capacity compared to other modes, this
assumption leads to a good approximation of the probability
distribution of the capacity.

3.4

Seismic Hazard

The remaining term within the integral of Eq. (1), fi (a)da, is the
annual probability that the peak ground acceleration at tAe plant site
is between a and a+da. This is generally referred to as "seismic
hazard" and is usually described by a set of curves plotting annual
exceedance probability as a function of peak ground acceleration. The
uncertainty in the hazard description is represented by assigning each
Our BR
curve a subjective weighting factor (or confidence limit).
evaluation and most of our PWR evaluations were based on generic hazard
curves which we developed for the eastern United States (Fig. 2); west
coast PWR plants were evaluated on the basis of site-specific seismic
hazard information.
3.5

Discussion of Results

Applying this methodology to PWR reactor coolant loop piping, we
found for all vendors that the probability of indirect DEGB was very
small. For Westinghouse plants, the median probability of indirect
pipe break was about 1.0E-7 per reactor-year for plants east of the
Rocky Mountains (based on generic seismic hazard curves), and about
3.OE-6 per reactor-year for plants on the more seismically active west
coast; "upper bound" (i.e. 90% confidence level) probabilities were
typically about one order of magnitude higher. Equivalent results for
Combustion Engineering and Babcock & Wilcox reactor coolant loops were
comparable to the Westinghouse results.
In our BR evaluation, we found that the probability of indirect
DEGB due to heavy component support failure was about 2E-8 events per
reactor-year, with a 90th-percentile value (confidence limit) of 5E-7
per reactor-year. We found that the "star" stabilizer at the top of
the reactor pressure vessel, which restrains the RPV against lateral
motion in the event of an earthquake, was the primary contributor to
failure rather than the main support structure at the bottom of the
vessel.
4.

PIPE BREAK CAUSED BY FAILURE OF "INTEMEDIATE" PIPE SUPPORTS

4.1 General Discussion
Reactor coolant loops in PWR plants typically have small length-todiameter ratios and, because of their stiffness, are supported solely
by the major loop components (reactor pressure vessel, reactor coolant
pumps, and steam generators); therefore, no additional supports are
needed. However, recirculation loop piping in BWR plants is longer and
smaller-diameter (typically 12 to 26 inches, although some systems
include piping as small as 3 to 4 inches in diameter), and requires
additional support from spring- or constant-load hangers. This piping
may also have numerous snubbers to reduce stresses in the event that an

earthquake occurs.

Each recirculation loop at our BR pilot plant, for
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example, has a snubber pair each on the inlet and outlet lines, as well
as a snubber triplet at the top and at the bottom of the recirculation
PUMP-

The potential effect of intermediate support failure on estimating
the probability of direct DD&B is two-fold:

(1)

support failure would redistribute applied stresses at weld
joints, in turn affecting crack growth rates as well as the
failure criteria used to define when pipe break occ urs.

(2)

accounting for stress redistribution would require an individual
probabilistic fracture mechanics evaluation for each support
failure scenario, dramatically increasing the computational effort
involved. For example, even if only four supports were addressed,
sixteen separate PR~AISE runs would be required to cover all
possible combinations and permutations of support failure.

our evaluations of "indirect" DEr&B caused by heavy component support
failure assumed that support failure unconditionally resulted in pipe
break. This assumption was regarded as conservative, but nevertheless
resulted in very low DBXB probabilities. Tob assume that failure of a
snubber or a constant-load support would similarly cause a DEX&B in BWR
recirculation loop piping would be unreasonably conservative; in other
words, a simple "support reliability" evaluation would no longer
suffice. We therefore developed a more sophisticated approach to
incorporate the effect of support fragility into the probabilistic
fracture mechanics evaluation, which we used to investigate the effect
of support failure on the probability of DEXB. Note that the need to
incorporate support failure in the fracture mechanics evaluation blurs
the distinction between "direct" and "indirect" DEXB, arnd leads us back
to a more integrated approach for estimating the probability of pipe
break.
4.*2

Methodology

Incorporating the effect of support failure on pipe failure
probability is clearly a complicated problem demanding an accordingly
complex analytic approach. many questions can be asked:
(1)

What is the failure probability of a support for a given
earthquake?

(2)

When does this support failure occur?

(3)

What is the response of the piping once a support fails?

(4)

What is the effect of this new response on the pipe failure
probability?
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(5)

If there is more than one support, how many supports will fail
during an earthquake?

(6)

What is the failure sequence of these supports?

(7)

What is the piping response in such a scenario of multiple support
failure? Haw is that going to affect the pipe failure probability?

It is difficult to answer these questions. The problem is further
complicated by the fact that these questions are interrelated. For
example, the support failure probability (Question 1) is affected by
the piping and support responses (Question 3), which is in turn affectObviously, it
ed by the failure sequence of the supports (Question 6).
is beyond our capability to address all of these questions. In this
study, we made the following assumptions to simplify the problem to a
manageable level.
(1)

All support failures occur at the same time and at the beginning
of an earthquake. In other words, the piping system experiences
the full duration of the earthquake for any given combination of
support failures. This assumption is conservative. Thus, timing
and the sequence of support failures in an earthquake are not
considered. This assumption greatly reduced the complexity of the
problem to a manageable size.

(2)

The supports experience the same stress distribution as if no
support failure occurred during an earthquake. This allows the
regular fragility development method to be applied to develop one
fragility curve for each support for all levels of earthquake
intensity. This assumption also allows one single set of instructure response spectra or one single set of floor timehistories to be used in all seismic analyses.

(3)

The failure events of the supports are statistically independent
of each other. The probability that certain supports will fail
together in an earthquake is the product of their individual
failure probabilities.

With these three assumptions, we are ready to perform the complicated,
even though much simplified, assessment of pipe failure probability
with the effects of seismically-induced support failure. Thus, the
probability of pipe failure can be expressed as:
P[PF]

P[PFIno SF] * P[no SF]

+

N

(P[PFISFi] * P[SFi])
i=l

•..... --

(7)

where N represents the total number of support failure combinations,
and SFi represents the "i"th combination of support failure. For
example, a piping system with four supports will have a total of 15
support failure combinations (excluding the case of no supports
failirng): four cases of single-support failure, six cases of twosupport failure, four cases of three-support failure, and one case of
four-support failure.
To describe the general methodology as represented by Eq. (7), a
flow chart is shown in Fig. 3. The analysis can be summarized in four
major tasks.
(1)

Estimate support fragilities.

(2)

Calculate structural responses for all support combinations.

(3)

Estimate the conditional pipe failure probabilities at weld
joints for all support conditions.

(4)

Perform system failure analyses for all support failure

combinations.
In the first task, fragilities of the supports are estimated. The
values of P[no SF~a] and P[SFila] for a given earthquake peak ground
acceleration level, a, can be calculated from the fragility curves of
the supports. For each earthquake intensity, P[SFila] is simply the

product of individual support failure probabilities of the "i"th combination scenario as stated in assumption number 3. P[no SF] is equal
to 1.0 minus the sum of all cases of support failure probabilities.

In cases of support failure, the seismic responses of a piping
system are different from that of the system without support failure.
The structural responses for each case should be estimated separately
depending upon the specific support failure combination. This estimation is the second task in assessing the effects of support failure.
The regular seismic analysis process can be used starting with preparing the seismic analysis model, followed by either response spectrum or
time history analysis, and ending with the calculated seismic stresses
at each weld joint.
Once the seismic stresses are calculated, a probabilistic fracture
mechanics analysis is then followed for each case of support failure
combination. This analysis is the third task. This analysis yields
the conditional failure probabilities at weld joints conditioned on the
occurrence of an earthquake of specific intensity and the occurrence of
a specific support failure scenario.
The probabilistic fracture mechanics methodology described earlier
is a rather complicated procedure and the study of support failure
effects does not warrant this level of sophistication. A simplified
procedure was developed in this study to estimate the values of
P[PF~no SF] and P[PFISFi] and is described in Ref. 8.

A system failure analysis, the last task in Fig. 3, can be
performed to fold in the various results, such as the P[PFISFi,a],
P[SFi Ia], and the seismic hazard curves to. calculate the probability of
failure of a piping system for each support failure scenario. The
probability of overall system failure, including all support failure
scenarios, can therefore be obtained as simply the sum of the system
failure probabilities of the cases according to Eq. (7).
4.3

Support Fragility

Three kinds of pipe supports were used in the the recirculation
loops of the pilot plant; these supports are representative of those
used in most vital piping in nuclear power plants (except PWR reactor
coolant loops). These pipe supports are the rigid supports (or
anchors), the spring hangers, and the hydraulic snubbers. The hangers
and the snubbers are by themselves supported by structural members.
These structural members are, by the requirements of manufacturers'
design specification, much stronger than the hangers and the snubbers.
Therefore, there is no need to examine the failure mode of the supports
due to failure of these structural members in estimating overall
support fragility.
The reactor pressure vessel provides a rigid support for the
recirculation loops since the reactor vessel is massive and the recirculation loop comes out and returns back to the reactor vessel to form
a loop. Failure of reactor vessel supports would most likely induce
the recirculation loop to fail. The conditional failure probability of
the piping (given that the reactor vessel has failed) can be assumed to
be 1.0 in this case. This scenario is the same as for the PWR reactor
coolant loops. Therefore, the falling down of the reactor pressure
vessel is addressed in the same fashion as the earlier indirect pipe
failure and is documented in Ref. 8. Here we focus our attention only
on the cases where the conditional failure probability is not
necessarily equal to 1.0.
Spring hangers are used to support the dead weight of the piping
system; the snubbers are used to resist the seismic loads during an
earthquake event. Two kinds of spring hangers were used. Constant
spring hangers support the recirculation pumps, and variable spring
hangers support the the coolant pipes. Hanger failure is not
considered in this support failure analysis as discussed in the
following reasoning.
The stiffness of the spring hangers is much less than the stiffness of the piping and the active snubbers. During an earthquake,
movement of the piping system is mainly restricted by the snubbers and
the rigid supports of the piping system. The increase in load in the
hangers is expected to be insignificant compared to the snubbers. This
expectation implies that there will be no significant difference in the
hanger failure probabilities during operation or during an earthquake.
On the other hand, the load in snubbers is zero at all times except
during a seismic event, during which the load can be very high depend-
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ing on the earthquake intensity. If a spring hanger did not fail.
before the earthquake, it is unlikely to fail before the snubbers fail
during an earthquake. Therefore, it is reasonable to neglect hanger
failure during an earthquake in this study.
Figure 4 shows the pilot plant recirculation loops, Fig. 5 the
corresponding pipe support arrangement. The two loops A and B are
essentially identical; in this demonstration analysis, we chose to
study Loop B.
There are nine snubbers in four natural groups for the Loop B of
the recirculation system, with bore diameters ranging from 3.25 to
6 inches. one snubber supports the suction line. Two are in the
discharge line at the same location except in different orientations.
There are three snubbers each for the pump motor at the top and the
casing at the bottom of the recirculation pump. Each group as a unit
provides support for a specific part of the piping system. It is
reasonable to assume that if one in the group fails, the other snubbers
in the same group would also lose their function. This conservative
assumption simplifies the problem and makes it easier to handle than
considering all nine snubbers as individual supports.
In this study the fragilities of all nine snubber supports were
estimated first; then, the fragilities of the four support groups were
calculated based on the assumption that the support (or the snubber)
failure events are statistically independent (Fig. 6). If any one of
the snubbers in a specific group fails, the whole group is assumed to
have lost its function.
The particular snubbers used in the subject recirculation system
of fer an optional relief valve which, if installed, will protect the
snubber from being damaged if the dynamic load exceeds the load limit
set for the relief valve. The relief valve opens when the load, reaches
the preset limit so the hydraulic pressure will not continue to build
up inside the cylinder. When the load reduces, the valve closes and
the snubber is ready to take more load. Thus, a snubber functions like
a elastic-plastic axial load member. The snubbers in the recirculation
loops are equipped with such a relief valve and are set to open at 133%
of the rated load. However, the test results indicated that the
minimum valve opening load is actually 160% of the rated load. Under a
very high earthquake load, it is possible that the load on the snubbers
may exceed this valve opening load. In this situation, the snubbers
behave like a non-linear structural member with a large energy
absorption capability due to its plasticity effect.
Many failure modes of the subject snubbers were identified in our
evaluation. Based on dynamic test results, the governing failure mode
is the tensile failure of the threads at the piston rod end nut inside
the cylinder. All of these failure modes (including the thread failure) showed higher capacity than the valve opening load. The minimum
capacity of these failure modes is still about a factor of 1.8-or more
than the relief valve opening load. This result is consistent with the

relief valve design concept of protecting the snubber assembly from
being overstressed. The snubber with relief valve does not simply fail
when the relief valve capacity is reached; the snubber just goes into
"plastic" deformation. It would be grossly conservative to consider
the relief valve opening load as the fragility level of the snubber.
Therefore, the nut thread failure will be considered in this study as
the best-estimate failure mode. However, fragility estimates based on
a relief valve opening load were also developed for the purpose of a
sensitivity study.
With the fragilities of the four support groups developed, the
next step is to calculate the failure probabilities at different
earthquake intensity levels for the various support failure scenarios
or combinations. As stated earlier there are 15 cases of support
failure scenarios for a system with four individual supports. These
combinations are presented in Table 2. Table 3 shows the failure
probabilities at different earthquake levels for various support
failure combinations.
If we were to follow the indirect DEGB approach adopted in our
evaluation of RCLs by assoming P[PFISF]=I.0, taking the union of
("summing") the probabilities of the 15 cases of support failure
(Cases 2 through 16 in Table 3) would yield the probability of the
recirculation loop DEGB indirectly caused by failure of intermediate
supports, i.e. lifetime indirect DBGB probabilities of 2.4E-l0, 3.2E-5,
4.3E-3, 5.8E-2 and 2.7E-1 for seismic hazard cutoffs of 1, 2, 3, 4,
and 5 times the SSE, respectively. Some of these indirect DEGB
probabilities are very high# and may not be realistic judging from the
current state (i.e. no DEGB having occurred) of the recirculation loops
in the United States. To more realistically assess how support failure
would actually affect the likelihood of pipe failure, we evaluated
seismic responses for each failure case and then performed a series of
probabilistic fracture mechanics analyses.
4.4

Seismic Responses Given Support Failure

To study the pipe failure induced by earthquake, we started with
the calculation of the seismic stresses due to one earthquake level.
Fifteen cases of seismic analysis of the recirculation loop B were
performed and the corresponding pipe stresses were obtained using the
response spectrum approach. Each case corresponds to one case of
failure scenario of the support groups. Cases 2 to 16 of Table 2 show
these combinations. Also included in Table 2 is Case 1.' a support
failure case in which no support failure occurs. All sixteen cases of
seismic analysis were based on the OBE and a subsystem damping of
0.005. The seismic stresses due to other earthquake levels were
estimated using the results of the design analyses and a series of
response factors. In general, the suction line has the lowest average
stress, and the risers have the highest. The discharge line has
slightly higher average stress than the suction line. The discharge
line is stiffer than the suction line because it has slightly thicker

wall thickness and is shorter in length even though both lines have the
same outside diameter.
To get a general idea about the stress situation in the pipe if
several supports failed during an earthquake, the ratios of the maximum
normal stresses (on the pipe cross section) for various support failure
to the normal stress for no-support-failure case were calculated at
individual weld joints. These stress ratios are presented in Fig. 7.
As this figure shows, the seismic stress increases significantly if the
supports fail during an earthquake. However, many more supports
failing in an earthquake does not necessarily generate much higher
stresses in the piping system. The implication is that the supportfailure cases with large number of support failures will most likely
contribute little to the overall system failure probability-because the
probability of so many supports failing in a seismic event is very low.
4.5

Simplified Analysis Method

In principle, accounting for stress redistribution caused by the
failure of intermediate supports would require a separate PRAISE (or
equivalent) calculation for each support failure scenario ("case"),
dramatically increasing the computational effort associated with a
probabilistic fracture mechanics assessment. For the four support
groups identified in our study, sixteen separate PRAISE runs would have
been required to cover all possible combinations and permutations of
support failure (including the case of no failure). As part of our
study, we performed sensitivity calculations to determine the relative
contribution of each support Lailure case to the overall system probability of DBGB. In order to minimize computational effort, we
developed a simplified analysis method based on modified versions of
the standard pre- and post-processing routines used by PRAISE. These
routines, normally used, respectively, to develop the stratified
sampling space used by PRAISE and to perform the "systems analysis",
execute much faster than PRAISE itself. Improved computational
efficiency comes at the expense of accuracy in the probabilistic
results; however, because we were addressing only relative effects in
these sensitivity calculations, we concluded that the simplified
analyses were sufficient for our purposes. Details on the particular
techniques used in these simplified analyses is provided in Ref. 8.
Following this simplified approach, the conditional failure
probability for each weld joint was calculated for all 15 cases of the
support failure scenario. The conditional failure probabilities of the
weld joint for the no-support-failure case were not obtained in this
fashion even though the same method applies, because they are already
available from a rigorous PRAISE analysis of "direct" DEGB probability
without support failure.
4.6

Discussion of Results

The conditional pipe failure probabilities of individual weld
joints for each case of the failure scenario were calculated following
the simplified methodology described above using the pipe stresses

obtained frcmi the seismic analyses along with other operating stresses,
due to dead weight, pressure, and thermal expansion. System failure
*probability analyses were performed for each of these fifteen cases.
These system failure probabilities were then cxmrbined with that of
Case 1 following Eq. (7) to obtain the overall probability of
seismically induced system failure.
The seismic hazard curve used in the system analysis was a generic
curve based on an SSE of 0. 16g peak ground acceleration. Because no.
seismicity data is available at very high levels of earthquake intensity (above one SSE), there is the question about how far the seismic
curve should be extrapolated or truncated. That is, there exists a
large modeling uncertainty in seismic hazard curves in the high
earthquake intensity level.
Tob study the effect of different levels of extrapol ation or
truncation of the seismic hazard curve, several system failure analyses
for various levels of truncation were performed. Five truncation
levels were considered: 1, 2, 3, 4, and 5 times the SSE. The truncated
seismic hazard curves are shown by the dashed lines in Fig. 8. The
system failure probabilities are shown in Table 4 for the case when the
effect of the relief valve is neglected. Table 5 presents the same
results for the case in which the relief valve opening load is
considered as the failure level of the snubbers.
In these tables, the probability of system failure (i.e. DEXB at

an location in the system) for each of the fifteen support-failure
scenarios (Cases 2 through 16) are presented for various seismic hazard
truncations along with the probability of system failure for the nosupport-failure scenario (Case 1). Note in Tables 4 and 5 that the
total probability of system failure (at a given earthquake level)
results fromn a union operation on the sixteen support failure cases
(including that in which no supports fail), not a straight s~um of the
individual failure probabilities. Note also in Tables 4 and 5 that the
overall ("total") probability of system failure decreases as the
seismic hazard curve is truncated at lower levels. The maximum
probabilities of overall system failure are 4.8E-4 and 4.3E-6 per plant
lifetime, respectively, for the cases with and without the relief valve
at the seismic hazard curve truncation level of five times the SSE.

At first glance, these results appear to contradict the purpose of
the snubber relief valve, i.e. to protect the snubbers against extreme
seismic loads and thereby reduce the likelihood of overall pipe system
failure. It is important to consider, however, that with the relief
valve, snubber "failure" -- defined as opening of the relief valve --

would only be momentary, i.e. snubber function would be recovered as
soon as the seismic load dropped below the snubber load limit.

Without

the relief valve, snubber "failure" would b~e just that -_ permanent
loss of function -- and therefore the corresponding fragility, based on
structural capacity rather than a pre-set load limit, is accordingly
higher than for a snubber with the relief valve. The issue of momentary vs permanent loss of function was not accounted for -inestimating

the respective probabilities of system failure; instead, for computational convenience, we treated relief valve "failure" as if it led to
permanent loss of snubber function. How (or even if) momentary loss of
snubber function would actually manifest itself as a pipe stress begins
to address the time-dependent character of the seismic loads; evaluating this effect was beyond the scope of the current study. It seems
reasonable, however, to expect that such pipe stresses would not act
long enough to cause the pipe to fail, and that the actual probability
of system failure would not only be significantly lower than that
estimated above, but would also be lower than that for the same system
equipped with snubbers having no relief valves.
The following paragraphs briefly summarize the findings of this
study, which can be used to reduce the amount of work needed to assess
accurately the effects of seismically induced support failures.
(1)

The maximum probabilities of overall system failure are 4.8E-4 and
4.3E-6 per plant lifetime, respectively, for the cases with and
without the relief valve at the seismic hazard curve truncation
level of five times the SSE (or about 1.2E-5 and 1.1E-7 per
reactor-year, respectively, if a 40-year plant lifetime is
assumed).
These probability levels can be considered as the upper
bound values. They are not very high probability values considerng the fact that the case associated with the relief valve very
conservatively assumes the valve opening load limit to be the
"failure" (or fragility) level of the supports.
If we only consider earthquakes up to twice the SSE, the lifetime
probabilities of failure with and without the relief valve drop to
1.5E-6 and 6.4E-5, respectively (or about 3.8E-8 and 1.6E-6 per
reactor-year, respectively).

(2)

The seismic stresses of cases when many supports fail during an
earthquake are not significantly higher than those cases in which
only one or two supports fail. It is unlikely that these cases
will have any significant contribution to the overall system
failure because the probability of so many supports failing in an
earthquake is very small.

(3)

The welds which have high seismic stress in a no-support-failure
case are most likely the dominate welds for the overall system
failure probability. The welds with low seismic stress in Case 1
may have higher rates of stress increase for the with-supportfailure cases from Case 1. However, the higher rate may still
not
make them major contributors to overall system failure.

(4)

The shape of the seismic hazard curve has a major effect on the
overall system failure probability. Seismic hazard curves which
do not extend far beyond the one SSE level indicate that evaluation of the no-support-failure case might be sufficient. Otherwise, the with-support-failure cases dominate.
Following these
observations, the effects of support failure may be assessed with
the evaluation of a few carefully selected welds and support

failure combinations using the methodology presented in this
section.
Besides the extrapolation or truncation of seismic hazard curves, a
large modeling uncertainty also exists in the support fragilities. To
study the effect of this uncertainty in support failure fragility, we
considered two levels of uncertainties (90% and 10%) on the modeling
uncertainty distribution of the support fragility. Table 6 shows the
results for the 90% on the uncertainty distribution in the same format
as Tables 4 and 5, which represent the median of the support fragility;
as in Tables 4 and 5, the individual "SF" system failure probabilities
will not necessarily sum to the total "SF" probability given. Not
surprisingly, the overall system failure probability is again heavily
dependent on the truncation level of the seismic hazard curve. At 90%
on the modeling uncertainty distribution, the maximum overall system
failure probability reaches 1.7E-4 per plant lifetime at the seismic
hazard truncation level of 5SSE. It is close to the maximum probability of 4.8E-4 calculated for the case when the relief valve opening
load was considered as the fragility level (see Table 5).
This
probability level is still
not high.
5.

SUMMARY AND CLUSIONS

We have developed detailed approaches for evaluating how piping
support failures caused by earthquakes would contribute to the overall
probability of piping system failure. Two different approaches are
used, depending on the type of support considered:
(1)

a "support reliability" approach for heavy component supports,
that is, supports whose failure could reasonably be expected to
cause pipe failure under all circumstances, and

(2)

a more rigorous "piping reliability" approach, where the effect of
support failure is incorporated directly into a probabilistic fracture mechanics evaluation to evaluate if and under what conditions
support failure would cause a pipe to break.

These approaches have been applied to various reactor coolant piping
systems in both P1R and BWR plants. The results of these evaluations
have typically indicated that the likelihood of pipe break due to
seismically-induced support failure is small, not only for the large,
stiff piping found in PWR primary systems, but for more complex, more
flexible piping systems as well. From the standpoint of addressing
specific regulatory issues associated with piping behavior, a reliability approach also yields the following:
(1)

the relative contribution of various failure scenarios to the
overall likelihood of pipe system failure, in other words, the
"safety significance" of each failure scenario.
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(2)

the relative "safety significance" of individual supports, in
other words, identification of those supports whose failure would
most serious affect system integrity.

(3)

an assessment of system failure based on realistic failure criteria reflecting the actual behavior of the piping, rather than on
simple exceedance of code allowable limits.

The usefulness of such evaluations in a regulatory oontext has already
been demonstrated through recent NRC rulemaking actions, the technical
justification of which was based in large part on the results of IT/NL
piping reliability studies.
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Table 1.

Parameters considered in developing component fragilities.

Structural Response

Ground spectrum used for design

*
S

Structural daiming

0

Site characteristics (rock or soil, shear wave velocity,
thicknesses of different sites)

0

Fundamental frequency of internal structure if uncoupled
analysis was performed

0

Interface spectra for NSSS points of connection to structure
if uncoupled analysis was performed

0

Input ground spectra resulting from synthetic time history
applied to structural model

NSSS Response

*

Method of analysis (e.g., time-history or response spectrum)

*

Modeling of NSSS and structure (i.e. coupled or uncoupled)

*

NSSS system damping

*

NSSS fundamental frequency or frequency range

*

If uncoupled analysis was performed, whether envelope or
multi-support spectra were used

Table 2.

Case
No.

Support failure comibinations considered for recirculation
loop B.
No. of
Group 1
support SB4,5&6
failure
Pump Motor

1

0 SF

2
3
4
5

1
1
1
1

SF
SF
SF
SF

x

6
7
8
9
10
11

2
2
2
2
2
2

SF
SF
SF
SF
SF
SF

x
x

12
13
14
15

3
3
3
3

SF
SF
SF
SF

x
x
x

16

4 SF

x

Group 2
SB1,2&3
Pump Casixg

Group 3
SB10

Group 4
SB12,BB12

Suction

Discharge

x
x
x
x
x
x

x
x
x

x
x
x

x
x
x

x

x

x
x

x
x
x

x

x

x

-233-

I.

Table 3.

CASE

Probability of support failure at various levels of
earthquake intensity.

NO.SF.

0.5SSE.

1SSE

2SSE

3SSE

4SSE

5SSE

1

0 SF

.1000E+01

.1000E+01

.9999E+00

.9957E+00

.9417E+00

.7264E+00

2
3
4
5

1 SF
T
SF
1
SF
1

SF

1729E-1 6
2289E-1 7
.2432E-26
.3247E-18

. 1879E-09
.4206E-10
.391'2E-1 7
.9362E-1 1

.21 00E-04
.8191E-05
.6131 E-10
.2791 E-05

.2381 E-02
;1315E-02
.1 177E-06
.561 6E-03

.2833E-0 1
.2007E-01
.9775E-05
.9920E-02

1207E+00
101 8E+00
1767E-03
.561 8E-01

6
7
8
9
10
11

2
2
2
2
2
2

SF
SF
SF
SF
SF
SF

53958E-34
.4204E-43
.5566E-44
. 5613E-35
.7432E-36
.7894E-45

.7902E-20
.7351 E-27
.1 645E-27
. 1 759E-20
.3937E-21
53663E-28

I1720E-09
I1288E-14
.5022E-15
5860E-10
.2286E-10
1711 E-1 5

.3130E-05
.2802E-09
.1547E-09
1337E-05.
.7383E-06
.6610E-1 0

.5686E-03
.2769E-06
.19 62E-06
.281 0E-03
.1991E-03
.9697E-07

.1 229E-01
2132E-04
1799E-04
.6779E-02
.5720E-02
.9926E-05

12
13
14
15

3
3
3
3

SF
SF
SF
SF

.9624E-61
S1285-E-52
.1365E-61
.1 807E-62

3092E-37
7398E-31
.6882E-38
. 1540E-38

.1055E-19
.4800E-1 5
.3593E-20
.1401 E-20

3683E-1 2
.1758E-08
.1 574E-1 2
.8689E-1 3

.5558E-08
.5640E-05
.2747E-08
.19 46E-08

.2171 E[05
.6903E-03
.1198E-05
1011 E-05

16

4 SF

.3125E-79

.2894E-48

.2943E-25

.2069E-15

.551 4E-1 0

1220E-06
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Table 4.

Best-estimate seismically induced pipe failure probability

(without relief valve) and the effects of seismic hazard
curve extrapolation.

CASE

NO.SF

1SSE

2SSE

3SSE

4SSE

.5971E-11

.7837E-11

.8882E-11

.9403E-11

.9754E-11

5SSE

1

0 SF

2
3
4
5

SF
SF
SF
SF

.2289E-20
.2139 E-20
S11 53E-28
.1 957E-1 9

.1 184E-14
.6142E-1 4
.3215E-21
.9124E-1 1

. 5064E-1 2
.1 273E-1 0
. 7304E-1 8
.1521 E-06

.1 303E-1 0
.9298E-08
.8469E-1 6
.7618E-06

.61 70E-09
.8913E-06
.3060E-1 4
.1 684E-05

SF
SF
SF
SF
SF
SF

.1 070E-29
. 11 62E-37
.5697E-37
.9460E-29
.4688E-29
. 1556E-37

.4974E-1 8
.1282E-24
.661 5E-23
.1280E-1 4
.3737E-1 4
.5982E-23

. 4923E-1 2
.1 222E-1 8
.8322E-1 4
.3445E-09
.1909E-09
1217E-13

.4169 E-08
.31 40E-1 5
.1 063E-1 0
.1 659E-07
.11 62E-07
.5388E-1 1

.21 47E-06
.1211 E-11
.3116E-09
.1 343E-06
.11 06E-06
1708E-09

13
14
15
16

6

10
11

2
2
2
2
2
2

12

3

SF
3 SF
3 SF
3 SF

.5456E-48
.5578E-40
.2756E-46
.5060E-47

. 1082E-29
.3524E-22
.3475E-25
.6237E-26

.2183E-21
3993E-1 2
.3991 E-1 6
2204E-1 6

.6912E-17
.3107E-09
.1491 E-12
.1 054E-1 2

.1 299E-1 3
.11 80E-07
.1 942E-1 0
.1631 E-10

4 SF

.1137E-58

.1034E-34

.4881E-24

.1413E-17

.1919E-12

7

8
9

TOTAL

.597E-1 1

.169E-10

.152 E-06
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.837E-06

• 429 E-05

Table 5.

CASE

Best-estimate seismically induced pipe failure probability
(with relief valve) and the effects of seismic hazard curve
extrapolation.

NO.SF

1SSE

2SSE

3SSE

4SSE

5SSE

1

0 SF

.5971E-11

.7661E-11

.7807E-11

.7725E-11

.7723E-11

2
3
4
5

1 SF
I
SF
I
SF
I

.8357E-1 6
.7044E-1 4
.41 09E-21
.1617E-14

.8601 E-1 2
61 65E-I0
8925E-1 6
.1501 E-07

.4645E-10
.551 9E-08
.1309E-13
.3136E-04

.3140E-09
.431 4E-06
.2275E-1 2
.5385E-04

.4685E-08
.9499E-05
.1967E-1 1
.61 06E-04

6
7
8
9
10

2 SF

SF

11

2
2
2
2
2

SF
SF
SF
SF
SF

.1210E-18
.1453E-25
.6352E-23
2755E-1 9
1217E-17
.4474E-25

3489E-11
2518E-1 6
1793E-1 3
1500E-08
.6045E-07
.271 2E-1 4

.1723E-07
.1787E-12
.5753E-07
.5972E-05
.1732E-04
.3845E-07

. 4012E-05
.1656E-10
.1378E-05
.2096E-04
.3994E-04
.6351 E-06

.2111 E-04
.4999E-08
.2970E-05
.2959E-04
.4789E-04
.1881 E-05

12
13
14
15

3
3
3
3

SF
SF
SF
SF

.21 57E-29
.51 35E-24
.281 4E-29
.4604E-28

2089E-1
4062E-1
.11 23E-1
.2782E-1

.1293E-12
.2594E-05
.1085E-07
.2888E-07

I1652E-10
.1 642E-04
.3476E-06
.5587E-06

.5534E-09
.2542E-04
.1457E-05
1805E-05

16

4 SF

.3676E-35

.3285E-19

.5362E-13

.1328E-09

.1005E-06

TOTAL

.597E-11

.770E-07

.644E-04

.243E-03

.481 E-03

7
2
3
3
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Effects of uncertainty in estimating support fragility on the
seismically induced pipe failure probability (90% on the
uncertainty distribution of the support fragility).*

Table 6.

CASE

1

1SSE

2SSE

3SSE

.5971E-11

.7826E-11

SF
SF.
SF
SF

.71 60E- 17
.9488E-1 7
.8799E-24
S11 40E-1 5

NO.SF

0 SF

2
3
4

5

4SSE

5SSE

.8667E-11

.8692E-11

.8630E-11

.2048E-1 2
1550E-1 1
.1249E-17
.2939E-08

. 1863E-1 0
.6646E-09
.5221 E-15
.1042E-04

.1769E-09

.3576E-08

.1566E-06
.1862E-13
.2275E-04

.6281E-05
.2755E-12
.2909E-04

6.
7
8
9
10
11

2
2
2
2
2
2

SF
SF
SF
SF
SF
SF

1442E-22
.2709E-29
.1891 E-28
S1684E-21
1 189E-21
6826E-29

.21 37E-13
.8499E-19
.6442E-1 7
.7053E-10
.3024E-09
. 7472E-1 7

.8870E-09
.3005E-1 4
.2969E-09
.8141 E-06
.6652E-06
.5436E-09

.8669E-06
.8291E-12
.3929E-07

.9661E-05
.5764E-09
.2181E-06

,5345E-05
.2570E-07

.1083E-04
.1063E-04
.1562E-06

12
13
14
15

3
3
3
3

SF
SF
SF
SF

.5561E-36
.4344E-29
.3715E-34
.9720E-35

.1801E-21
.4878E-15
.7422E-17
.1957E-17

.2738E-1 5
.4605E-07
.6277E-1 0
.5059E-10

.3024E-12
.1496E-05

.4243E-10
.5574E-05

.8147E-08

.9687E-07

16

4 SF

.6712E-43

.5549E-24

.3917E-16

.1286E-11

.5471E-08

.332E-08

.1 22E-04

TOTAL

*

.597E-1 1

no snubber relief valve
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-4997E-05

.8530E-08.

.511E-04

'.9609E-07

.165E-03

1

Seismic event

2

Support or
equipment failure

3

Pipe break

Figure 1.

General approach for estimating probability of "indirect"
DEGB due to seismically-induced failure of heavy component
supports.
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10-2
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10-4
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of
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10-5

10-6
10-7

Peak ground acceleration
(b)
Figure 2.

Typical descriptions of component fragility (a) and seismic
hazard (b).
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Simplified method
of the probabilistic
fracture mechanics
analysis for individua
weld joints

Figure 3.

General approach used to study seismically-induced system
failure considering the effects of support failure.
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Pilot plant recirculation system.

-24t-

Plan 1
pipe size

_

I• _ HA1

______

SISB

Pump

SSB

'-1

H2
28" pipe size

-28"pipe4"
-

~'RPV

22" pipe size
.10

H~HB
Loop B
only

_____

L

HB1
19'-4"

____

HSB12
B6"

Plan 3

pipe size

3

pipe i

(loop A only)

H136
HB7
SS136
SSB34

Pm

SSB2

SSB1

Figure 5.

Supports of the pilot plant recirculation system.
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Figure 6.

Failure probabilities of (a) nine individual pipe supports
and (b) four support groups.

-244-

25

20

WELDS

I

1 THRU

11

15 I•
-

(n I,, 10F

LUn

1

,

0

I

to

SUPPORT-FAILURE

COMBINATION NUMBER,

h,

-

(0
-

0
N

N

(a)

25

I

20F

1

15k
(ft

(n1

I

(nI Lu, 10 F
Ul

(A

w,

I

x IX

5F

01
0V

N

*

1(

0

Go

SUPPORT-FAILURE

N

-

o

q

--

COMBINATION NUMBER.

-

(
-

0

4

N

(b)

Figure 7.

Increase in seismic stresses at (a) weld joints of the suction line and (b) all recirculation loop weld joints, due to
support failure.
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PIPING AND FITTING DYNAMIC RELIABILITY PROGRAM
D.
S.
Y.
W.
H.
K.
V.

Guzy, USNRC
Tagart, EPRI
K. Tang, EPRI
English, GE
Hwang, GE
Merz, ANCO
DeVita, ETEC

In recent years, both industry and the NRC have been concerned about the
appropriateness of our piping design rules for seismic and other dynamic
loads. While experimental
failure data was used to justify the ASME Code's
piping stress criteria for static and fatigue loads, there was little
available physical evidence of piping dynamic failure behavior when the current
rules were written. The NRC Piping Review Committee recognized the need to
obtain such data and recommended that the NRC support a test program in
this
area.
This resulted in the NRC's cooperation with EPRI in
the Piping and
Fitting Dynamic Reliability Program (PFDRP).
The PFDRP was initiated in
1985
with three main objectives: 1) to identify the failure mechanisms and failure
levels of piping components and systems under dynamic loadings, 2) to provide
a data base that will improve our prediction of piping system response and
failUre due to high level dynamic loads,
and 3) to develop an improved and
defensible set of piping design rules for inclusion into the AISME Code.

All the experimental tasks of the PFDRP have been performed Forty-one piping
components failure tests were completed by ANCO Engineers.
Two piping systems
were ruptured by high seismic-like loads at ETEC. and one of these systems was
retested.
The Materials Characterization Laboratory has finished testing over
140 fatig.ue ratchetting specimens.
Also, piping system waterhammer tests have
been performed by ANCO Engineers.
General Electric of San Jose, the prime contractor for the PFDRP, has completed most of the data reduction and analysis associated with these tests.
Recotmrendations for improved piping rules for dynamic loads have been under
development by General Electric and should be proposed formally to the ASME in
the spring of 1989. The final reports for the PFDRP will be published by EPRI
in 1989.

ANC() Pi-pingQr)mii~wtJTf
The the results of the forty-one piping component tests conducted at ANCO
Engineers will form the primary basis for new ASME stress allowable criteria
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for dynamic inertial loads in Class 1, 2, and 3 piping.
While actual piping
components were tested, the relative simplicity of the test articles was such
that it allowed a great control of the dynamic input and measured response.
And of course, a larger number of conditions and parameters. were varied and
tested than would have been economically possible with only pipe systems
tests.
It should be noted that. current ASME piping stress criteria has been
developed primarily on a "component" basis (e.g., Markl-s fatigue tests).
At ANCO Engineers, piping elbows, tees, reducers, support connections, nozzles
and lugs were dynamically tested to failure.
Figure I shows a representative
test article.
The test specimens consist of both carbon and stainless steel
6-inch piping components with various thickness and internal pressures.
Both
in-plane and out-of-plane loadings were applied to the components; driven at
one end by hydraulic actuators and having weights at the other end.
High
level time history inputs were repeated (usually more than twice) ,until the
components rupturehd.
The dpamic input loads for the component tests consisted of low frequency
(seismic), mid-frequency
(hydrodynamic),
and high frequency
(waterhammer)
loads.
The emphasis of this program has been placed on seismic loads.
Figure
2 shows the "target seismic input acceleration time history that has been
used (with scaling of amplitude and frequency) for most of the pipe system and
pipe component tests of the PFDRP.
This time history was taken from an actual
BWR design.
The response spectr'inm (Figure 3) has an amplitude peak at 7-Hz
and the zero period acceleration (ZPA) is 0.4g's at the SSE level.
Table 1 is a summary of the component tests. Note that repeated time history
motions scaled typically 15 to 25 times higher than elastically calculated
design limits were needed to cause rupture.
Fatigue ratchetting has been the
dominant failure
mode for
pressurized
piping components
and
those
unpressurized components that failed experienced low cycle fatigue or ratchet
buckling due to mean stresses from gravity. Damage has all been related to
cyclic effects.
All the pressurized components experienced swelling due to ratchetting,
some
times in several locations.
Often, wall thinning was such that between high
level tests, one could feel where the eventual failure location would be.
Generally, cracking occurred independent of weld locations, but in some cases
the weld location represented a geometric or stiffness discontinuity and this
(rather than material effects) caused cracks to occur nearby.
This was
especially true for thin wall (Schedule
10) components where the higher
stiffness of the weld seemed to concentrate stresses in the connecting piping.
The elbows of thicker schedule generally grew through-wall cracks in
their
bodies, as did the tees that were fixed at only one end.
The tees fixed a
both ends swelled in the bodies but cracked near the branch line weld.
Component Test 16 was perhaps the ultimate demonstration that fatigue-ratchetting, rather than collapse, controls failure of pressurized components.
While
other components were subjected to step increases of loads until the higher
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level was reached,
it was decided to give this relatively weak reducer
assembly the highest sled input immediately. The reducer bulged and ruptured
rather than collapsed.
.MF._

YB'tMffie_-t.

The PFDRP piping system tests verified that the conclusions reached from the
component tests are applicable to prototypal piping systems. Nonlinear systems effects such as the redistribution of loads, system frequency detuning,
and increased damping can be observed by such experiments.
The test results
also provide benchmark data for piping response prediction.
Figure 4 shows the PBTRP "System I" test article. The material was A106 Grade
B carbon steel. The piping system consisted primarily of 6--inch Schedule 40
piping, except for a 3-inch Schedule 40 cross-over piece and
sect~ions
-hort
of
6-inch Schedule 160 piping near the three actuator tab.es. or
Thr.
short radius elbows were used for the bends near the sleds; these were intstalled instead of long-radius elbows to better ensure that failure would
occur. The piping was supported by the connections to the three actuator
tables and by a spring hanger attached near the middle.
One actual motor
operated valve was installed on the 3-inch cross-over piece and three heavy
sections simulating other valve weights were installed on the 6-inch piping.
The system was oil-filled and pressurized to 1000 psi prior to each test. The
natural frequency of the system was 7.3 Hz, tuned to be slightly higher than
the 7 Hz peak of the response spectrum of the load input. The system was
instrumented with 59 strain gages, gages,
l5 accelerometers, 6 displacement
sensors and various pressure, and temperature sensors.
'sleds'.

The first test sequences were at low levels to check out instruments,
valve
operability, and to measure natural response frequencies. A high level, time
history motion was next input that had "mid-frequency" loads like BWR hydrodynamic loads(Although at highi-levels, no-damage was expected to, or did,
occur due to this mid-frequency loading).
For test sequences at the nominal
"OBE", "SSE", and "5 SSE" levels, both identical and dissimilar sets of table
inputs were used. The response data from dissimilar inputs could provide
physical benchmarks for multiple input spectra analyses.
One set
of
dissimilar table inputs had differences only in amplitude and another had
differences in phasing. Altogether, 9 tests were run at OBE, SSE and 5 SSE
]evels.
A single "half table capacity" test was conducted with identical,
synchronous
inputs at all tables. As discussed below, damage (but not leakage) occurred
in the system. This damage was purposely not repaired before the "full table
capacity" test was runz.
The "full table capacity" test produced an actual
rupture in piping and thus ended the testing sequence.
For the OBE and SSE level tests, no measurable permanent deformation occurred.
For the 5 SSE tests, a small amount of yielding was measured with strain
gauges, but no permanent. gross deflection occurred.
(Plastic behavior was
very local and would not be detected with a "po)st earthquake" inspection.)
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during,
ThDe motor operated valve was successfully opened and closed before.
It appears very clear
and 5 SSE tests.
and after each of the nine OBE, SSE,
that the piping system "functionality" was maintained even at the 5 SSE level.
and the valve
there would have been no loss of flow,
No leakage occurred,
operated properly.
Then the
During the -'half table capacity" test, the spring hanger broke.
'failed
valve's
actuator
operated
connecting bolts on the 3-inch motor
The "half-table capacity" test caused
resulting in the actuator flying off.
increased swelling at the
measurable permanent deformation of the system,
the
piping
(or from the valve).
in
three short radius elbows, but no leakage
No
loss of flow would
no
cracking.
elbows
detected
Ultrasonic testing of the
have occurred from the piping damage of this test, but obviously the valve
lost its functionality.
The "full table capacity" test was run with the piping system in the condition
At approximately 10 seconds into this test, the short radius
just discussed.
the
By the time the actuators were shut off in
elbow near Sled #4 ruptured.
"full--table capacity" test, the rupture had grown to a 3000 circumferential
the crotch of the elbow (away from weld metal and heat affected
tear in
the
which explains
was predominately torsional,
The loading
zones).
circumferential tearing.
Approximately 5 seconds into the last test, the Sled #1 actuator ceased to
provide force into the system due to the blow-out of a 2-inch pressure plug.
Initial investigations indicate that the timing and location of this actuator
failure was such that it probably did not make much difference in the overall
To verify this and to provide information on the "repeatability" of
results.
having had new short radius elbows inthese tests, System 1 was retested,
stalled. The piping responses for the repeated 5 SSE and half-table capacity
tests were similar to those seen in the original tests. During the full-table
capacity test, failure occurred at the same location as in the original test.
However, the crack orientation was different.
A typical ASME Code design analysis identified the failure location of System
Table 2 shows the stresses at this elbow
1 as the highest stress point.
calculated by linear response analyses using a broadened spectrum with 2% and
5% damping.
This is a 316L stainless
Figure 5 shows the PFDRP "System 2" test article.
steel system that was pressurized with oil to 1000 psi and driven dynamically
It is comprised of a 6-inch Schedule 40 main run and a
by four input sleds.
Unlike
4-inch Schedule 40 branch line that connects to a fabricated nozzle.
System
System 1 which had three separate locations of near equal high stress,
That is, the
2 was designed to be unbalanced in terms of stress distribution.
elastically calculated stresses in the branch line near the nozzle connection
(near Sled #1) were design to be roughly twice as great as the highest
13
The system was instrumented with 48 strain gages,
stresses elsewhere.
accelerometers, 7 displacement sensors and various pressure and temperature

sensors.
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The lowest modal frequency of System 2 was 4.1 Hz, but in a direction orthoThe lowest modal frequency in the driven
gonal to the input motion direction.
direction was 5.25 Hz.
The seismic input time history was scaled to have a

peak spectral frequency of 4.0 Hz.
After a series of low level input tests were run, a single nominal "SSE test'
was run.
This was followed by three "2 SSE tests" using identical and then
varied sled input, a "mid-frequency" input test, and a sine sweep test. After
these sequences were completed,
it
was noticed that a small crack had
developed on the outside of the nozzle weld.
It was decided to proceed with
high load input without any repairs to this crack.
Next came another mid-frequency test followed by 3 "5 SSE tests- with varied
and identical sled inputs.
(The different combinations of sled motions has
provided response data to be used in future benchmarking of multiple-input
spectra techniques).
The nozzle cracks grew during these tests, but little
other damage was observed.
The next two high level tests used synchronous sled inputs.
While no leakage
occurred from the "half table capacity" test, the nozzle crack grew more and
fatigue ratchet bulging
was noticed at the higher stress location in the
main run (near Sled #4).
Through-wall cracks occurred on opposite side of the
nozzle as a result of the "full table capacity" test. This last sequence resulted in leakage and thus the testing was considered completed.
A summary of
the calculate elastic stresses for each load level (with synchronous input) is
given in Table 2.
It should be noted that while the sled motions driving the piping systems were
unidirectional, there was considerable three-dimensional response observed.

y

ral Obse~r

nfrQm_ -e PFDRF Component and System Ht.s

The results of the pipe component and pipe system experiments have shown
prisingly consistent general trends:

sur-

1.

The results show that typical elastic piping design evaluations using the
current ASME Code are very conservative for dynamic inertial loads.
Margins to failure of 15 to 30 times the Level D design limit. (referenced
to calculations using 2% damping) were commonly observed.

2.

Dynamic failure is dependent upon cyc]ic effects, even at input levels of
incredible earthquake size.

3.

Ratchetting and wall thinning led
piping.

4.

Cross-sectional collapse (the basis for Eq.
9 of the ASME Code) did
occur.
It seems that dynamic load reversal prevents collapse.
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to the dynamic failure of

pressurized

not

5,

Failure locations were generally independent of weldment locations,
except where geometric or stiffness discontinuity occurred at the weld.

6.

Swelling occurred in the pres"Loss-of-flow" failures did riot occur.
surized piping and crimping was minimal in the unpressurized piping.

7.

Extensive testing at C)BE and SSE levels produce no detectable permanent
Even at the 5 SSE level, deformations were very
deformation or damage.
localized and small.

Items 1 through 4 above indicate the need and justification for the future
Items 6 and 7
ASME Code criteria changes that will result from the PFDRE.
show the need to rethink piping "functionality" concerns.
MQL Ftpu-~

chetS-<mTsl

The purpose of the specimen tests was to provide fatigue-ratchet data on a
smaller, more fundamental, scale. The simplicity of the test articles allowed
identification of material and temperature effects that can be integrated with
The testing
the component test data, resulting in broader application base.
of two-bar and other test specimens have identified the influence of time deSeveral piping
pendent cyclic creep and mean stress on ratchet life.
materials were tested.
Ratchetting
Of the initial 140 specimen tests, 48 were conducted at 5500F.
behavior at this high temperature was shown to be similar to the room tempera-This result helps confirm that conclusions from the component and
ture tests.
system tests (conducted at room temperature) can be extended to higher
temperatures. As recommended by the ACRS and its consultants, cast stainless
steel specimens were later tested,
Results of the specimen tests will help establish
dynamic ratchetting will not be expected to occur.

strain limits below

which

Waterhammer Tests
the ANCO component tests (see Table 1
Two waterhammer tests were included in
In addition,
ANCO Engineers performed waterhammer tests on
and Figure 6).
The tests showed that water slugs produce the
longer piping "systems".
greatest loads and and cause responses that do not have the load reversal
characteristics seen in "solid" waterhanmer tests, or in the seismic and
mid-frequency load tests. Thus design criteria for this type of waterhammer
would need to be different from that for other dynamic loads.
Pina Desian Criteria Developmt
General Electric is now engaged in the development and evaluation of alter2,
native design rules for the dynamic load design criteria for ASME Class 1,
It should be noted that several piping consultants
and 3 piping components.
have provided direction to the PFDRP and both the ASME and PVRC standards
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groups have monitored its
progress. The
in
July 1988.
most
recently
briefings,

NRC staff

has been

given

several

The revision of design rules for piping dynamic load design presents several
challenges to those involved with the PFDRP, the ASME Code Committees, and the
NRC.
While the data show that current rules provide much more margins to
failure than previously thought, no consensus exists on what margins should be
kept in the new rules or how best to provide a balance of design with other
"Equation 9" approach has been shown to
And while the current
piping loads.
be inappropriate in terms of assumed failure mechanisms, it has the advantage
It is hoped that the new rules can be used with simple calof simplicity.
culation methods that somehow implicitly address the cyclic and nonlinear
effects observed in tests.
The development of new piping design rules is in many ways hindered by not
We have a relatively long
being allowed to begin with a "clean slate".
While new piping
licensing history associated with the current ASME rules.
design issues continually appear, these generally are found to be of minor
And however
significance when overall nuclear plant safety is considered.
imperfect the current piping design procedures may be, they usually produce
piping systems with sufficient "margins" to accommodate the unexpected or
undesigned (and often more threatening) loads and conditions that piping systems are subjected to. Many prefer "to keep the devil we know rather than the
one we don't". Thus careful stuuy of the overall effects of piping design rule
changes is needed before, these changes can be accepted.
Thie upcoming proposed ASME Code revisions are expected to allow some reduction
piping system design. But it
in the number of dynamic load supports used in
should be noted that the changes will be limited to piping stress evaluation.
They will not, by themselves, alter existing design criteria for nozzle, equipThese latter criteria will become limiting
ment, and piping support loads.
considerations in piping system design until they are revised as well.
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TABLE
PIPING AND

1

FITTING DYNAMIC RELIABILITY

PROGRAM

COMPONENT TEST SUMMARY

NO

TYPE

MAT

RES

LOAD

DYN MOM

LOAD

P-P CYC

INPUT X

NO

FAIL

SCH

STR

DIR

LIM MOM

TYPE

STRAIN

LEVEL D

TH

MODE

%

/SIZE

PRESS

OD

(1)
1

Elbow

1500

I-P

1.21

SSE

2.5%(1)

15

5

NF

2600

I-P

1.21

SSE

1.5%(0)

15

0.5

FR

1500

0-P

1.04

SSE

15

5

NF

2600

0-P

1.04

SSE

15

4.5

FR

400

I-P

2.36

SSE

21

3.5

FR

1000

I-P

1.83

SSE

18

2.5

FR

13.8

1700

I-P

2.06

*SSE

21

3.5

FR

16

1700

I-P

2.00

SSE

19

3.5

FR.

9

1000

I-P

1.80

SSE

23

4.5

FR

1.5

0

I-P

1.80

SSE

24

5

NF

8

1700

0-p

2.50

SSE

2.2%

21

1.5

FR

6.5

1000

0-p

2.40

SSE

2.2%

21

2.5

FR

400

0-P

1.00

SSE

1.9%

16

0.5

FR

11

1700

I-P

2.30

SSE

2.2%

27

2.5

FR

6

1000

I-P

2.30

SSE

1.9%(1)

22

2.5

FR

10

1700

0-P

2.46

SSE

2.2%(2)

18

1.5

FR

18

1700

BX4

1.18

SSE

13%(3)

13

5

FR

2.5

1700

8x4

1.72

SSE

3.3

30

0.5

FR

CS
80

(Retest)
2

80
Cs

Elbow

80
(Retest)'
3

80
sS

Elbow

3.5

10
4

EIbow

5

Elbow

6

EIbow

7

Elbow

8

Elbow

CS
40
CS
40
SS
40
ss
40
ss

1.4%(1)
2.4%(1)
2.0%(0)
2.0%(1)
2.0%(1)

2.0%(1)
2..0%(1)

40
9

Tee Fix-2

10

Tee

Fix-2

11

Tee

Fix-2

SS
40
SS
40
sS

3

10
12

Tee Fix-2

ss
40

13

Short

Elb.

CS
40

14

Tee Fix-2

15

Reducer

CS
40
sS
40

16

Reducer

SS
40

TABLE 1
PIPING AND FITTING DYNAMIC RELIABILITY PROGRAM
COMPONENT TEST

NO

TYPE

SUMMARY

MAT

RES

LOAD

DYN mOm

LOAD

P-P CYC

INPUT X

NO

FAIL

SCH

STR

DIR

LIN MOM

TYPE

STRAIN

LEVEL D

TH

MODE

X

/SIZE

PRESS

OD

(01
17

Short

Elbow

2.5

1000

TOR

N/A

SSE

2.5%(1)

20

3

FR

0.6*

1000

8x4

5.3

SSE

0.80

20

0.3

FR

15"

2300

I-P

2.1

SSE

1.8

22

3.0

FR

6*

1000

12x4

3.2

SSE

1.9

16

1.9

FR

CS
40

5'

¶700

8x6

N/A

SSE

1.5

19

0.4

FR

SS

5*

N/A

SSE

2.3

19

0.5

FR

5

NF

CS

40
18

Reinforced
Fab. Tee

Cs

19

ELbow

40
CS
40

20

Nozzle
40

21

22

Guide Lug

Guide

Lug

Circ.

1700

40

23

Strut

24

ELbow

25

Elbow-Mid

8x6
Circ.
Now.

CS
40
CS
40

1.5

1000

I-P

2.3

SSE

2.1

W/A

N/A

1000

I-P

1.0

Static

2

N/A

SS

4

800

Nix

6.0

IV2
Kid

1.4

27

7

NF

10
26
27

Elbow

CS

7

1700

I-P

N/A

Sineswp

0.8

N/A

8

FR

Tee Fix-1

40
SS

8

1700

O-P

N/A

Mid *
Sine

0.3

N/A

9

NF

1.8

1700

I-P

2.7

4.0(6)

3

NF

4.0*

1000

I-P

3.1

Solid Wh 2.2
Water
Slug
N/A

N/A

3

40
28

Collapse

Ctosing

Waterhammer

CS
40
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CoLlapse

TABLE
PIPING AND

1

FITTING DYNAMIC RELIABILITY PROGRAM
COMPONENT TEST SUMMARY

NO

TYPE

MAT

RES

SCH

STR

PRESS

LOAD

DYN mOm

LOAD

P-P CYC

INPUT X

NO

FAIL

DIR

LIN MON

TYPE

STRAIN

LEVEL

TH

MODE

/SIZE

Waterhammer

29

CS
40

1.8t

1700

4.0*

1000

D

O0

I-P/
Strut
I-P/
Strut

2.7

Solid Wh 0.55

4.0(6)

3

NF

2.8

Water
Slug

0.40

H/A

3

NF

SSE

1.36
2.0

10

3

FR

3.5

FR

1.7

23

30

Elbow 1.4 Hz

Ss
10

8.17

0
410

I-P A Hz 1.7
I-P 1.3 Hz

31

Elbow 4.1 Hz

Ss
10

4.6

4`1o

I-P

2.7

Silnesh rp
* SSE

32

Elbow

Ss
40

N/A

1700

I-P

3

0.5
Static
ig
Openin

N/A

3

NF

33

Pipe 15 Hz

4t

1000

N/A

1.1

Sineswpp 1.1

H/A

10

NF

34

Pipe 6 Hz

6.5

1000

N/A

1.8

1700

I-P

1.65

N/A
12
18

FR

Etb High Wt

Sinesm'p 1.95
*SSE
2.16
SSE
3.4*(1)

4

35

Cs
40
CS
40
CS

5

FR

3.

1700

Thru-run

2.0

0.5

FR

4

0

I-P

1.03(4)

20

1700

O-P

1.92

10

0

O-P

1.84

9

0

8x4

1.2

1000

I-P

1.9

SSE 9 SINE

1700

I-P

1.5
1.9

Solid Uh
Water Slug

1000

Mix

1.5
1.9

Sol Id Wh 1.1%
Water
Slug
1.7%

36

Tee Fix-1

37

Elb 1.4 Hz

38

Tee Fix-1

39

Tee Fix-1

40

Reducer

41

Elbow
170'

Mini Sys 1

170'

Mini Sys 2

40
CS
40
Ss
10
CS
40
Ss
40
Ss
40
CS
40
CS
3Sch 40
CS
3Sch 40

13

10*

3"
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J.O
SSE
SSE
SSE
SSE

15

2.00(1)

10

2

RB

2.72(3)

20

3.6

FR

3.4%(3)

21

4

NF

3.3

22

2

RB

2.7

25

2

FR

1.2(7)

1.8
N/A

6

oF

1.8

6

iF

N/A

OBSERVATIONS
Collapse did not occur for any toad input.

o

with leakage.

o

Failure mode was fatigue ratchet

o

Eqv.

o

Seismic

inputs much greater than reality.

o

Seismic

toads,

Damping (35%)

than RG 1.61

much greater

(2%).
Like secondary

toad and sotid water hammer behave more

mid-frequency

than primary.

Load depend on toad duration.

Water stug

SYMBOLS:

RB

Water Hammer
In-PLane
Out of Plane
Single End Fixed
Both Ends Fixed
Number of high level input test runs to cause failure
Fatigue ratcheting failure
No failure
Ratchet Buckling

FRT

Fatigue ratcheting failure and followed by ductile

WH
I-p
O-P
Fix-1
Fix-2
NO TH
FR
NF

tearing

Residual
Measured by 2 inch scratch

Strain

marks

Input X
Level D

response spectrum analysis,

Calculated stress using Linear
and actual sled input.
3S

m

Use the calculated

stress,

D allowable.

to determine multiple of Level

(B

2

2% Damping,

M/Z),

t

15% broadening

divided by Level

D allowable,

NOTES:
(1)

For

all

the elbows,

mut tipty

the measured strains are on the outside surface.

The inside surface is
strain

1.388 times of the outside,

and the circumferential

1.338 x 1.072 x 1.01 = 1.50.
multiplication

on

inside surface,

For 2"

is

principal

strain

is

1.01 time of average strain

scratch mark,
a factor

on the inside surface,

(2)

Gage

failed too early, there

(3)

Gage

filed

(4)

Weight stress

(5)

Test

(6)

Use measured moment

too early,

strain

the factor 1.01

1.072

time of circumferential

over gage
is

Length 1/16".

increased to 1.52 and the

1.388 x 1.072 x 1.52 = 2.26.

is

For ratchet strain

it

is

almost

is

not known

no data,
if

peak

of 2.0 over the tabulated values.

use previous similar test

run data.

values have been obtained.

over 1000 psi.

was stoppe•d prior to crack to get

sample.

instead of calculated.moments.

will be reduced from 4.0

(7)

For strain

the values by '.5:

to 3.0.

Use twice of the maximum (O-P)

value.
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if

calculated moment

ia used,

the value

,"06:8 CARMON STEEL

6.6 FT

6

9 FT
IA,

5.75 FT
valve
weight
rupture /'
location/

SLED 4

of motion
direction

I

SLED 2

PRESSURE =lOOPSI

SLED 1

FIGURE 4

SYSTEM J. CONFIGURATION
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Y
VALVES 42 AND 14 SIMULATED 13Y WEIGHT

z

x

W8 x 15 (or
6.625 in. SCH 160 in.
or W8 x 21)

150 Ib,
400 Ib,

42 in.

0
N4

3
6.375 in.

I

SLED 4
6 in. PIPE
SCH 40
SCH

PRESSURE = IO00OPSi
316L

rupture
location

STAINLESS STEEL

FIGURE 5

System 2 Configuration
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Table 2 - Calculated High Stresses of System Tests

Stresses are scaled from reference calculation using ratios of measured nominal
(High stress
input levels to the input level of the reference calculation.
and
5).
on
Figures
4
points coincide with rupture locations shown
System 1
SSE
In put

5 SSE
Input

Half Table
Capacity

Calculated
High Stress (ksi)
using 2% Damping

47

320

1629

Ratio to Class 1
Level D allowable
(60 ksi).

.78

5.3

27.2

Calculated
High Stress (ksi)
using 5% Damping.

29

183

Ratio to Class 1
Level D allowable
(ksi)

.48

3.1

Full Table
Capacity
2521

42.0

System 2
SSE
Input

2 SSE
Input

5 SSE
Capacity

Half Table
Capacity

Calculated
High Stress (ksi)
using 2% Damping

61

111

386

661

1261

Ratio to Class 1
Level D allowable

1.2

2.2

7.7

13.2

25.2

Calculated
High Stress (ksi)
using 5% Damping.

45

89

294

483

896

Ratio to Class 1
Level D allowable
(50.1 ksi)

.90

1.8

Full Table
Capacity

(50.1 ksi)

5.9
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9.6

17.9

6 in. SCH 160

SEGMENT 1

WATER LEVEL IN
SLUG TEST

.6 in. SCH 160

in. SCH 40

CLOSED IN SOLID TEST
2 in. OPEN IN SLUG TEST

FIGURE 6

Test 28 Water Hammer Test Configuration
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RELAY STUDIES K.

EXISTING DATA,

CURRENT TESTING

AND CABINET AMPLIFICATION

Bandyopadhyay, C. Hofmayer, M. Kassir, S.
Brookhaven National Laboratory
Upton, NY 11973

Pepper

ABSTRACT
The seismic fragility
of most electrical
equipment is governed by the
malfunction of relays.
This paper discusses the combined study being
performed at BNL by evaluating existing fragility
test data,
conducting a new relay test
program and estimating the cabinet amplification at relay locations.
Existing test
data for relays have been
collected and evaluated at BNL.
The data base consists of results
from a wide variety of test programs - single frequency, single axis,
multifrequency, multiaxis tests.
For most relays, the non-operating
condition controls the chatter fragility
limit.
In order to characterize the effect of various parameters on the relay seismic capacity,
a test
program has been initiated
at BNL.
Selected test
specimens
will be tested to determine the influence of frequency of vibration,
direction of motion, adjustments of relay parts, among others, on the
relay capacities.
The amplification study involves computing dynamic
amplification factors at various device locations in motor control
center and switchgear cabinets.
Fragility and high level qualification data have been used for this purpose.
This paper includes a
summary of the amplification results.
1.0 INTRODUCTION
Evaluation of seismic fragility
of electrical
equipment being performed at
Brookhaven National Laboratory (BNL) and elsewhere, indicates that for most
equipment the fragility
levels are governed by malfunction of relays.
Therefore, a special study has been undertaken at BNL for understanding relay
performance.
To this end, evaluation of-the existing relay test
data,
conducting a new relay test
program and investigating the dynamic amplification
of relay housing cabinets are being carried out at BNL.
This paper discusses
the data base, describes the testing methods and presents the cabinet amplification results.
2.0 DATA BASE TEST PROGRAMS
As part of the Component Fragility Program at BNL [1,2], a vast amount of
relay test
data has been collected from various sources.
These tests
were
performed in the period 1973-1985.
The test
programs in the BNL data base can
be grouped into two types depending on the testing methods and the available
information as discussed in the following subsections.
2.1

Single Axis,

Single Frequency Tests

Single axis, single frequency sine beat or sine dwell tests
were performed
on early vintage relays in the period 1973-75.
Information is available for
twenty five protective and auxiliary (including time delay) relay models.
The
relay specimens were tested at specific frequencies with increasing input level
until
they exhibited contact chatter at a pre-selected level (e.g. 1, 2 or 10
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milliseconds) or until
the capacity of the shake table was reached.
The tests
were repeated in different directions and for different electrical
(i.e.
energized and de-energized) and contact (i.e.
normally open and normally closed)
conditions.
The vibration levels were measured in terms of the amplitude of the
sine wave form and presented as a plot of input acceleration vs frequency.
The
discrete points in the plot are connected to provide a continuous fragility
(or
test
equipment capacity) curve in the frequency range 1-35Hz.
Figure I shows a
set of typical test
results for a relay model.
The lower curve indicates the
fragility
chatter limit (2ms)
for a normally closed contact of the sensing unit
of the relay when de-energized and the upper curve corresponds to the shake
table capacity curve which was exceeded for the energized condition.
For the
data base relays, the contact chatter fragility
level was as low as 0.lg and as
high as 3.Og sine beat input motion.
Single frequency test results reveal the frequency sensitive nature of
relays.
However, it is often difficult
to use the input acceleration values to
determine whether the data set envelops a required response spectrum, the common
form of measure of the seismic demand in practice since the mid-1970's.
Therefore, the use of the early test
data is limited unless an appropriate
conversion factor is developed.
2.2 Multiaxis,

Multifrequency

Tests

The data base contains multiaxis, multifrequency results from tests
performed since the late 1970's.
Most tests
were performed with biaxial inputs
- either phase incoherent or phase coherent.
Triaxial input motion was used for
the rest.
The fragility
levels due to relay chatter were determined for various
electrical
modes and contact conditions and expressed in terms of the test
response spectrum (TRS).
Some relay models did not exhibit chatter even at the
shake table capacity vibration level.
The multifrequency test
data were of
three different types and the nature of the data was also different as discussed
in the following subsections.
2.2.1

Required

Response

Spectrum Tests

These tests
were performed to meet, a specific or a generic required
response spectrum (RRS) and in the process the chatter fragility
was reached.
The corresponding vibration level was presented in terms of TRS data.
These
results are conservative in the sense that at some frequencies the relay may
still
withstand higher vibration levels.
2.2.2

IEEE Std 501 Tests

A large number of test
programs were conducted following the generic
procedure and the standard RRS shape recommended by IEEE Std 501 (ANSI C37.98)
[3].
Since the late 1970's, the manufacturers have used this approach for
seismic rating of their products.
Typically, the ZPA is used as a single-valued
fragility
level such that the 5% damped spectral level is two and half.times the
ZPA.
This is a very convenient and concise way of expressing the fragility
limit and the seismic ratings (i.e.
ZPA's) are readily available, sometimes even
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35.0

levels of
Also, the fragility
catalogs and sales brochures.
in manufacturers'
relay
can be
the
appropriate
and
compared
various relay models can be easily
are not
ratings
seismic
the
However, the TRS data used for obtaining
selected.
ratings
of
seismic
wide
range
The data base indicates a
easily available.
the
seismic
relays,
For
many
as
6.Og
ZPA.
as
high
0.5g
ZPA
to
low
as
from as
rating is controlled by the capacity of the shake table rather than the
capability of the relays.
2.2.3 Panel Tests
panels were tested with relays mounted in
A large number of electrical
Since .for a long time it is known in the industry that relays are the
them.
channels and acceleroequipment, electrical
typical weak links of electrical
permeters are commonly used for selected relays to monitor the electrical
the
device
level
at
vibration
measure
the
and
to
these
relays
formance of
data.
Such information is an important source of relay fragility
locations.
The BNL data base contains relay information for equipment tested in the period
data is that in application relays will be
The merit of the panel test
1977-80.
Therefore, the relay
mounted in such panels and used in similar circuits.
performance and the vibration level at locations recorded during panel testing
and dependable, especially since the input vibration
are more direct, realistic
through the cabinet structure.
at the base of the equipment has been filtered
data is that the same relay located
The limitation of the use of the panel test
in another possible location in the same cabinet, or tested in another cabinet,
phenomenon corresponding to a different TRS data set
may exhibit the fragility
medium. , Another limitation of
due to different characteristics of the filtering
was not necessarily
the
tests
of
the
purpose
data is that since
the panel test
threshold of a particular relay, the available
to determine the fragility
information is most often either higher or lower than the threshold, e.g. either
20ms chatter or no chatter for a 2ms chatter criterion.
2.3

Sensitivity Parameters

of relays depends on one or more parameters related
The seismic fragility
Some of these parameters are discussed. in
to the design or the input motion.
the following subsections.
2.3.1

Frequency of Vibration

Depending on the design, most relays are capable of withstanding a higher
The frequency range in which a
vibration level at one frequency than another.
particular relay is weak may be low (e.g. less than 10Hz), medium (e.g. 10-30Hz)
sine
by the chatter fragility
or high (e.g. greater than 30Hz) as illustrated
beat input vs frequency curves for two different relay models shown in Figure
to low frequencies and the other curve shows
2.
One curve shows sensitivity
to medium and high frequencies.
sensitivity

6.00
C

5.0

'0

4.0-

SENSITIVE AT LOW FREQUENCIESTABL

3.0

AT

/SENSITIVE
2o-

2.0

MEDIUM AND HIGH FREQUENCIES

1.0* 0.00

T

5

10

15

20

25

30

Frequency (Hz)

Fig. 2 Single Axis Sine Beat Test Amplitude
Frequency Sensitivity
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2.3.2 Chatter Duration
Depending on the chatter duration that can be accepted for a particular
Single axis testing indicates that
application, the fragility level may change.
for most frequencies the vibration level is higher if a longer chatter can be
accepted as demonstrated by Figure 3.
2.3.3 Direction of Vibration Input
Depending on the design of the operating mechanism, relays exhibit varying
Typically they are weak in the
capacity levels in different directions.
Figure 4 shows single frequency capacity
direction of the contact movement.
test data of an auxiliary relay model in three orthogonal directions, front-toThe front-to-back (FB) vibration
back (FB), side-to-side (SS) and vertical (V).
controls the capacity level for the relay at high frequencies.
2.3.4 Electrical Mode
Most two-state relays chatter in the de-energized electrical mode at a
This is especially true for
lower vibration level than the energized mode.
relays with hinged armature mechanisms since in the energized state the magnetic
Figure 5 shows
field of the coil tends to restrain the motion of the armature.
single frequency capacity results of a popular auxiliary relay with a hinged
armature mechanism for both the energized (E) and de-energized (DE) modes.
2.3.5 Contact State
The moving contact of an electro-mechanical relay needs to traverse the
contact gap for a normally open contact before it closes by engaging the
stationary contact.
On the other hand, a normally closed contact becomes open
Therefore, for electroimmediately by disengaging the stationary contact.
mechanical relays, normally closed contacts typically chatter at a lower
Figure 5 shows the single
vibration level than normally open contacts.
frequency capacity levels of a normally closed (NC) contact and a normally open
(NO) contact of an auxilary relay.
2.3.6 Adjustments
In a hinged armature mechanism, the magnetic force experienced by the
armature must overcome the tension of the balance spring for movement of the
moving contact.
An adequate spring tension is required for normal operation and
A stronger tension value tends to press the
engagement of the moving contact.
moving contact tight against the stationary contact and thereby makes the moving
contact less susceptible to vibration.
The thin shaft of a rotary disk mechanism, on the other hand, is supported
by two bearings and the disk tends to jump out of plane in a vibratory environment unless the play of the vertical shaft at the bearing is properly adjusted.
One popular relay model was observed to exhibit such a phenomenon in a seismic
test program resulting in malfunction of the relay.
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35.0

Thus, for different operating mechanisms,
the seismic capacity of a relay.

certain adjustments may influence

3.0 CURRENT TEST PROGRAM
Primarily, in order to further study the effect of parameters on relay
program.
Establishing the
fragility
levels, BNL has initiated
a relay test
correlation between single frequency fragility
test
inputs and multifrequency
of relay models within a
test
response spectra, and confirming the similarity
program.
group are also objectives of the test
Single frequency sine dwell tests
will be performed to study the effect of
levels.
Nineteen popular models from three
vibration frequency on the fragility
For ten models more than one specimen will be
manufacturers will be tested.
used to study the consistency of results.
will be performed with separate single axis, biaxial
Multifrequency tests
Spectral shapes will be matched
inputs on twelve relay models.
and triaxial
inputs so that the conversion
with the respective single frequency fragility
inputs to the multifrequency test
factors relating the single frequency test
response spectra can be computed.
Four relay models from one manufacturer with three specimens for each will
be tested with biaxial multifrequency input motion following the IEEE Std 501
The test
is intended to confirm the same seismic
(ANSI C37.98) spectral shape.
four models.
rating for all
will be performed on new (current vintage) relay
All the above tests
The effect of spring tension and contact gap adjustments will be
models.
studied by varying the respective parameters. of two hinged armature relay
The effect of end play adjustments will be tested on two rotary disk
models.
will be performed with single frequency inputs.
All adjustment tests
relays.
three
will be conducted in all
single frequency tests
The initial
operating, nonmodes (i.e.
three electrical
orthogonal directions for all
normally closed and
and two contact conditions (i.e.
operating and transition)
will be performed only in the weakest
All subsequent tests
normally open).
A chatter
modes and contact conditions.
direction for the weakest electrical
to establish
duration of 2ms or greater will be used as the failure criterion
the fragility
levels.
data will be evaluated to draw
Upon completion of testing, the test
conclusions regarding the effects of various parameters, the relation between
single frequency and multifrequency results, and the similarity of relay models
The results will be published in 1989.
within the same seismic rating group.
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4.0 CABINET AMPLIFICATION
Since relays like most other devices are mounted on electrical
cabinets
which tend to amplify the input motion, the relay fragility
data cannot be
directly compared with the seismic demand specified at the base of the cabinet.
If the amplified motion at the relay location is known from testing of the
particular cabinet, that can definitely be used for comparison with the relay
test
data.
In the absence of such specific information,
a
generic,'
amplification factor for the equipment class may be used to relate the relay
test
data to the input motion at the base of the housing cabinet.
BNL has
evaluated fragility
and qualification level test
data of nine motor control
center and ten switchgear cabinets and computed amplification of the input
motion at various locations in the cabinets measured in terms of response
spectra.
The factors have been obtained at various frequencies and presented as
amplification spectra in NUREG/CR-5203 [4].
The input motion is amplified at
the resonant frequencies of the cabinet structure and internals.
Therefore, the
amplification factor at a location in the cabinet is dependent on the
frequency.
A typical amplification spectrum peaks at the structural resonant
frequencies and dips at other frequencies as illustrated
by Figure 6.
The
amplification factors have been computed at many device locations in the
respective data base cabinets and a summary of the deterministic and
probabilistic results is presented in Table 1.
5.0

CONCLUSIONS

The seismic fragility
levels are to a great extent relay model specific.
The existing data base provides fragility
information for a large number of
relay models manufactured at different time periods.
However, the existing data
are not adequate to address certain inconsistencies in the fragility
results
observed in the data base, probably due to the variation of the input motions or
the specimen design or both.
The relay test
program will focus on these issues
and is expected to clarify
the influence of certain parameters.
Both the
existing and the new test
data measure the relay capacity at its
location.
The
amplification study provides the link between the motion at the relay location
in an electrical
cabinet and that at the base of the cabinet.
Therefore, the
three studies combined together will define the parameters controlling the
seismic performance of relays and allow a proper and effective use of the
existing relay data base.
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0
CO
0*

Frequency (Hz)

Fig. 6 A Typical Amplification Spectrum

--- "l

TABLE

1

Summary of Amplification Results1,4

Motor Control Center
Amplification 2
Peak
4-16 Hz
16-40 Hz
40-100Hz

Maximum

Median

High
Confidence

Switchgear
3

Maximum

Median
High
Confidence

7.7
.8.3
13.0

4.8
5.3
5.7

8.2
9.9
15.8

20.0
27.3
51.7

7.4
11.2
16.2

16.7
31.6
72.1

Average
4-16 Hz
16-40 Hz
40-100Hz

4.0
6.6
9.3

3.0
3.7
5.0

4.7
7.7
11.2

9.0
15.6
28.3

4.2
7.5
12.3

8.7
19.3
45.0

Zero Period

4.8

3.3

5.4

16.7

5.8

15.2

3

I These results are applicable only within the limitations described in
chapter 3, Section 3.3 of NUREG/CR-5203
2 The amplification parameters are defined in Chapter 2, Section 2.3 of
NUREG/CR-5203
probability of exceeding the listed
3 High (95%) confidence of a low (5%)
values
4 Selection of the appropriate single-valued amplification factor is left
to the user
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ASCE WORKING GROUP ACTIVITIES ON STIFFNESS OF
CONCRETE SHEAR WALL STRUCTURES
by
Joel G. Bennett and Charles R. Farrar
Advanced Engineering Technology

ABSTRACT
This paper will review the history and activities of
the ASCE Working Group on stiffness of concrete shear wall
structures as influenced by the U.S. Nuclear Regulatory
Commission (NRC) sponsored Seismic Category I Structures
Program and their efforts to define a position for the
"reduced stiffness" problem up through the May 1988
meeting.
The group's activities and recommendations for
This paper
accounting for this effect will be presented.
will present the authors' point of view. Therefore, no
warranty is implied that it will represent the final
Working Group position or the ASCE Dynamic Analysis
The paper is offered in the spirit
Committee acceptance.
of presenting the group's activities for information to
the NRC and to the civil engineering community.

I.

INTRODUCTION AND BACKGROUND FOR THE WORKING GROUP
The American Society of Civil Engineers (ASCE)

has established an organi-

zation chart that maintains its technical leadership role in civil engineering
through its professional

development arm.

Under the professional development

arm, the Technical Activities Committee maintains management groups.

Manage-

ment Group B coordinates the activities of several technical divisions
including the largest in membership,

the Structural Division.

The Nuclear

Structures and Materials Committee operates within this division and further
maintains a Committee on Dynamic Analysis.
of Dr.

Robert P. Kennedy,

D. Stevenson,

In May of 1986,

through the efforts

of RPK Structural Mechanics Consulting, and Dr. John

of Stevenson and Associates,
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a Working Group on the stiffness of

shear walls was established from members of the Dynamic Analysis
This Working Group was to be and is chaired by Dr. 'Robert C. Murray
Committee.
of the Lawrence Livermore National Laboratory (LLNL) and had its initial
reinforced

hosted by the Southwest Research Institute on November 20,
Such a Working Group had existed under this
1986 in San Antonio, Texas.
committee before, but it had never had been able to come to a consensus
kickoff meeting,

However, both Drs. Kennedy
concerning the stiffness of shear wall structures.
and Stevenson are members of a technical review group (TRG) for the Seismic
Category

I Structures

Program sponsored

by the

U.S.

Regulatory

Nuclear

a research effort that had been ongoing at the Los Alamos
Both individuals were aware of the results of
National Laboratory since 1980.
the research and felt that the time had come to reconsider some of the issues
Commission (USNRC),

and findings that resulted from the reporting of that research.
Briefly, in FY 1980, the NRC established the Seismic Category I Structures
Program to investigate the seismic structural

response of low-aspect-ratio,

shear-dominated nuclear power plant-Category I structures.
single shear walls and box-like, scale-model microconcrete

Testing of both
structures

was

Adequate reserve structural margin was
completed by the end of FY IS34.
reported, but measured natural frequencieswere generally lower than would be
predicted by a strength-of-materials analysis--many times by a factor of 2 or
more.
much

Both measured and frequency-implied structural stiffnesses were low as
These findings generated considerable
as a factor of 4 or more.

discussion and interest'among the civil engineering community, particularly
because the floor response spectra for Category I buildings might not be
consistent

with these findings.

further in this paper,

Some of these issues

will

be discussed

but for members of the civil engineering community that

accepted- the "reduced stiffness"

as

being real

and applicable

to nuclear

the most likely source of the'reduction has been cracking of the
Furthermore, in early 1986, the ASCE Committee on Nuclear
cross section.
Standards had completed the ASCE Standard, Seismic Analysis of Safetystructures,

Related Nuclear Structures (ASCE 4-86) that was approved by ballot in September
In this standard, the modeling of stiffness of reinforced concrete
1986.
elements (Section 3.1.3) indicates that uncracked cross section properties may
be used "provided that elements do not crack significantly." However, little
or no consistency has been established about ways to implement this section.
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With this background material,

the authors will discuss the history and
in their efforts

summarize the status of the Working Group activities

to

establish an ASCE position paper on this topic.
II.

HISTORY OF WORKING GROUP'S ACTIVITIES AND PROGRESS
At the initial Working Group meeting,

the first author presented a summary

of the findings of the Seismic Category I Structures

Program,

including a

discussion of the issues surrounding the "reduced stiffness" effects.
"reduced

stiffness" issue arose from the reporting of program findings to the

TRG at the end of FY 1984.

At that time,

results on items such as aging (cure

effect of increasing seismic magnitude,

time),

The

etc.,

were reported,

but the

most important conclusion was that the so-called "working load" secant stiffness of the models-was lower than the computed,
values by a factor of about 4.

uncracked,

cross-sectional

The term "working load" implies loads that

produce stress levels equivalent to at least the operating basis earthquake,
and up to the safe shutdown earthquake.
the TRG pointed out the following:

During their review of this program,
1.

Design of prototype nuclear plant structures is normally based on an

uncracked cross-section,

strength-of-materials approach that may or may not

use a "stiffness reduction factor" for the concrete;
factor be used, it
2.

however,

should such a

is never as large as 4.

Although the structures themselves appear to have adequate reserve

margin (even if
and attached

the stiffness is only 25% of the theoretical value),

any piping

equipment will have been designed by using inappropriate floor

response spectra.
3.

Given

that a nuclear plant structure designed to have a natural

response of about 15 Hz may have a natural

frequency of 7.5 Hz (corresponding

to a reduction in stiffness of 4), and allowing further that the natural frequency may further

decrease

because of degrading

stiffness,

the

natural

response of the structure will shift well down into the frequency range for
which an earthquake's energy content is

the largest.

This shift will result

in increased amplification in the floor response spectra at lower frequencies,
an effect that has potential impact on the equipment and piping design response
spectra and their margins of safety.

Note that all three points are related to the difference
and calculated

measured

stiffnesses of these structures.

Group was made aware of all of this information.

between

The ASCE Working

In addition, the results for

two structures in the TRG series of tests were presented.

the first

series of tests was carried out

the

This

basically at the request of the TRG as

credibility experiments and consisted of a shear wall geometry like that shown
in Fig.
tested.
2,

structure was also constructed

1. A 1/4 scale model of this

The results for the first two structures are reported in Refs.

and
1 and

and drafts of those reports were provided to the Working Group at the

kickoff meeting.

STEEL PLATES

DIMENSIONS (cm)
STRUCTURE
TRG
TRG
TRG
TRG

1
3,5
4
6

a

b

c

d

e

f

g

h

58
230
230
230

75
300
300
300

2.5
10
15
15

5
20
20
20

58
230
230
61

68
270
270
101

0.611*
37
18

1.33.8"
2.5
2.5

ADDED
WEIGHT (kN)

REBAR
diam (mm),

26
170
170
170

0.11
10
10
10

ONE LAYER OF REINFORCEMENT DOWN THE CENTER OF
THE WALL INBOTH THE HORIZONTAL AND VERTICAL DIRECTION

Fig.

1.

Geometry of the TRG-recommended
credibility test structures.
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The issues surrounding these results were summarized to the Working Group
and are presented in Figs.
tests performed

2,

3,

and 4.

Figure 2 shows the results of the

in the Seismic Category I Structures

known data that were available at that time.

Program and some other

This plot shows

the actual

measured (quasi-static test) or frequency-implied (base excited seismic test)
"working load" secant stiffnesses normalized by the value that would be calculated from a strength-of-materials approach using an uncracked concrete crosssection.
The values are plotted over a wide range of concrete moduli as
determined for each model using the American Concrete Institute (ACI) recommended method of Ec = 57,000 vf
(psi),
where Ec is
the concrete
modulus, and fc is the compressive strength of the concrete determined by
cylinder testing.
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Normalized stiffness of test data plotted
versus concrete modulus (available at the
ASCE Working Group kickoff meeting).

Figure 3 shows the floor response spectra that would be calculated
one of these tests (TRG-3),
cross-section,

for

based on a stiffness determined from an uncracked

strength-of-materials

analysis
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and

a

fixed-base

boundary

0
0-

0-

a•

condition (dotted curve), versus
the floor response spectra from
the measured floor accelerometer
record at the same location.
Figure 4 shows the same compar-

MEASURED
MODEL I

00

ison but with base connection
springs included in the analysis.

P

U1

The Working Group immediately
understood the potential effects
of the frequency-shifted peak on
piping and equipment design issue.
The course of action was then
0.0

0.0

40.8

60.0

FREQUENCY (HZ)

Fig. 3.

Response spectra generated
from measured. floor acceleration compared with those
that would be calculated by
using a fixed base model
and known material properties.
-0.02

MEASURED
tMODEL 11

:~:
.......................

defined for the Working Group as
follows: (1) collect any available supporting or conflictingdata particularly on real structures, (2) carefully review
(3) develop an
available data,
(4) polish
ASCE position paper,
and review the paper, and (5)
publish the paper in an ASCE
Journal. Appropriate assignments
were made related to this action
plan and the meeting was concluded.
The Working Group met next
on May 7, 1987 in Palo Alto,
California. The meeting was
hosted by the Electric Power
Research

FREOUENCY (HI)

Fig. 4.

Response spectra from a calculation that accounts for
base rocking compared with
those from measured data.

Institute (EPRI).

At

this meeting, Los Alamos presented the results of quasistatic cyclic testing of a large
structure (TRG-4, 6-in.- thick
walls) that was very carefully

constructed,
effort

handled,

to minimize

cracking,

and tested in a controlled,

any cracking.

the structural

thermal environment

These results showed that up until

stiffness

was

in good agreement

in an
first

with

analytical

were

discussed.

estimates.
Next,

all

Particularly,

data specifically
model

reactor

relating to

this

issue

containment tests conducted on a deep embedment

structure by EPRI and Niagara Mohawk were discussed,
the reduced stiffness issue were not clear cut.

but results relating to

These models are still avail-

able for further testing, however.
Diablo Canyon data were discussed.
earthquake response,

analytical models had to have both rock-structure int'er-

action and basemat flexibility added.
response (< 4Hz)

To get a match with measured low-level

of these structures

It was concluded that the low frequency
can mask any reduced stiffness

effects

because of cracking.
Data taken on the University of California Santa Barbara North Hall during
a 1978 earthquake were distributed to the Working Group and then discussed.
The conclusion was that this structure is

very complex and a large modeling

effort would be required to make sense out of the data.

It

was felt that such

an effort was beyond the resources and scope of the Working Group.
One of the other assignments

that the group members undertook was to

calculate a stiffness estimate for the TRG-3 test that had been carried out and
presented at the prior meeting and to discuss factors that could contribute to
a stiffness reduction.

These discussions centered on:

*

Base flexibility,

•

Anchorage of the structure to the shaker table,

•

Possible effects of gaps between anchors,

*

Table flexibility, and

"

Cracking level.

Details of the shaker table were requested by some members for possible
future work on these topics.
Next,

the group discussed a theory that had been published by A. K. Gupta
of North Carolina State University, a corresponding member of the group, that
the appropriate
Einitial*
and,

modulus of structural

modeling

for

concrete

may be

1/2

The group was "uneasy" about the concept in absence of more data

because Gupta was not at the meeting,

the discussion terminated.

The next order of business was to develop an outline for the position
paper on how to calculate the stiffness of concrete
Figure 5
minutes,

shows this

outline as developed

shear wall

and distributed

in the meeting

along with principal -assignments of responsibility.

section of "recommendations"
stiffness effects,

structures.

The difficult

was postponed pending further data on the reduced

but it was agreed that the outline contained topics that had

to be addressed.
OUTLINE AND ASSIGNMENTS
ASCE Position Paper on "How to Compute Shear Wall Stiffness"

Introduction (Kennedy//Murray)
Purpose of Paper
Effects on In-Structure spectra

Typical Shear Wall (Nuta - east coast plants, Hadjian - west coast plants)
Geometry
Stress Levels
Reinforcement

Industry Practice (Singh)
Shea.- Stiffness
Flexural Stiffness
Special Effects (shear lag, shear area)
Reinforcement

Rr.view of Experimental Data (Farrar)
Implications
Data Applicable
Strength of Materials Approach Applicable

Comparison of Practice with Data

Sources of Variability (Hashimoto)

Recommendations
Approaches
Stiffness Before Cracking
Stiffness After Cracking
Implication on Floor Spectra

Fig. 5.

Outline of position paper as developed by the Working Group.
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This meeting concluded with plans for the next meeting scheduled for Stone
Mountain,

Georgia,

in October.

At this point the group consisted of fourteen

active members and one corresponding member.
At this meeting, results of a new test (TRG-5,
Alamos were presented.

4-in.

thick walls)

by Los

A portion of the meeting minutes read as follows:

The test was similar in geometry to TRG-4 with a 4-in.
thick shear wall and one layer of rebar at the center of
the wall (0.6% steel).
TRG-5 was well instrumented and
statically tested.
Results were in good agreement with
stiffness estimates by the strength-of-materials approach.
This was the second of two well instrumented static tests
that provided good agreement with theory.
The group summarized and prioritized the possible reasons
reduced stiffness measured in earlier tests as follows:
1.
2.
3.
4.

Models were cracked prior to testing;
Microconcrete versus real concrete/model
Dynamic tests versus static tests,
Base rotation.

for

size,

The importance of normal stress in shear walls was discussed by
the Working Group.
The consensus points are indicated below:
*
•
a
*

Tests were conducted at normal stress levels below 40
psi;
Actual shear walls have normal stresses in the
30-70 psi range,
At low levels, normal stress is likely to be a large
contribution to stiffness reduction,
Microconcrete may not develop aggregate interlock
which could contribute to stiffness reduction.

The group went on to discuss
position paper,

but were

section of recommendations.

still

several other details of the developing

having difficulty with

the

all-important

Two further quotes from the minutes are revealing

in this respect:
Based on the available information examined so far, the
Working Group has not established a position.
We need to
wait for more data to become available to resolve the open
issues.
and,
An agenda for the next meeting was developed.
Bob Kennedy
agreed to invite Mete Sozen to the next meeting to
stimulate discussion.
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developed into two factions

at this point,

The Group had,

that appear to

be representative of the ASCE engineering community's reaction to the reduced
stiffness issue.

The one set believes that this effect is

The other set generally

mental anomaly that does not occur in real structures.
and shrinkage (curing,

aging),

all

thermal effects,

settlement,

differential

believes that construction practices,

largely an experi-

contribute to cracking or microcracking of

real concrete and that probably all concrete structures will exhibit a reduced
stiffness,

if

not initially,

then eventually.

of the University of Illinois,

Sozen,

response of R.C.
for May,

structures over the years.

data on

Mete

earthquake

The next meeting was scheduled
and as noted in

California,

Sozen was to be invited.

By the May 1988 meeting,
of the TRG series,

TRG-6,

the final structure tested by Los Alamos as part

had been tested.

wall aspect ratio (0.25 height/length),

at low load levels (<50 psi base shear),
was taxed

deformations

between experimental
first cracking.

This structure had a very low shear

6-in.-thick walls and was lightly

(0.25% by area each direction).

reinforced

was :known that Dr.

had assembled

1988 to be hosted by EPRI in Palo. Alto,

the minutes,

relative

It

The structure was so stiff, that
for measuring

the instrumentation

to the limit.

the agreement

Nonetheless,

and calculated stiffness values was again very good until

Thus,

the Los Alamos presentation to the group once again

raised questions about previously obtained data that showed reduced stiffness.
Again, it was pointed out that everything possible was done with this structure
in terms of construction,

handling,

and testing environment to obtain a theo-

retical value.
The first author believes that Mete Sozen's presentation was a turning
point in the group's decision to deal with the reduced stiffness -issue and to
The basic presenta-

begin to come to a consensus on a set of recommendations.
tion

centers on a collection of data from Japan,

from the University of

Illinois, and from others; these data were plotted in Figs.
Sozen argued that,

by Sozen.

according to these data,

6-8 and presented

there

is

clearly a

large variation in the expected value of the stiffness from a concrete shear
wall,

and

not all

experimental
presentations

error.

nontheoretical

measured results

can be attributed

This argument was very convincing and,

on potential

to

following other

base connection effects for the TRG-3 test, the

group moved to grapple with a recommendation on stiffness variability.

15
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Fig. 6.
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Histogram of measured stiffness/
calculated stiffness presented
to the Working Group by Dr. Mete
Sozen, University of Illinois.
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Histogram of measured frequencies/calculated frequencies
presented to the Working Group
by Dr. Mete Sozen, University
of Illinois.
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III. CURRENT STATUS OF THE WORKING GROUP'S POSITION
The current position (in the opinion of the authors) of the consensus of
the Working Group revolves around Figs.
In these sketches,
pressive

strength,

9 and 10.

K is the stiffness,

Ktheory

is

the

fc is

uncracked

the design concrete com-

cross-section

materials value, Vc is the ASCE calculated cracking load,

strength

of

p is a parameter.

The recommendation will likely be that, based on the fact that we cannot know
the condition of the insitu structure (because of thermal effects,
differential

settlement,

shrinkage, etc.),

the normal design spectra should be

produced by using the low, and high values of stiffness in Fig.

9 and equipment

should be designed to meet the resulting enveloped spectra.
Figure 10 shows the expected stiffness behavior in terms of a load-drift
curve.

The values for the second knuckle of Fig.

defined as yet.
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10 have not been totally

1

0
0)

-c

0.4
1/3
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SHEAR STRESS
Fig.

0

9.

Uncertainty band for stiffness of R.C. shear walls.

K/3

0.J

DRIFT
Fig.

10.

Behavior of stiffness in terms of load drift.
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IV.

CONCLUSIONS
Program was initially

The research in the Seismic Category I Structures
directed

at finding

for low-aspect-ratio

the margin-to-failure

shear wall

structures and at understanding of the seismic response of these structures.
However,

during the course of the investigation,

shear wall

stiffness

be computed

for analytical

generate spectra! for equipment. design.

Here,

the issue arose of how should
models

to

the emphasis shifts toward being

conservatism.

accurate rather than ensuring structural

that are used
The authors

believe

that this NRC-sponsored research will have an effect on both the design and
safety analysis of these structures that will be beneficial
By working

with

the code

potentially important issue.

committees,

this

This paper

is

research
presented

helps

in the long term.
resolve

this

in the interest of

keeping both the U.S. NRC and the interested nuclear civil structure community
advised of the Working Group's activities.
V.

REFERENCES

1.

J. G. Bennett, Richard C. Dove, W. E. Dunwoody, C. R. Farrar, P. Goldman,
"The Seismic Category I Structures Program: Results for FY 1985," NUREG/
CR-4998, December 1987.

2.

J. G. Bennett, R. C. Dove, W. E. Dunwoody, C. R. Farrar, P. Goldman, "The
Seismic Category I Results Program: Results for FY 1986," NUREG/CR-5182,
September 1988.

ASSESSMENT OF EFFECTS OF STRUCTURAL RESPONSE
ON. PLANT RISK AND MARGIN
By
M.P. Bohn, E.W. Klamerus
Sandia National Laboratories

I.

Introduction

Since 1983, the U.S. Nuclear Regulatory Commission Office of Nuclear
Regulatory Research has sponsored the Seismic Category I Structures
This project has been
Program at Los Alamos National Laboratories.
primarily responsible for investigating the structural dynamic response
shear wall structures
concrete
of Seismic Category I reinforced
and
In this program, both static
(exclusive of containment structures).
were performed on scale model concrete shear wall
dynamic tests
Both diesel generator
structures ranging from 1/10 scale to 1/42 scale.
and auxiliary buildings were modeled and tested as reported in
buildings
References 1 through 8.
subjected to free
the structures were initially
In these tests,
and small amplitude excitation to determine the fixed-base
vibration
the models were
In
addition,
frequencies of the models.
natural
To
subjected to a set of scaled earthquake time history simulations.
response,
the
assess the effects of peak ground acceleration onbuilding
amplitude of the simulated earthquake time history was increased in steps
for successive tests.
it
became clear that the initial
accumulated,
As test
results
less than would be
natural frequencies measured were significantally
of concrete.
stiffness
using the initial
computed analytically
measured
Furthermore', during the simulated earthquake time history tests,
were found to decrease with increasing peak ground
structure stiffnesses
specimens
natural frequencies of the test
As a result,
accelerations.
was found to be reduced by up to 50 percent of the computed natural
frequency.
This

reduction

in

natural

frequencies

represents a potentially
For
important issue in the design and safety of nuclear power plants.
the reduced building
example, structure excitation could be greater if
match the high energy content
more closely
frequencies
natural
Also,
safety related
that
area.
frequencies of an earthquake in
in the
equipment could experience greater seismic loads, due to a shift
floor spectra where the equipment is located.
In 1988,
Response on

the U.S. NRC began the Assessment of Effects of Structural
Sandia National
Plant
Risk and Margin program at
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The
Laboratories.
frequencies on both
seismic plant risk
describes the scope
II.

program will assess the impact of decreased natural
the deterministic design calculations and the overall
This paper
for several prototypical power plants.
of the program and its current status.

Scope

The general approach chosen to assess the potential impact of the
"frequency reduction" issue on power plant risk is as follows:

as base case(s).

Step 1.

Choose existing seismic PRA(s)

Step 2.

Re-compute structure response with reduced fixedbase natural frequencies using best-estimate SSI
calculations.

Step 3.

Re-evaluate capacity of structures with new median
loads and uncertainty distributions.

Step 4.

Re-compute floor spectra for critical components
(both median and uncertainty distributions).

Step 5.

Re-evaluate critical component fragilities.

Step 6.

Compute accident sequence probabilities with new
structure and component fragilities and compare with
original PRA results.

In Step 1, the decisions to be made involving the choice of seismic
1) The
probabilistic risk assessments (PRAs)
include the following:
plant vintage, type (PWR or BWR) and the basis used for its original
3) Was
design.
2) Whether the plant is located on a rock or soil site.
a safety factor approach or a calculated dynamic response approach used
Also, it is helpful to have
to assign fragilities in the original PRA.
available the details of structure and component fragility calculations
for each power plant.
These will
Three existing seismic PRAs are being re-evaluated.
a rock site
consist of a rock site
Boiling Water Reactor (BWR),
The soil site PWR
and a soil site PWR.
Pressurized Water Reactor (PWR),
will be chosen to have a soil depth that is likely to enhance the effects
of reducing the fixed-base natural frequencies of important structures.
The potential sites for which some type of seismic PRA already exists
are:

Rock BWR:

Peach Bottom, Limerick,

Rock PWR:

Seabrook, Millstone III,
Yankee, and ANO-1.
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and Quad Cities.
Indian Point, Maine

Soil PWR:

Zion, Point Beach,
Surry.

Turkey Point,

St.

Lucie,

and

done by
This is
response.
Step 2 is to recompute the structural
first
obtaining design fixed base models of each important structure at a
plant site
and coupling these with best estimate soil
models.
Ten time
histories
matching original
design spectra are then performed,
which
include variations
in
structure and soil properties,
and the reduced
building natural frequencies.
The results obtained from Step 2 are: ten
values (each) of story shears, slab accelerations and ten floor spectra
for each floor, as shown in Fig. 1.

540
CbF

Figure 1. Distribution Plot and Floor Spectra

Step 3 involves re-evaluating
the, structure
capacity.
The
structural
capacity of most of these buildings,
when subjected to
earthquake ground motions,
is
governed by the strength of the shear
walls.
Therefore,
the acceleration to failure is
determined for each
shear wall and governing walls are identified.
Median loads and
uncertainty distributions must be included to accurately determine the
median and uncertainty of acceleration at structural failure.
In Step 4, the floor spectra is recomputed for each floor containing
critical
components using the model and results
obtained in Step 2.
The
spectral acceleration (Sa)
at a given frequency for a specified floor
elevation can then be found.
When the "Sa" is plotted for various PGAs,
an almost linear representation can be found to correlate the PGA with
the spectral
acceleration.
This representation,
along with the
variability,
is shown in Fig. 2.
The results
from Step 4 are used in Step 5,
which is
the reevaluation of critical
component fragilities.
The original seismic PRA
fragility
derivations will be used, but modified to account for the new
floor spectra.
Some components may remain unchanged or experience even
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However, in some
smaller dynamic loads than were previously considered.
cases the dynamic loading could be considerably increased if the natural
frequency is reduced and the floor spectra shifts, as shown in Fig. 3.
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Response Location Acceleration with Uncertainty
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~
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. . ..
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.-
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Figure 3.

Effect of Frequency Spectra Shift

Step 6 is to compute new accident sequence probabilities and compare
these with the original PRA results.
The dominant accident sequences are
re-evaluated using failure frequencies derived from the new. fragility
estimates derived in Steps 3 and 5.
Uncertainty distributions for each
accident sequence and for the total core damage frequency are generated.
Finally, comparisons of accident sequence frequencies and core damage
frequency (and their distributions) with the original seismic PRA results
will be made to evaluate the impact of the "frequency difference" issue.
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In addition to re-evaluating the existing seismic PRAs for the three
plant sites described earlier, the effect of reduction of structural
frequencies on deterministic seismic design margin will also be examined
for the three sites.
To do this, a design type calculation of structural
loads and in-structure floor spectra is being performed for each site.
Building models of the structures are being obtained from the original
architect/ engineering firm or developed from plant drawings where
necessary.
The original site design spectra, load combination rules,
methods of inclusion of soil-structure interaction, design material/soils
properties, and damping values will all be used in the design process.
For the soil-site PWR, an analysis of all piping, nozzle and related
component support forces will be made using a model of the complete
coupled to the containment and
Nuclear Steam Supply System (NSSS)
internals structure models.
This model will include the following:
primary coolant loops, reactor vessel, pumps,
steam generators,
and
pressurizer.
Both "as designed" and "reduced" natural frequency cases will be
considered in the deterministic "design type" calculations.
This is
necessary to make an evaluation of the decrease in design margin of
safety due to frequency reduction in the structures as well as safety
related components.
III.

Conclusions

This project will be performed over approximately two years.
The
"probabilistic" and the "deterministic" re-evaluation for the first
plant
are planned for June 1989.
These combined risk re-evaluations will
provide a good estimate of the potential risk impact of the "frequency
reduction" issue for existing commercial nuclear power plants.
The
design impact evaluations work will be affected by, and will have
important implications for, a number of current or recently completed
NRC,
EPRI,
and Industry programs.
Therefore,
it
is
important to
establish formal interaction and cooperation early in the project to
assure coordinated efforts and results.

IV.
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THE ROLE OF PARAMETER UNCERTAINTY IN
SEISMIC RISK ASSESSMENT
Bruce Ellingwood
Department of Civil Engineering
Johns Hopkins University

Abstract
Research is underway to examine the validity
and limitations
of seismic
PRA
methods
through an
investigation
of
how
various uncertainties
affect
risk
estimates, inferences
and
regulatory decisions.
Indications are that the uncertainty
in the basic seismic hazard at
the plant site
appears to be
the
single
most
source
of
uncertainty
in
core
damage
probability.
However, when the fragility
modeling and plant
logic are
uncoupled from the
seismic hazard analysis
in a

marqin study,
important.

fragility

modeling

assumptions

may

become

Introduction
A seismic
probabilistic risk assessment (PRA)
of a nuclear
plant contains a number, of important ingredients.
These
include
information
on
the
seismic hazard
at
the plant
site,
the
identification
of dominant
accident sequences
leading to core
damage, and
fragility
models
to describe
(conditional) failure
probabilities
of
structures
and mechanical
and
electrical
equipment.
This
information must
be
integrated to
determine
point estimates or frequency distributions
of the probability of
core damage.
Such probabilities
might serve as one basis
for
regulatory declsion-making.
Each
ingredient of a
PRA contains
sources of uncertainty.
Some of these uncertainties are inherent
in
nature,
i.e.,
they
arise
from
the
randomness
or basic
unpredictibility in
the conditions
under which the
plant must
operate.
Other uncertainties arise
from limitations in data and
information
and the resulting assumptions that
are made out of
necessity in modeling any complex engineered system. In a nuclear
plant, sources
of uncertainty associated with the identification
of the basic seismic hazard
at the
plant site
and
assumptions
underlying the component fragility
modeling are substantial.
When
these
modeling
and informational
uncertainties
are
propagated
through a seismic PRA,
the frequency distribution of
the estimated core damage probability
may span several orders of
magnitude and the point
estimates of risk, if required,
may not
be
stable.
The
variability
in
estimated
risk
affects
the
credibility of
PRA methods
and the
usefulness of
the insights
that might otherwise
be gained.
Research is
being conducted to
examine
the
validity
and
limitations
of
so-called
Level
I
(McCann,
et al, 1985) seismic PRA methods at their present stage
of development.
This
research
is aimed
at
determining
how
uncertainties due to
inherent variability,
modeling assumptions,
incomplete data and errors affect
risk estimates, inferences and
regulatory decisions.
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Seismic Hazard.

Fragility

and Plant

System Models

Several operating plants
are being considered for purposes
how uncertainties affect estimates of seismic risk.
of examining
a BWR
Station (LGS),
is the Limerick Generating
One of these
this
It was selected for
plant situated near Philadelphia, PA.
study because the seismic PRA performed for LGS (included in
the
Is wellor SARA (1983))
Risk Assessment,
LGS
Severe Accident
an external
to
subjected
has been
and,
moreover,
documented
published peer review (Azarm, et al, 1984).
described by a relation
the LGS is
The seismic hazard at
between the effective peak ground acceleration (taken as the peak
acceleration divided by 1.23 to account for the capability of the
of
annual probability
and the
ground motion to cause damage)
the uncertainty in the
Because of
that acceleration.
exceeding
hypotheses regarding earthquake source mechanisms and attenuation
curves, with a
United States, a family of hazard
In the Eastern
the
to describe
is used
to each curve,
likelihood assigned
1. The
In Figure
as
illustrated
the site,
earthquake hazard at
family is described in Appendix
development of this hazard curve
A of the LGS SARA (1983).
its
is
defined as
of
a component
seismic fragility
The
conditioned on a given value of effective
of failure,
probability
that
It
has been customary to assume
peak ground acceleration.
lognormal
by a
be described
component can
of a
the fragility
deviation
and logarithmic standard
with median AR
distribution,
into account, AR is assumed to
BR; to take modeling uncertainties
logarithmic
with
median Am and
lognormal distribution,
have a
component is
of a
fragility
Thus, the
standard deviation Bu

of
lognormal
a
family
by
described
actually
1984).
Table 1 summarizes
(Kennedy and Ravindra,
and
for key structures
Am , BR and Bu
parameters
is
parameters
of these
the development
the LGS;
The component
(1983).
the LGS SARA
Appendix B of
identical to that in the LGS SARA (.1983).

distributions
the fragility
components at
in
described
numbering is

model Is convenient.
The assumption of a lognormal fragility
that the
observation
in
part, by the
Is motivated,
It
also
product of
expressed as the
many components can be
capacity of
be
approximately
might
and
thus
variables
random
several
of probability.
lognormal by virtue of the central limit theorem
models also may be appropriate (Goodman,
However, other fragility
lognormal model
significantly from the
these may differ
1985);
which are significant in
over their lower distribution fractiles,
For example, the Weibull distribution provides a
risk analysis.
one that might be justified
model,
possible alternate fragility
et al,
weakest link failure hypothesis (Mann,
on the basis of a
1974).
The system analysis

for the LGS is

described

in

Appendix C

logic evaluation identified
The plant
LGS SARA (1983).
of the
In
to core damage.
sequences leading
six dominant accident

these
six
form,
simplified
following Boolean expressions
Table I:

a

by the
are
described
sequences
involving components Identified in
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Figure 1. Annual Probability vs Acceleration
at LGS Site (from LGS SARA, 1983)
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Sl

TsEsUX

=

TsRpv

S6

TsRb

*

A

*

(CR + S3)

54

=

TsEsCmC2

= S

TsRbCm

S4 * (CR

TsEsW

=
=

Si

A is

in which event
power system:
A = Sil

* A *

+

+ SIO

(A

+ SLCR)

53)

(S17

* WR + S2
of

failure
+ S13

+ S12

*

* S17)

the

emergency

electrical

on-site

+ S15 + S16 + DGR

+ S14

the
diesel
for
rate
failure
random
1.25-3/yr =
=
Terms DGR
scram
for the
rate
=
random failure
= 1.0-5/yr
generators; CR
standby
for the
rate
random failure
1.0-2/yr =
system; SLCR =
for
rate
= random failure
WR = 2.6-4/yr
liquid control system;
sequences TsEsCmC2
The ATWS
heat removal system.
the residual
the LGS SARA (1983)
from those used in
different
and TsRbCm are
comments from the peer review (Azarm, et al, 1984).
and reflect
Table
LGS Component

1
Parameters

Fragility

Cause of Failure

No.

Component

Sl

Offsite

power

Insulator

S3

Reactor

internals

Lack of
support

S4

Reactor
structure

enclosure

Shear

S6

Reactor

pressure

Am(g)

BR

ýu
I

breakage
shroud

wall

failure

Loss of upper
vessel

0.20 0.20 0.25
0.67 0.28 0.32
1.05 0.31 0.25
1.25 0.28 0.22

bracket
1.33

0.27

0.19

1 .46

0.38

0.44

function

1

0.36 0.43

Loss of

function

1.49 0.36 0.43

Breaker

trip

1

Wall buckle

SIO

SLC tank

SlI

440-V

bus/SG

Power

S12

440-V

bus/transformer

Loss of

S13

125/250-V

S14

4-kV bus/SG

S15

Diesel

generator

circuit

Loss

S16

generator
Diesel
and vent

heat

Structural

1.55

S17

RHR

Anchor bolts

1.09 0.32 0.34

heat

DC

bus

exchangers
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circuit

of function

.49

.49

0.36

0.43

1 .56 0.32 0.41
0.28 0.43

The core damage event
six sequences:
CD

=

S4

+ S6

+ Si

*

is

[A

+

defined as the union of
(S17

+

WR)

+

the above

(SIO+SLCR)*(S3ICR)]

The LGS core damage
Booleans involve
both seismic
and random
failures.
They are dominated
by electrical
equipment failures
but
also include
failures of
plant structures and
the reactor
protection system (see Table I).
Analysis of Uncertainty
The capacity of each
component in the core damage
Booleans
above is
described by
a family
of fragility
curves.
When an
accident sequence involving several components is considered, the
sequence or
plant level
fragility
is described
by a
family of
curves as well.
This sequence fragility
family can be determined
using
a Latin Hypercube sampling
technique (Iman
and Conover,
1980) to propagate the uncertainties In the component fragilities
through a particular
sequence.
Figure 2
illustrates
the result
of this
process
for
sequence
TsEsUX.
The 95-percent
lower
confidence
interval
value
of
the
5--percentile
sequence
(or
individual
component) fragility
is
denoted the
HCLPF, or highconfidence,
low probability of
failure value (Ravindra, Kennedy
and Sues,
1985)'
The plant-level HCLPF
is a key parameter in
seismic
margin studies
(Budnitz,
et al,
1985),
in which
the
seismic hazard effectively is uncoupled
from the fragility
and
plant logic models.
The HCLPF for sequence TsEsUX is 0.33g, more
than a factor of 2 above the design SSE of 0.15g for the LGS.
The
plant level fragilities
and seismic
hazard curves are
combined randomly, again using Latin
Hypercube sampling, and are
integrated to obtain a series of core damage probabilities,
dG.

Pij

=

-iF

(a)
S

-

da

da

These probabilities are rank ordered and plotted to determine the
frequency
distribution
of core damage
probability.
Figure 3
illustrates
the result
of this process for
core damage sequence
TsEsUX.
Identified
in
Figure
3
are the
5-,
50-,
and 95percentile values of
P(TsEsUX) as
well as the mean and
median
sequence probability.
Three orders of magnitude
separate the 5
and 95 percentile estimates, a reflection of the uncertainties in
the modeling of the seismic hazard and component fragilities.
Table
2 summarizes the results of
this analysis applied to
the
six sequences leading to core
damage and to the core damage
event itself.
Sequence TsEsUX
accounts for about 60 percent
of
the total mean core damage
probability.
Figure 3 indicates that
the
frequency distribution for
P(TsEsUX) is strongly positively
skewed,
with
the
mean
value
occurring
at
about
the 75th
percentile
of the frequency distribution and
nearly an order of
magnitude above
the
median (50th
percentile)
value.
Similar
results are observed for the other core damage sequences.
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Table 2.

Point Estimates of Core Damage Probability
Sequence

0.05

0.50

0.95

Mean

TsEsUX

1.8-8

5.0-7

2.0-5

3.4-6

TsRb

2.0-13

6.6-9

7.3-6

1.1-6

TsRpv

1.5-16

1.9-10

3.5-6

4.7-7

TsEsCmC2

4.7-12

1.0-8

•8.6-6

1.5-6

,TsRbCm

3.7--17

2.9-10

4.4-6

6.0-7

TsEsW

1.9-9

5.4-8

3.3-7

1.2-7

SUM

2.0-8

5.7-7

4.4--5

V.2-6

CD

2.7-8

7.2-7

2.4-5

5.0-6

Table 2 shows that the mean core damage probability provides
a
conservative
point
estimate of
risk
(with
respect
to the
median) for
a particular sequence
or union of
sequences (e.g.,
line CD
in Table 2).
Frequently, however,
point estimates of
core damage
probability are obtained
in seismic PRAs
by simply
adding
the
point
estimates
for
the
individual
contributing
sequences (e.g., line SUM in Table 2.); in tact, this was
done in
the original LGS
SARA (1983).
Summing
the means
provides an
estimate of mean core damage probability that is conservative but
not excessively
so (7.2-6 vs
5.0-6).
However,
summing medians
results in an unconservative point estimate of median core damage
probability, although the difference is minor in this case (5.7-7
vs V.2-'7).
The mean is more desirable than the median as a point
estimate
of risk,
if
one
is
required,
and
propagates
more
consistently
and

through

the

Table 3 provides a
core melt
probabilities

result

from assuming

PRA

(Lewis,

1965).

comparison of the differences in
HCLPFs
for
sequences TsEsUX
and CD
that

lognormal

arid Welbull

fragility

models.

Table 3
Comparison of Lognormal and Welbull
Sequence
TsEsUX

CD

Fragility Models

HCLPF

5%

50%

95%

LN

0.33g

1.8-8

5.0-7

2.0-5

W

0. 239

3.6-7

6.

3.9-5

LN

0. 32g

2.7-8

7.2-'/

2.4-5

5.0-6

1.3-5

5.2-5

1

Model

W

0.21g

".9 .-7

-•.•

0

1-6

Mean
i3.4-b

"5

damage
probability
*increases by
The
mean
value
of
core
decreases by about
of 3, while the HCLPF
approximately a factor
this
risk of
expect a difference in
would not
one-third. One
decisionimpact on regulatory
magnitude to have a significant
large uncertainties manifested in the core
making in view of the
hand,
distribution.
Oil
the other
damage probability frequency
the difference in HCLPF might be significant in a seismic margins
Yankee
for the Maine
the one completed recently
study, such as
Plant (Prassinos, et al, 1987), where the plant HCLPF is close to
the review earthquake level.
The sequence probabilities in seismic PRA and margin studies
assuming that
from the Boolean expressions
usually are analyzed
independent.
statistically
different components are
failures of
plant
systems
earthquake
affects
multiple
However,
the
of
and
the responses
et
al,
1985),
simultaneously
(McCann,
may be
excited by
a common earthquake
neighboring
components
there are insufficient data
correlated.
Although
statistically
the potential
in
component
behavior,
to describe
dependence
failuresI may
be
dependent
of
statistically
significance
capacities to
be
of component
assuming groups
Investigated by
resulting core
damage
comparing
the
perfectly
correlated and
base (independent failure) case.
or HCLPFs to the
probabilities
Sequence
TsEsUX is used in two example studies for this purpose.
(1) components
failures of:
first,
it
was assumed that
In the
in the
reactor
which are
all located
SI1,
S12, S13 and S14,
S15 and S16,
perfectly correlated; (2) components
building, are
which are located in the diesel generator building, are perfectly
are
in
different
buildings
and
(3)
components
correlated;
in
components
In
the
second, all
statistically
independent.
The results are
assumed to be perfectly correlated.
TsEsUX were
Note that
the HCLPFs and
case in Table 4.
compared to the base
relatively unaffected
by dependent
of P(TsEsUX)
are
fractiles
by unions
of
which is
dominated
for this
sequence,
failures
component failure events.*

Table 4
Dependent Component

Statistically

Failures

-

TsEsUX

Case

HCLPF

5%

50%

95%

Mean

Independent

0.33g

1.8-8

5.0-7

2.0-5

3.4-6

Correlated

(bldg)

0.34g

2.0-8

4.5-7

1.7-5

3.0-6

Correlated

(all)

0.32g

2.1-8

4.3-7

1.6-5

2.9-6

The seismic
hazard at
the LGS site
is described
by the
family of hazard curves shown in Figure 1. The most conservative
source
from the Decollement earthquake
of these curves (arising
five
the remaining
unbounded from
above, while
hypothesis) is
curves have a maximum peak ground acceleration associated with an
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assumption
regarding
the maximum
possible
earthquake.
The
upper bound on ground motion
existence (or. lack thereof) of an
has been the object of some controversy.
It should be noted that
the seismic hazard
curve
families
developed
In more
recent
studies (e.g., Bernreuter, et al, 1987) generally do
not contain
an upper bound.
The sensitivity of core damage probabilities to
the seismic
hazard modeling was Investigated by adopting two alternate ground
motion hypotheses.
In the first,
the likelihood assigned to the
Decollement
hypothesis
was
increased
from 0.1
to 0.3,
the
likelihoods associated with the remaining five being decreased in
proportion.
In the second,
the
likelihood assigned
to
the
Decollement hypothesis
was set equal
to 1.0
and the
frequency
distribution
for
core
damage
probability
reflects
only
uncertainty in component fragility
modeling. The results
of this
analysis are presented in Table
5.
There is a
relatively small
change in the 95-percentiles
of P(TsEsUX) and P(CD) because
the
Decollement
model
is
the
determining
factor
for
the upper
fractiles
of
both frequency
distributions.
However, as
the
seismic hazard is collapsed
into a single curve, the dispersion
in
core
damage probability
is
reduced
from three. orders
of
magnittude to less
than one, while the mean
increases by about a
factor of 3.
Table 5
Role of Uncertainty

in

Seismic Hazard

Sequence

Hazard

5%

50%

95%

Mean

TsEsUX

p6 = 0.l(base)

1.8-8

5.0-7

2.0--5

3.4-6

p6 = 0.3

2.2-8

1.6-6

2.3-5

5.9-6

p 6 = 1.0

4.7-6

.1.1-5

2.6-5

1.3-5

p6 = 0.l(base)

2.7-8

7.2-7

2.4-5

5.0-6

p6 = 0.3

3.1-8

3.1-6

2.7-5

8.5-6

p6 = 1.0

7-5-6

1.9-5

2.8-5

1.8-5

CD

Summary
The seismic hazard
at the LGS site
appears to be the single
most important
factor in determining
the frequency distribution
of
core damage
probability.
When the
fragility
modeling
and
plant logic are uncoupled
from the seismic hazard analysis
in a
seismic margin study, the
influence of the large uncertainty
in
the
basic
seismic
hazard
is
eliminated.
Other
modeling
assumptions
and
sources of
uncertainty become
relatively more
important.
For example, replacing the lognormal fragility
model
with an equivalent Welbull model may reduce the HCLPF estimate by
30%;
Including uncertainty in the logarithmic standard deviation
ýR as well
as in AR
may
reduce the HCLPF
by 10%.
In seismic
margin studies, fragility
modeling assumptions
may be far more
important than they are in a Level I seismic PRA.
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the
seismic PRAs concerning
raised in
Questions have been
on
construction errors
and
design
of gross
impact
potential
dealing with such
Methodologies for
risk.
estimates of seismic
data are
and supporting
in a
developmental stage
are
errors
problem can b dealt
The error
1985).
et al,
limited (Ravindra,
and
scenarios
various error
with in approximation by postulating
the
recalculating
fragilities,
on
the component
effects
their
to
and comparing the results
HCLPFs or core damage probabilltles,
that
indicate
analyses
Preliminary
case.
error-free
the
on
mean
effect
have little
design/construction errors
plausible
conclusions are valid
such
However,
probabilities.
core damage

through
incorporated
can be
errors
that
the extent
to
only
errors in
In particular,
adjustments to component fragilities.
logic models used as a basis for evaluating risk have
the plant
yet to be evaluated.
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Abstract
This paper will focus on recent progress in the Containment Integrity Programs,
which are managed by Sandia National Laboratories for the U.S. Nuclear
Regulatory Commission. The overall objective of these programs is to develop
reliable methods for predicting the performance of LWR containment buildings
for loadings beyond their design basis. The basic assumptions and an outline of
the analysis methodology are presented. The mechanics of strain concentrations
that lead to liner tearing in reinforced concrete containments are explained in
terms of an analytical model that accurately represents the behavior of 1:6-scale
model that was tested to failure. New insights into the leakage potential of
personnel airlocks and equipment hatches based on test results and analyses are
described.

1.0 Introduction
In commercial nuclear power plants in the United States, the containment building is the
last engineered barrier to the release of radioactive material. In the unlikely event of a
severe accident, temperature and pressure that significantly exceed the design basis loads
may be developed inside a containment. The consequences of a severe accident are
significantly affected by containment capability, as evidenced by the differing outcomes of
the Three Mile Island and Chernobyl accidents. Consequently, evaluating the performance
of the containment building under severe accident loads should have a significant role in
accident management plans, emergency preparedness procedures, and safety assessment of
a nuclear power plant.
For risk assessment studies, the measures of containment performance of primary interest
include:
Capacity (Are the severe accident loads sufficient to cause a failure, i.e., a significant release of radioactive material? Does containment fail early or late in the
accident sequence (this affects the inventory of radioactive material that is available for release to the environment)?
Failure mode (Is a catastrophic failure, which could damage or destroy
important containment safety systems that could be used to "manage" an
1. This work was supported by the U.S. Nuclear Regulatory Commission and performed at
Sandia National Laboratories, which is operated by the U.S. Department of Energy under
contract number DE-AC04-76DP00789.
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accident, possible? Is leakage from a penetration or some other source, wherein
the containment still retains some functionality, more likely?)
Failure location (Are materials released directly to the environment or filtered
through other structures, for example, the reactor auxiliary building?)
Failure size (How rapid is the rate of release of radioactive material to the
environment? Is the leakage rate sufficient to preclude further pressurization of
the containment building?)
Another useful measure of containment performance is the maximum pressure at which
there is high confidence that there is a low probability of failure. This is perhaps the only
containment performance question of interest fo'r most emergency preparedness and
accident mitigation issues.
The U.S. Nuclear Regulatory Commission (NRC) is sponsoring a number of programs,
which are collectively known as the Containment Integrity Programs, that address the issue
of light water reactor (LWR) containment performance for loads beyond the design basis.
Sandia National Laboratories is managing four of these programs, including: (1) scale
model tests of containment buildings, (2) tests of seals and mechanical penetrations, (3)
analysis and methodology development, and (4) electrical penetration assemblies (EPA)
tests. A related NRC-sponsored program at Idaho National Engineering Laboratory
(INEL) involved an investigation into the performance of isolation valves [1].
The overall objective of these programs is to develop analytical and empirical methods for
reliably predicting the performance of nuclear containment buildings subjected to
hypothesized severe accident and other extreme loads. The emphasis is on methodology
because containment performance must be evaluated on a case-by-case basis as there has
been little standardization in containment designs in the U.S. Data generated by the
experimental programs is used to evaluate analytical methods and to make improvements
and modifications to the methods as necessary. The experiments have also led to important insights into which structural details affect containment performance significantly and
how to best represent those details in mathematical models.
This paper will briefly review the status of methodology development and describe recent
results in the following areas:
" Analytical models for predicting liner tearing;
" Tests on a full-size personnel airlock;
" Tests on inflatable seals.
• Analysis and testing of the leakage potential of unseating hatches;
• Comparison of calculated and experimental results for ovalization of penetration
sleeves.
Some brief comments on the nature and scope of the work needed to complete the
methodology conclude the paper.
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2.0 Analysis Methodologv

A flowchart of the analysis procedure that is proposed for use in evaluating the
performance of containment buildings subject to severe accident loads is shown in Figure 1.
A list of potential failure modes is given in Table 1. The flowchart suggests that separate
analyses can be conducted to evaluate each potential failure mode, which offers a
significant advantage in that much simpler mathematical models can be used. Thus,
general shell failure can be evaluated independently of penetration seal failures or failure
of bellows expansion joints. However, it should be noted that there is some interdependence of the analyses; for instance, the free-field shell response provides important boundary conditions for ovalization of penetration sleeves. Similarly, penetration insert plates
cause significant strain concentrations in steel containments, which limit the structural capacity of the shell. The critical failure mode is determined by identifying the failure mode
for which leakage initiates at the lowest pressure and temperature.
The flowchart also suggests other features of the analysis procedure:
Results are scenario dependent - the failure mode due to dynamic loading could
be much different than that due to quasi-static pressurization, just as an accident
scenario involving high temperatures may produce different results from one in
which only moderate temperatures arise.

Analysis Procedure Flowchart
Identification of
Potential Failure' Modes

Select Failure.
Mode for Analysi•,

-

SEvaluatioin-Criteria

Determine

Applicable Criteria/

Design Definition

Calculate Structural

Load History

[Estimate Leak Area

Geometry
Material Properties
Gasket Performance

-

Determine Critical Pressure and
Temn erature for Initiation of Leakage

Figure 1. Containment Performance Analysis Flowchart

Results are design dependent - details of the containment design, which may
differ even among nominally similar designs, can have an important effect on
performance.
For these reasons, results of the scale model experiments and analyses should not be
generalized. Containment performance must be evaluated on a case-by-case basis.
Table 1
Potential Failure Modes of LWR Containments Subject to Severe Accidents
II. Penetration Failures

I. General Shell Failures
A. Structural failure

A. Sealing failure
1. Operable penetrations:
Unseating of covers
Sleeve ovalization
Collapse of inflatable seals

1. Steel containments:
Shell tearing
2. Reinforced concrete:
Liner tearing
Transverse shear failure
Rebar failure

2. Fixed penetrations:
EPAs
Isolation Valves

3. Prestressed concrete:
Liner tearing
Shear failure
Rebar failure
Tendon failure

B. Structural failures
1. Bellows expansion joints
2. Buckling:
Torispherical heads
Pressure-seating hatches

The current stage of development is aimed primarily at predicting the initiation of leakage
due to a failure mode listed in Table 1, although in some cases an estimate of leak area can
also be made. Determination of leak rate is beyond current capabilities, in part due to
difficulties in characterizing frictional effects and the irregular geometry typical of leak
paths. Because leak rates on the order of the design-allowable leak rate (typically 0.1 to
1.5% mass/day) are not considered to be risk important, the important parameters
affecting leakage in a severe accident are not necessarily the same as those in the design
basis. For instance, the sensitivity of gasket performance to dust and surface finish is not
important in severe accident analysis, whereas it may be in meeting design-allowables. The
threshold at which leakage is considered to be risk significant in containment performance
analysis is generally taken to be about 10% volume/day (e.g., see [2]).
Validation of analytical methods for predicting containment shell behavior is based on tests
that have been conducted on scale models of steel and reinforced concrete containments
[3,4,5]. Sandia and the NRC are currently cooperating with the Central Electricity
Generating Board on a test of a 1:10-scale prestressed concrete containment model [6].
Separate effects tests are also planned to gain further insight into shell failure modes for
reinforced and prestressed concrete containments.

-

t-I

The approach to evaluating penetrations has been based largely on the results of a survey
and a scoping study conducted for Sandia by Argonne National Laboratory [7,8]. The
primary emphasis has been on large diameter operable penetrations, such as equipment
hatches, personnel airlocks, and drywell heads. These penetrations typically rely on
elastomeric gasket materials of various geometries and contact force from either mechanical preload from bolts (pressure-unseating configurations) or internal pressure (pressureseating configurations) to maintain an adequate seal and prevent leakage.
Current methods for severe accident analysis consider (at most) only two factors in
evaluating the leakage potential of penetrations: (1) the relative position of the sealing
surfaces and (2) the performance of the gasket material. The position of the sealing
surfaces depends on the initial conditions 2 and on the deformations induced by pressure
and temperature. Various levels of structural analysis are available to determine the
pressure and temperature induced deformations. The performance of the gasket depends
primarily on temperature and the effect of radiation and thermal exposure on the resiliency
of the seal [9,10].
Investigation of fixed (including mechanical and electrical) penetrations has been more
limited, mostly because a low priority was placed on these penetrations as a result of the
Argonne study. Some testing has been conducted on isolation valves, and electrical
penetration assemblies under other NRC programs[1,11]; the results suggest that failures of
these components need to be considered only for accident scenarios in which temperatures
are sufficient to make the gasket materials unstable. Investigation into the behavior and
capacity of bellows expansion joints is just now being initiated. Since significant plastic
strains can be expected to develop before failure of the containment shell, bellows could be
subject to lateral and axial deformations much larger than their design bases.
3.0 Recent Advances
3.1.Liner Tearing in Concrete Containments
The overpressurization experiment on a 1:6-scale model of a reinforced concrete
containment building, which was conducted at Sandia in July 1987, yielded extensive engineering data. The experimental results are reported in [12]. Several organizations submitted analytical predictions of the structural response of the 1:6-scale model before the
overpressurization test was conducted [13]. By comparing the measured response to the
predictions, much has been learned about the accuracy of the modeling assumptions
applied in these analyses. More importantly, the test has revealed at least one set of
structural details and mechanisms that can control the failure mode of containment
buildings made of reinforced concrete.
During the experiment, numerous cracks or tears formed in the steel liner, which served as
the pressure boundary for the structure. When the pressure inside the model reached
145 psig, leakage through tears in the liner became so large that the pressure could not be
increased further. Virtually all leakage occurred through a single tear that initiated near

2. In most penetrations, metal-to-metal contact is maintained under operating conditions and
design basis loadings, but in personnel airlocks, in particular those employing inflatable seals,

the metal sealing surfaces are not in intimate contact.
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the edge of a thickened insert plate that surrounds a series of three pipes that penetrate the
containment wall. The tear propagated along the edge of the plate through a distance of
22" before arresting; a view of this tear after the model was depressurized is shown in
Figure 2. The insert plate has a nominal thickness of 3/16" while the surrounding liner has
a nominal thickness of 1/16".
The liner and insert plate are anchored to the concrete wall by headed studs. The purpose
of the anchorage system in an actual containment is to prevent buckling of the liner in case
it is exposed to high temperatures. In the 1:6-scale model, the studs were welded to the
outer surface of the liner and insert plate in a square grid pattern (see Figure 3). As the
concrete wall was cast, the heads and shanks of the studs were embedded in the concrete.
Each stud in the region shown in Figure 3 is 3/4" in length and has a shank diameter of
0.135". On the liner near the insert plate and on the insert plate itself, the studs were
placed with a 2" by 2" spacing. Away from the insert plate, the spacing changes to 6" by 6".
The column of studs on the liner nearest to the insert plate were located approximately 0.5"
from the edge of the insert plate.
Posttest finite element analyses of this region have been conducted to study and isolate the
mechanism(s) responsible for the initiation of the tear. The results of the present
investigation strongly suggest that the tear formed as the result of strain concentrations that
arose at the base of studs due to high shear forces that were developed to resist the slip
associated with the insert plate. In the analysis, the liner strains in elements adjacent to
studs located near the insert plate reached magnitudes sufficient to cause liner tearing at
an internal pressure between 143 and 148 psig. The analytical approach used in this
investigation appears promising; however, additional validation is needed before the
method can be generalized.

Figure 2.
22-Inch Liner Tear Located Near a Piping Penetration in the 1:6-Scale Model
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Figure 3. Arrangement of the Studs Near the Piping Penetration on the
Concrete Side of the Liner Before Placement of Reinforcement and Concrete
At locations in the cylinder far away from piping penetrations, equipment hatches, and
other discontinuities, the load carried by the studs was probably very small. Any deviation
from zero load was the result of non-uniform deformations in the wall resulting from cracks
in the concrete. Near the piping penetration, however, the situation was significantly
different. The insert plate, because of its greater thickness, was stiffer than the surrounding
liner and tended to stretch much less. As a result, the studs on and immediately
surrounding the insert plate were put into shear as they attempted to force the insert plate
to follow the vertical and circumferential expansion of the reinforced concrete wall. The
highly concentrated forces from the studs produced large strains in the liner near the insert
plate eventually causing the liner to tear. Further away from the insert plate, where the
stud forces were small, the strains in the liner were more like those that would exist in a
long, uniform cylinder.
Figure 4 shows the plane stress finite element model that was constructed to analyze the
region surrounding the piping penetration. ABAQUS, a general purpose finite element
code, was used for this investigation. The liner and insert plate were modeled using a
4-node bilinear quadrilateral element. Each stud was modeled using a discrete spring
element which has the property that the line of action of the force in the element is parallel
to the line segment joining the two nodes at each end of the element. The analysis was run
using the nonlinear geometry option to account for finite strains.
Because the studs are modeled with spring elements, they introduce point loads into the
mesh of quadrilateral elements. For this reason, the dimensions of the quadrilateral
elements are crucial. As the mesh is refined, the strains for a given value of internal
pressure will increase without bound in those quadrilateral elements that are connected to

springs. In the real structure, the stud forces are introduced over an area roughly equal to
the cross-sectional area of the stud shank. Therefore, to avoid unrealistically high strains in
the analysis, the minimum length of an element side should not be less than half the
diameter of the stud shank. The smallest elements in the model ate located between the
first column of studs on the liner and the edge of the insert plate. Here, each element is
0.25" in length in the vertical direction, and 0.1" in length in the horizontal direction. Both
dimensions are less thanthe stud radius (0.0675").

Figure 4. Plane Stress Finite Element Model
of the Region Surrounding the Piping Penetration
In this calculation, the reinforced concrete wall was not modeled; instead, the motion of
the wall was assumed to be identical to that of an infinite cylinder with a 1/16" thick liner
and the same vertical, hoop, and seismic reinforcement found in the midsection of the
1:6-scale model. The infinite cylinder analysis was described in [13] and assumed that all
load was carried by the rebar and liner; no tensile strength was attributed to the concrete.
Assuming that the strains in the wall are uniform is equivalent to assuming that the amount
of load transferred between the wall and insert plate via the anchorage system is negligible
when compared to the vertical and horizontal loads carried by the reinforcement at a given
internal pressure. As shown in Figure 5, the strains calculated in the infinite cylinder
analysis were found to be in in close agreement with the actual strains measured in hoop
and vertical reinforcing bars located behind the insert plate. This supports the idea that
the ueformation of the wall is not significantly affected by the presence of the thickened
insert plate.
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Figure 5. Comparison of Measured and Calculated Strains
in the Hoop and Vertical Directions.
The boundary conditions applied to the edges of the model are listed in Table 2. In this
table, a "no-slip" boundary condition in a particular direction implies that the liner is forced
to follow the motion of the wall in that direction. For example, a no-slip boundary
condition in the hoop direction implies that the displacement in the hoop direction is given
by
Uh

-

Xch

(1)

where uh is the displacement in the hoop direction, x is the circumferential distance from
the center of the pipe at the lower right corner of the finite element model, and rh is the
strain in the hoop direction given by the infinite cylinder analysis.
Table 2
Boundary Conditions Applied to the Finite Element Model
Boundary
Left Edge
Right Edge
Top Edge
Bottom Edge
Pipe Edge

Boundary Condition
Vertical
Hoop
Direction
Direction
no-slip
no-traction
no-slip
no-traction
no-traction
no-slip
no-traction
no-slip
no-slip
no-slip
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An approximate load-deflection curve was constructed for the studs based on data obtained
from shear tests performed on studs embedded in concrete [14]. Initially, both nodes on
each spring element occupied the same location in the finite element model. One node on
each spring was connected to either the liner or the insert plate. During the analysis, the
motion of the second node on each spring was specified to follow the motion of the
containment wall as determined from the infinite cylinder analysis.
A number of uniaxial tensile tests were conducted to determine the material properties of
the liner and insert plate. The liner is made of A414 Grade D steel while the insert plate is
made of A516 Grade 60 steel. Both materials have a yield strength of approximately 50 ksi.
Both the A414 steel and the A516 steel show considerable strain hardening after yielding.
The A414 steel reaches a true stress of 82 ksi at maximum load while the A516 steel
exhibits slightly more hardening and reaches a true stress of approximately 92 ksi at
maximum load. A total of four uniaxial tensile tests were conducted on the liner material:
two in the rolling direction, and two in the transverse direction. The elongations at fracture
were 21.3% and 30.0% in the rolling direction and 39.1% and 27.8% in the transverse
direction [15].
In the finite element analysis, a piecewise linear relationship was used to define the stressplastic strain curves of the two steels. The hardening of both materials was assumed to be
zero when the 'equivalent plastic strain exceeded 15%. This the strain level at which the
maximum load was reached in uniaxial tensile tests on both materials.
As the containment wall deforms, forces develop in the studs as they attempt to force the
stiff insert plate to follow the motion of the wall. The vector plots in Figure 6 show the
relative magnitudes and directions of the forces that studs in the vicinity of the piping
penetration exert on the liner and insert plate. Figure 7 shows in more detail how the stud
forces vary as a function of internal pressure.

75 psig

145 psig
Figure 6. Magnitudes and Directions of the Forces Exerted by the Studs
on the Insert Plate and Liner
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Figure 7. Stud Forces Acting on the Liner as a Function of Internal Pressure
In general, the forces in the first column of studs adjacent to the insert plate increase until
reaching a local maximum at approximately 70 psig internal pressure '. This corresponds to
the pressure when the liner begins to yield locally around the first column of studs. The
forces in studs Si through S4 begin to increase again at 90 psig, And continue to rise until
reaching a maximum of approximately 1400 lb at 145 psig internal pressure. Above this
pressure, the load begins to rapidly decrease. This second region of decreasing load begins
when the elements connected to studs S1 through S4 reach 15% equivalent plastic strain,
which is the point where it is assumed that the liner material ceases to work-harden.
A contour plot of the maximum principal strain in the liner at 145 psig is shown in Figure 8.
Along the straight, vertical segment of the insert plate boundary, the contours are virtually
symmetric about horizontal lines that pass through the studs and about horizontal lines that
pass halfway between the studs. The largest principal strains were reached in the elements
connected to studs Si through S4. The values of the maximum principal strain are
approximately equal in those elements that are connected to studs Si, S2, and S3. The
principal strains next to the fourth stud (S4) are slightly higher than the strains next to the
first three studs making this the most likely site for tear initiation.
As the pressure increased, strains became increasingly localized in elements connected to
the first column of studs. Figure 9 shows the maximum principal strain plotted as a
function of position in the first row of quadrilateral elements next to the lower boundary of
the mesh. In these plots, abrupt changes in strain clearly mark the location of each stud.
Above 140 psig, the strain increased many times faster in Element A than in the other
elements. Element A is connected to the liner stud that is closest to the insert plate.
The strains calculated in the analytical model were compared against an empirically-based
fracture criterion developed by Manjoine [16]. Based on this fracture criterion and the calculated strains, the liner would begin to tear near the stud anchors at 143 psig. By 148 psig,
the maximum principal strains in the'liner near the stud anchors exceeded the strain at
fracture measured in uniaxial tension tests of the liner material.
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Figure 8. Maximum Principal Strains in the Liner at 145 Psig Internal Pressure
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A finite element analysis of the liner surrounding a piping penetration in the 1:6-scale
model has been described. Based on this investigation and posttest inspections of the
model the following conclusions may be drawn:
" Forces introduced by the stud anchors caused the initiation of the 22" liner tear.
The stud forces that caused the tear developed as the result of circumferential
slippage between the liner and the reinforced concrete wall (which occurs near
the insert plate).
" The tear initiated at one of the stud anchors in the first column of studs next to
the insert plate. The state of strain is virtually the same around each of the first
four studs in this column. Strains in the fourth stud up from the horizontal midplane are slightly higher than the strains next to the first three studs in this
column.
* At the failure point, the regions of high strain (> 15%) were very small in size
and confined to the material immediately surrounding the studs. The analysis as
well as visual observations and thickness measurements support this conclusion.
" When an empirically-based failure criterion is used in conjunction with the finite
element analysis, liner tearing is predicted to occur at approximately 143 psig
internal pressure. Because the maximum strains increased rapidly above 140
psig in the analysis, any reasonable strain-based criterion of failure would predict
liner tearing by 148 psig. The experimental evidence suggests that no tears were
developed in the liner before 142 psig and the maximum pressure achieved in
the test was 145 psig.
3.2 Personnel Airlock Test
In the Argonne survey of containment penetrations [7,8], personnel airlocks were identified
as having a relatively high potential for leakage. Idaho National Engineering Laboratory
came to similar conclusions in their analysis of specific containments and penetrations [17].
Because of the complex structural behavior and uncertainties with respect to gasket
performance in an actual penetration, experimental validation of analytical methods was
felt to be indispensable.
The airlock tested in this project was fabricated for the Union Electric Company's
Callaway Unit 2, which was subsequently cancelled. The test program was carried out by
CBI Research Corp. under contract to Sandia. The airlock consists of a sleeve or barrel,
which is roughly 10 feet in diameter and 20 feet in length, and two door and bulkhead
assemblies. The doors are 42" wide and 80" in height; a double dog-ear gasket in a
pressure-seating configuration provides a seal with the bulkhead. A schematic of the door
and bulkhead assembly is shown in Figure 10. The airlock was designed for a pressure of
60 psig and temperature of 340°F. The primary objective of the tests was to investigate the
leak characteristics of an airlock under conditions consistent with severe accident loads.
The experiments were also designed to provide data on the structural and thermal response
of the airlock under elevated pressure and temperature conditions. The data will be used
to develop and validate analytical methods.
The gaskets tested in this program (both doors) were subjected to an accelerated aging
process to simulate radiation and thermal aging for a 40 year service life and a loss of
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coolant accident. The gaskets were aged in place with the doors closed and latched. As a
result of the aging, the cross-section of the gaskets was permanently deformed such that the
original cross-section was hardly recognizable, as shown in Figure 11. Although this
represents very extreme aging conditions, these gaskets were used throughout the test
sequence.
*1

7-
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Figure 10. Schematic of Door and Bulkhead Assembly of Airlock Tested at CBI
The personnel airlock was extensively instrumented with 123 high temperature strain gages,
115 thermocouples, 89 displacement transducers, pressure transducers, and flow meters.
A total of nine tests were performed on the airlock using quasi-static loading. A number of
tests were conducted at ambient temperature and design pressure in order to (1) check out
the instrumentation systems, (2) verify the leak integrity of the airlock under design
conditions, and (3) provide baseline measurements. During the most severe test, the inner
door and bulkhead were exposed to a maximum pressure of 300 psig and a maximum air
temperature of 800°F. The following observations were made:
The structural integrity of the airlock was exceptional. None of the strain gages
indicated yielding in any of the tests. Pretest analyses indicated that although
some local yielding was possible, the maximum strain would not exceed 0.3% at
300 psig.
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(Before Aging)

(After Aging)

Figure 11. Double Dog-Ear Gasket Before and After Aging
" Heat transfer effects are extremely important. Under forced convection
conditions (quasi steady-state), the average temperature of the inner door was
only 650' when the air temperature was 800°F. The temperature of the outer
door and bulkhead never exceeded 200°F. Since gasket performance (and thus
leakage potential) depends largely on temperature, this is an important finding.
* Up to a pressure of 300 psig and air temperature of 400'F, no leakage past the
inner door was detected. This is quite remarkable considering the condition of
the gasket after aging, but it is in line with expectations from the pretest
analyses, which indicated that the separation displacement of the sealing
surfaces would be less than .006" at 300 psig.
" A significant leak past the inner door, which resulted in the inner door being effectively bypassed, occurred after the inner door was held at 650°F for over two
hours (corresponding to an air temperature of about 800'F) and the pressure
was raised beyond 150 psig. There appears to be a threshold temperature at
which the gasket material becomes unstable, which may correspond to ignition

or smoldering. A photo of the remains of the gasket after testing are shown in
Figure 12. Nevertheless, it took significant pressure to break-up this material
and create a significant leak path, which is due in part to the small separation of
the door and bulkhead sealing surfaces.
There was no measurable leakage past the outer door at any time during the test
sequence.

Figure 12 Posttest Photo of Inner Door Gasket
A complete data report is currently being prepared by CBI Research Corporation and
should be published in early 1989. The test results are consistent with the analysis in that
for the small separations predicted, leakage would be expected only if the gasket material
becomes unstable. More detailed comparisons will be made when data reduction is
completed. Unfortunately, a simplified analysis approach for airlocks does not seem
possible: It appears that the complicated interaction between the door, bulkhead, and
gasket can only be represented with 3-D finite element analysis. It should be noted that
many older airlock designs are considerably less stiff and the sealing surface deformations
may be substantially larger than in the airlock tested. Different designs must be evaluated
by analysis or testing.

3.3 Tests on Inflatable Seals
Inflatable seals are used to prevent leakage around the perimeter of personnel and escape
lock doors. They are fastened to the outer-edge of the doors and, when pressurized with
air, seal the gap between the door and the bulkhead. A typical application is shown in
Figure 13. The pressure inside the seal is furnished by the instrument air supply system.
After the door is closed and the seals are inflated, the seals are isolated from their pressure
source by closed valves in the pressure lines. Thus, any increase in the seal temperature or
in the external pressure applied to the seal will produce a corresponding increase in the
seal pressure.
These seals are either currently installed or planned for use in eleven commercial power
plant containment structures. All of the installations are in either PWR or BWR Mark-Ill
type containments. Thus, only the severe accident pressure and temperature conditions
expected for these containments need be applied during the inflatable seals testing. The
actual internal seal pressures used in these containments varies from 50 to 110 psig.
Three different types of inflatable seals are currently available for use in nuclear
containments. Cross sections of the three designs may be compared in Figure 14. The
vendor found that the "old" design, shown in Figure 14(a), had undesirable amounts of
leakage based on in-service experience. Leakage seems to occur along laps in the Kevlar
reinforcement, which produce small but visible leak paths across the seal tube. Even
though this type of seal design is no longer supplied to the nuclear industry, they may
possibly still be in use in some containments.
In order to improve the seal performance, two techniques have been employed. In each
case a 1/8" thick layer of EPDM E401 material has been added to the sealing surface to
cover irregularities in the Kevlar reinforcement.
" For the seals already fabricated using the old design, a 1-1/2" wide by 1/8" thick
layer of EPDM 404, 40 durometer material has been vulcanized to the sealing
surface. The modified cross section is shown in Figure 14(b).
" A new design has been developed in which the added E401 material is
incorporated as an integral part of the seal as illustrated in Figure 14(c). This
type of seal is currently supplied for use in nuclear containments.
Because the new inflatable seal design (Figure 14(c)) is believed to provide a superior seal
and because it is now furnished exclusively for nuclear containments, it.was imperative that
the test program include this type of seal. Also, because the old seal design (Figure 14(a))
may still be in use in some containments, it is also included in the test program. Inflatable
seals with the added layer of E401 material (Figure 14(b)) were not tested since they were
only supplied for a short period of time.
The inflatable seals test specimens are full scale in cross section. As shown in Figures
14(a) and 14(c), the cross-sectional dimensions of the old and new seal designs are
practically identical; thus, the same size test fixture was used for both types of seals. Figure
15 is a schematic of the test setup. Pressure enters the fixture through circular openings on
the inner side. Leakage past the inner seal may be measured through ports located
between the seals; whereas, leakage past both seals may be measured through ports on the
outer side of the test fixture. The overall shape of the test fixture is that of a short
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Figure 13. Typical Installation of Inflatable Seals in Personnel Lock Doors
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Figure 14. Cross-Sectional Dimensions of Inflatable Seals

length of cylinder with an outer diameter of approximately 35-3/4" and a length of
approximately 13". The plate to which the seals are attached is about 32" in diameter.
Thus, the circumferential length of the seals is approximately 100" as compared to a total
length of about 240" for a typical 6'-6" X 3-6" personnel airlock door. (There are door
stops along the vertical edges of the airlock door frames, which would inhibit leakage in
these areas).
The primary objective of the inflatable seals test program is to determine the pressure and
temperature conditions within the containment that would cause significant leakage past
the inflatable seals. The internal seal pressure and temperature, containment (chamber)
pressure, seal design, and aging conditions are all important parameters in determining the
onset of significant leakage.
As outlined in Table 3, four different series of tests have been performed. Two series of
tests were conducted for both the "old" and "new" seal designs. For each seal design,
separate tests were performed for unaged and aged seals. The aged seals were first
subjected to a total dose of 200 Mrads of gamma radiation at a dose rate of < 1 Mrad/hr
followed by thermal aging at 250°F for 1 week. The intent of this aging process was to
produce similar properties in the seal material as would be expected after being.subjected
to a loss of coolant accident at the end of a 10 year life.
Pressure
Input

P
Leak Detection

Pressure

LinesValves

Figure 15. Schematic of Test Setup (Seals not Inflated in Figure)

Table 3
Test Sequence
Test
Series
1
2
3
4

Seal
Design
Old
Old
New
New

Seal
Condition
Unaged
Aged
Unaged
Aged

Loading
Air, Room Temp. & 4000F
Air, Room Temp. & 3000F
Air, Room Temp. & 3000F, 3500F
Air, Room Temp. & 300°F

For each test series, leakage tests were performed first at room temperature and then at
elevated temperature. Tables 4 and 5 present a summary of the results of the room
temperature and elevated temperature tests, respectively. In order to minimize the
potential for seal damage and thus allow each pair of seals to be tested at several seal
pressures, the room temperature tests were concluded when leakage past both seals
reached approximately 10,000 standard cubic feet per day (scfd). (Leakage of 10,000 scfd
corresponds to 1% volume per day of a 1x10 6 ft3 containment volume at standard temperature and pressure.) The elevated temperature tests, on the other hand, were continued to
failure of the seals, which normally occurred as a rapid increase in leakage past both seals
from near 0 scfd to > >30,000 scfd. Posttest inspection after the elevated temperature tests
usually revealed a tear in the outer seal tube near the valve stem, which prevented the seals
from maintaining their internal pressure.
As can be seen by comparing Tables 4 and 5, the chamber pressure at which significant
leakage begins, for a given initial seal pressure, is considerably higher at elevated
temperature than at room temperature. This improvement may be attributed to the increase in seal pressure caused by increasing temperature and the "softening" effect of high
temperature on the seal material. Also, for a given seal pressure, significant leakage usually began at higher chamber pressures for the "new" seal design than for the "old" seal
design.
Table 4
Summary of Room Temperature Tests - Test Series 1 Thru 4
Initial
Seal
Pressure
(psig)
50
60
70
80
90
100

Chamber Pressure (psig) for Leakage of Approx. 10,000 scfd
Test
Series
1

Test
Series
2

51.1
65.4
79.0
94.7
109.9
129.6

-----

3

79.0

Test
Series
3a

Test
Series
3b

Test
Series
4

93.0
98.5
104.3
125.1
140.1

58.2
76.9
97.4
129.1

100.5

3. Dashed line indicates that a test was not conducted at that particular seal pressure.
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Table 5
Summary of Elevated Temperature Tests - Test Series 1 Thru 4
Chamber Pressure (psig) at Which Leakage First Exceeded
10,000 scfd
Seal Pressure
at Room
Test
Test
Test
Test
Test
Temperature
Series
Series
Series
Series
Temperature
(psig)
1
2
3
4
(OF)
132

400
300
350

50
90
90

180

180
145

138

3.4 Pressure Unseating Hatches and Heads
A pressure-unseating equipment hatch was included in the 1:6-scale reinforced concrete
containment model that was tested at Sandia [14]; measurements of the bolt strain and
separation displacement were made. Low pressure test results (at ambient temperature)
have provided some confirmation of the analytical approach proposed for these types of
penetrations (see [18]). Comparisons of measured and calculated bolt strains and
separation displacements are shown in Figures 16 and 17. Since the 1:6-scale model
survived high pressure testing with only limited structural damage, plans to conduct additional testing of this hatch subject to internal pressure and elevated temperature are being
formulated. These tests should provide important data on temperature effects and
conditions under which significant leakage initiates.
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Figure 16. 1:6-Scale Reinforced Concrete Model
Measured and Predicted Bolt Strain in Pressure-unseating Equipment Hatch
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Measured and Predicted Separation Displacement in Pressure-unseating Equipment Hatch
3.5 Ovalization
For penetrations in which the sleeve is an integral part of the sealing surface (typically the
case in equipment hatches), ovalization of the sleeve represents a potential leakage
mechanism. Experimental results of the 1:8-scale steel containment model and of the
1:6-scale reinforced concrete model, which both included scaled equipment hatches, have
provided substantial validation of analytical models used to calculate ovalization and have
suggested important conditions that must be met for ovalization to occur.
In a cylindrical containment shell, an equipment hatch sleeve will deform into an oval
shape due to interaction with the containment shell provided that:
1.

there are no significant constraints on radial deformation of the sleeve

2.

for concrete containments, either the liner radius is uniform or the penetration
sleeve is well anchored to the concrete wall.

If these conditions are met, the horizontal diameter of the sleeve increases while the
vertical diameter decreases by a likeamount; the deformations can become quite large (on
the order of the sleeve wall thickness) after general yielding of the cylindrical containment
shell. The mismatch caused by the sleeve sliding relative to the cover tensioning ring is
greatest along the horizontal and vertical centerlines; as indicated in Figure 18, eventually
the sleeve and tensioning ring will lose contact at these points, resulting in leakage.
Changes in the diameter of the cover and its tensioning ring are typically quite small
(except possibly for pressure seating hatches that are susceptible to buckling) and can

normally be neglected; thus leakage is expected to initiate when the ovalization is on the
order of the sleeve thickness. Under these conditions, the performance of the gasket does
not affect the leakage potential.

RING

EGUIPMENT HATCH
SLEEVE

4

SEAL GROOVES

12 o'clock

I

O'clock

Figure 18. Schematic of Leakage Mode due to Ovalization of Penetration Sleeve
A simple approach of calculating ovalization was first developed in conjunction with the
steel containment model testing [19,20]. The increase in the horizontal radius of the
sleeve, ArH, can be approximated as
ArH = cffr

(2)

or
.ArH =

uffr/Rc

(3)

where Eff and uff are the "free-field" or average membrane circumferential strain and
average radial displacement of the shell at the elevation of the equipment hatch centerline,
r is the original sleeve radius, and Rc is the containment shell radius. Comparison of the
ovalization measured on equipment hatches in the containment model tests with results
calculated from Equations 2 and 3 are shown in Figures 19 and 20. The free-field values,
rff and uff, were calculated from axisymmetric finite element models. The comparisons
demonstrate that this complex three-dimensional behavior can be accurately predicted by
using results of axisymmetric finite element models in either Equation 2 or 3.
4.0 Conclusions
A methodology for evaluating the performance of LWR containment buildings subject to
pressure and temperature loads beyond the design basis has been outlined and recent
advances have been described in detail. Analytical models that can be used to predict liner
tearing appear quite promising, although further validation is necessary. Important tests on
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a full-size personnel airlock and on inflatable seals have recently been completed. Finally,
new experimental validation of methods for evaluating the leakage potential in pressure
unseating penetrations and in penetrations subject to ovalization have been described.
As is readily seen from the table of containment failure modes (Table 1), there are several
areas in which the research needs to be initiated or further advanced. Investigation into
the behavior of prestressed concrete containments depends in part on the testing of a 1:10
scale model by the Central Electricity Generating Board. Separate effects tests to address
potential shell failure modes in reinforced and prestressed concrete containments other
than those realized in the scale model tests is considered crucial to development and
validation of any reasonable methodology. Finally, test validated methods for determining
the behavior and performance of bellows expansion joints are needed to complete the
methodology.
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ABSTRACT
As part of the second phase of vibrational/earthquake investigations at the.HDR
(Heissdampfreaktor) Test Facility in Kahl/Main, FRG, high-level simulated seismic tests
(SHAM) were performed during April-May 1988 on the VKL (Versuchskreislauf) in-plant
piping system with two servohydraulic actuators, each capable of generating 40 tons of
force. The purpose of these experiments was to study the behavior of piping subjected
to seismic excitation levels that exceed design levels manifold and may result in
failure/plastification of pipe supports and pipe elements, and to establish seismic margins
for piping and pipe supports. The performance of six different dynamic pipe support
systems was compared in these tests and the response, operability, and fragility of
dynamic supports and of a typical U. S. gate valve were investigated. Data obtained in the
tests are used to validate analysis methods. Very preliminary evaluations lead to the
observation that, in general, failures of dynamic supports (in particular snubbers) occur
only at load levels that substantially exceed the design capacity. Pipe strains at load levels
exceeding the design level threefold are quite small, and even when exceeding the
design level eightfold are quite tolerable. Hence, under seismic loading, even at extreme
levels and in spite of multiple support failures, pipe failure is unlikely.
1.

Introduction

The Heissdampfreaktor (HDR) Test Facility in Kahl/Main, Federal Republic of Germany (FRG), has
been used since 1974 by the HDR Safety Project (PHDR) of the Kernforschungszentrum Karlsruhe (KfK),
FRG, to perform vibrational, thermal hydraulic, blowdown, and other experiments related to the design and
safety of nuclear power plants. As part of the current second-phase testing, high-level seismic
experiments, designated SHAM, were performed on an in-plant piping system during the period of 19
April to 27 May 1988. These experiments were intended as a companion test series to the SHAG tests
performed in 1986 [1,21, in which the reactor containment building was tested to incipient failure. Thus,
the objectives of the SHAM experiments were to (i) study the response of piping subjected to seismic
excitation levels that exceed design levels manifold and which may result in failure/plastification of pipe
supports and pipe elements; (ii) provide data for the validation of linear and nonlinear pipe response
analyses; (iii) compare and evaluate, under identical loading conditions, the performance of various
dynamic support systems, ranging from very flexible to very stiff support configurations; (iv) establish
seismic margins for piping, dynamic pipe supports, and pipe anchorages; and (v) investigate the
response, operability, and fragility of dynamic supports and of a typical U.S. gate valve under extreme
levels of seismic excitation.
The SHAM experiments were conducted as a cooperative effort among a number of organizations
in Europe and the USA. These included KfK/PHDR, with the participation of the Fraunhofer Institut fOr
Betriebsfestigkeit (LBF), Darmstadt, FRG, and the Kraftwerk Union (KWU), Offenbach, FRG; the Central
Electricity Generating Board (CEGB), UK; the Electric Power Research Institute (EPRI), Palo Alto,
California, with the participation of Bechtel Corp. and R. C. Cloud & Associates; and the U.S. Nuclear
Regulatory Commission, Office of Research (NRC/RES), which supported the efforts of Argonne National
Laboratory (ANL) and Idaho National Engineering Laboratory (INEL).
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A brief description of the SHAM tests is provided, including the design of the experiments and
hardware, the test procedures and approach, and the instrumentation and data acquisition. Since the
experimental data are just now becoming available, only highlights of the test results are given primarily in
the form of maximum response values. Also-presented are very limited comparisons of experimental data
and pretest analytical predictions. All results and conclusions presented here should be considered
preliminary.
2.

Description of the SHAM Experiments

The test object in the SHAM experiments was the VKL (Versuchskreislauf) piping system that was
already extensively tested in the SHAG experiments [1,2]. In the latter tests, excitation of the piping
resulted from the shaking of the HDR containment building. In the SHAM experiments, direct, high-level
shaking of the VKL piping was used. Therefore, some significant modification of the test loop was
necessary.,
2.1

Test Design and Set-up

An isometric sketch of the VKL piping as used in the SHAM testing is shown in Figure 1. The VKL
piping is located between the 18- and 24-m elevations in the HDR facility, and it consists of multiple
stainless steel pipe branches ranging from 100 to 300 mm in diameter, with the main two flow loops
connected to the HDU vessel and the DF16 manifold. A third major branch connects the DF16 manifold to
the DF15 manifold. Aside from the pipe hangers and dynamic supports, the only points of fixity for the
*entire system, including the HDU and manifolds, are the supports at the bottom of the HDU and the nearly
rigid attachment of the DF15 manifold. All extraneous piping leading to other flow systems in the HDR
were disconnected for the SHAM tests. As in the earlier tests, the test loop again included an 8" U.S. gate
valve from the decommissioned Shippingport Atomic Power Station. This valve was refurbished prior to
testing at the HDR, and its motor operator was equipped with a new AC motor, torque switch, and torque
spring prior to the SHAM testing.
The VKL piping was excited directly by means of two servohydraulic actuators rated at 40 tons
(metric) of force each. As shown in Fig. 1, both actuators were acting in the horizontal x-direction at
hanger location H5 and at location H25 (DF16 manifold). The excitation system was designed and
furnished by LBF-Darmstadt, FRG, and included a computer-controlled hydraulic actuating/control
system to provide pr6determined displacement-time histories. Extensive pretest design calculations
indicated that the hydraulic shakers should be capable of producing up to 6 g acceleration for the VKL
piping, with a maximum displacement (stroke) of ± 125 mm [3].
Six different dynamic support systems of the VKL piping were designed by the various
participants in the SHAM testing. These ranged from the very stiff U.S. system with rigid struts and
snubbers to a very flexible HDR system with essentially only dead-weight supports. Two support
configurations, provided by EPRI in collaboration with industrial partners, contained snubber replacement
devices. The first of these, designed by Bechtel Power Corp., uses Energy Absorber (EA) devices, in
which a set of specially designed steel plates is plastically deformed to dissipate energy and restrict pipe
motion under seismic loading. The second snubber replacement system, designed by R. L. Cloud &
Associates, Inc., includes Seismic Stops (SS). In their current design, these stops. are simple
telescoping-tube devices with preset internal gaps that allow a certain amount of motion to accommodate
thermal effects. During seismic excitation, the motion is restricted/stopped by impacting on disc spring
pads. Two other support configurations, designed by KWU and CEGB, rely only on rigid struts for
dynamic restraint. Figure 2 shows an overview of all the support configurations with the location and type
of dynamic support clearly indicated. All configurations used the same dead-weight hanger system
shown in Fig. 1. Similarly, all configurations employed the same rigid struts at locations H4 and H23.
These are horizontal struts in the z-direction and their primary function is to stabilize the input motions of
the actuators, at H5 and DF16 respectively, so that they move only in the x-direction. The components of
these supports were sized for the highest loads anticipated.
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All dynamic support systems except that designed by CEGB were designed for the common HDR
spectrum shown in Fig. 3. The actuators were displacement controlled, and the basic earthquake
displacement history used was an artificially generated displacement-time function of 15 seconds
duration (see Fig. 4), fitted to the preselected common Safe Shutdown Earthquake (SSE)-floorresponse spectrum with a 0.6 g peak acceleration (ZPA), shown in Fig. 3. The supports for the U.S. stiff
support system were designed by INEL with typical U.S. struts from Grinnell and snubbers from Pacific
Scientific (PSA) and Anchor Darling Industries (A/D). INEL analyzed the VKL piping system for seismic
response using a typical nuclear plant design approach and basing their allowables on the 1979 ASME
Code. To permit the evaluation of seismic margins and failure modes of support components at
reasonably low levels of earthquake excitation, the dynamic supports were sized for Level "C" allowables
for the expected SSE loading. While the other support configurations, i.e., KWU, EPRI/EA, and
EPRI/SS, were also designed for the same floor-response-spectrum and a ZPA of 0.6 g, they were sized
for more conservative allowables. The HDR flexible support system was essentially not designed for
seismic loading and only contained the rigid struts required to stabilize the hydraulic actuators (H4, H23).
Finally, the CEGB hanger system was designed for the Sizewell B spectrum shown in Fig. 3 and was
tested with displacement histories of 20-s duration, corresponding to that spectrum and the Allsites
spectrum shown in Fig. 3.
To study the behavior and fragility of typical pipe mountings and anchorages, trunions were
installed at locations H2 and H22 (see Fig. 1). At the same time, the anchor plates and anchors at these
locations were replaced with typical U.S. hardware, sized for the design spectrum and SSE level.
2.2

Instrumentation and Data Acquisition

Nearly 300 channels of data were recorded, with major measurements being strains (142
channels), accelerations (90 channels), displacements (29 channels), and forces (27 channels). In
addition, 10 channels were used to monitor the operating parameters of the U.S. 8" gate valve. All
important aspects of the experiments were monitored; this included the excitation systems (actuators)
where displacements, accelerations, and forces were measured. The pipe responses (accelerations) at
the driving points were also measured. Displacement and forces of dynamic supports were recorded, as
were the pipe accelerations at the point of support attachment. Additional accelerations and
displacements were recorded at points where large responses were- expected.
Finally, strain
measurements were made throughout the piping system. Again, pipe locations and elbows where the
strain was expected to be high were selected. In particular, the first pipe elbow (Elbow 1) adjacent to the
DF16 manifold (see Fig. 1) was monitored, as was the 100-mm pipe next to the reduction tee, and the
elbow following that tee (Elbow 2). Stress coating, applied at some locations of the pipe, was monitored
during the testing to provide early indication of severe straining. Details of the instrumentation can be
found in the Test Design Report [3] and the Test Protocol [4].
During conversion to digital form the data were originally acquired at a rate of 625 Hz and filtered at
100 Hz. Before final storage in the computer of the HDR Central Measurement Facility (ZMA), the data
acquisition rate was reduced by a factor of three; i.e., to 208.3 Hz; and the data were digitally low-pass
filtered at 60 Hz. After plausibility checks and offset corrections, the data are now made available in this
form to the users by the Central Evaluation Computer (ZAW) of KfK/PHDR.
2.3

Experiments

Performed

Fifty-one individual experiments were performed with the VKL piping and the six different pipe
support configurations. Two random excitation tests of 120-s duration, with each of the hydraulic
actuators singly and separately (H5 and DF16) were performed for each hanger configuration. These
tests provided dynamic characterization of the systems in the frequency range from 2 to 40 Hz. The
maximum excitation level in these tests was approximately 0.3 g with a maximum actuator piston
displacement of around ± 3 mm.
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For all but the CEGB configuration, earthquake experiments were then performed at the low to
intermediate level, i.e., at excitation levels ranging from one SSE (0.6 g ZPA) to three (four) SSE. These
experiments were carried out with the 15-s duration displacement history based on the common HDR
spectrum (see Fig. 4) scaled to the proper SSE level. The two hydraulic actuators (at H5 and DF16) were
operated together and in phase; both were programmed to provide identical displacement histories. The
purpose of these tests was to study the behavior of piping systems at load levels-exceeding the design
load and to compare the performance of different support configurations. To make these tests possible
.with all configurations, strains in the piping were required to remain below significant plastification, i.e.,
about 0.2% of strain. These tests were also intended to provide seismic-margin information for dynamic
supports, and data for the validation of linear analyses.
Two configurations, namely the KWU system and a modified NRC system, were then tested to
high levels of excitation (up to 800% SSE) again with scaled-up displacement histories and both
actuators operating in phase. The modification of the NRC system consisted of providing a stiff bridging
(welded box beam) between the DF16 manifold and the 200 mm J-pipe extending from it. This bridging
was intended to prevent excessive straining of the first elbow adjacent to the DF16 manifold and to
provide a more uniform load distribution throughout the piping system. The elbow in question exhibited
the highest strains in the lower level tests and any eventual failure at this elbow would not be considered
prototypical of real earthquake loading .but rather as "engineered" by the hydraulic actuator excitation.
The purpose of the high-level tests was to obtain information on possible pipe failure/plastification,
seismic margins for piping, and pipe supports, and to provide data for the validation of nonlinear analysis
methods.
The CEGB configuration was subjected to its own test program. Low- and intermediate-level
earthquake tests were performed with displacement histories of 20-s duration derived from the Sizewell B
and Allsites spectra (see Fig. 3). Intermediate- and high-level tests were also performed with sine burst
histories. Finally, to provide a comparison with the other configurations, a 100% SSE earthquake test was
performed with the displacement history derived from the common HDR spectrum.
3.

SHAM Results

As indicated earlier, analysis of the very large volume of SHAM test data is just beginning. The
following preliminary overview of the results is based primarily on the exposition of maximum responses for
selected variables in the experiments. In order to obtain consistent and comparable results in the
earthquake testing of all the support configurations that were subjected to the common HDR spectrum, it
was our intention to control the input acceleration spectra for the two actuators within a tolerance of
+ 10% in amplitude. Figures 5 and 6 provide the actual measured input spectra for the experiments at
100% and 300%, SSE, respectively. Also shown in these figures are the desired tolerance bounds for
the spectra. It can be seen that at 100% SSE, up to frequencies of about 10 Hz, the, experimental spectra
generally meet the stipulated requirements, with the actuator at DF16 producing less scatter than the one
at H5. At higher frequencies, the tolerance criterion is not satisfied very well, and peaking of the spectra
generally occurs between 15 and 20 Hz. The magnitude of this peak varies from configuration to
configuration. At this time, it is not clear if this is indeed an input characteristic, or if the strong deviation
from the desired spectra represents feedback from the piping system. Please note that displacement,
and not acceleration, was the controlled variable. This point requires further investigation. In the 300%SSE experiments, at the H5 actuator of the stiff U.S. NRC configuration, strong deviations from the
desired spectrum can be seen even in the lower frequency range, with the peak amplitude overshoot
being nearly twice as high as the intended value. Similar discrepancies have also been found for the
200%-SSE experiments. At higher levels of excitation (400, 600, and 800% SSE), the input spectra are
similar to those at 100% SSE.
The large deviations from the expected spectra and the differences between various
configurations make comparisons somewhat problematic. Approaches to overcome this problem must be
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3

developed. These difficulties should also be kept in mind when examining the results presented here
and when drawing any conclusions.
3.1

Comparisons at 100% SSE

Figures 7 to 10 show peak response values for various variables at 100%-SSE-input load (HDR
common spectrum, 0.6 g ZPA) for all six support configurations. When making comparisons, it should be
remembered that the CEGB configuration was designed for a different spectrum, namely, the Sizewell B
spectrum which peaks at lower frequency.
The differences in peak accelerations (Fig. 7) in the 200-mm pipe and at the valve are not large
between configurations, the stiffest NRC configuration'giving the lowest values at two location (QBl 16,
0B940). On the 100-mm pipe, the more flexible configurations (HDR and CEGB) give higher responses
at the elbow following the reduction tee (QB101) and at midspan (RS761). The situation is reversed at the
top of the pipe run close to the DF16 manifold (0B1312).
Figure 8 presents the peak forces at the actuators (H5 and DF16 ) and at the permanent struts H4
and H23. Two forces are given for the latter since this support consisted of two parallel struts. It can be
seen that these two forces are not equal and that, for strut H23.1, the flexible configurations (HDR, CEGB)
result in lower forces than the other hanger configurations. At actuator H5, only the most flexible HDR
configuration differs significantly, whereas at actuator DF1 6, the peak forces vary from about 32 kN to 42
kN but no consistent variation with support system stiffness is apparent. At the other control support H4,
the lowest force corresponds to the stiffest NRC support system and the most flexible HDR system gives
the highest force.
Comparing the maximum bending stresses in the 200-mm piping (Fig. 9), one sees that the NRC
configuration gives the highest stresses in the branch emanating from the DF16 manifold (QA100,
QA102). On the other hand, in the pipe coming from the HDU (QA104, QA106) and at the valve (QA937),
the NRC configuration gives the lowest stresses. In the smaller diameter pipe (Fig. 10), the bending
stresses are consistently high for the more flexible configurations (HDR and CEGB), whereas the stiff NRC
configuration, in general, exhibits the lowest peak stresses. The stress results are confirmed by the
maximum strain measured in the elbows. Elbow 1 in the 200-mm pipe, next to the DF1 6 manifold, shows
the highest strains for the stiff NRC configuration, while Elbow 2, in the 100-mm pipe directly following the
reduction tee, yields the highest strains for the flexible configurations (HDR and CEGB).
Other comparisons made include the maximum forces in the rigid struts. In general, the stiff NRC
configuration gives lower peak forces than the snubber replacement configurations and the more flexible
KWU configuration. In particular, at hanger location H3, the force for the seismic stops exceeds that for
the snubbers by more than a factor of two (14.4 vs. 6.6 kN). Finally, if forces at snubber locations are
compared, one finds that the seismic stops result in the highest forces at four locations (H7, H8, H12 and
H22). At H6, the peak seismic-stop force is somewhat lower than for the NRC snubber. At location H2,
the seismic stop made no contact with the impact disc spring and no force was recorded.
3.2

Effect of Increasing Excitation

Only the KWU support configuration was subjected to the entire range of excitation levels from
100% to 800% SSE. While the modified NRC configuration, with the bridging between the DF16
manifold and 200-mm pipe, was also tested in the range from 200% to 800% SSE, multiple snubber
failures occurred (H8, H1 2, H22) during the 600%-SSE test. These snubbers were not replaced for the
800% SSE test. Snubbers H8 and H12, which failed so as to permit free motion without resistance,
remained installed, while snubber H22, which failed with resistance, was removed for the 800%-SSE test.
During the latter test, snubber H7 also failed after 6.5 s, when it reached force levels of about 60 kN.
Finally, the bridging failed in this test, at about 12 s, as did the anchors at location H2. At lower levels of
excitation, snubbers H6 and H8 failed in the original unmodified NRC configuration during the 300%-SSE
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test. The other configurations did not experience support failures, in particular, none of the rigid struts
failed in any of the tests. Since dynamic support failures may drastically alter the behavior of piping, the
above-outlined events should be kept in mind when comparing the peak responses of the various
support configurations.
Figure 11 presents the maximum bending stresses at location QA1 00, the most highly stressed
straight-pipe section in the 200-mm pipe, directly adjacent to Elbow 1, next to the DF16 manifold. At
excitation levels up to 300% SSE, most support configurations gave similar results, with the flexible HDR
system exhibiting the lowest stresses. Installation of the bridging in the NRC system drastically lowered
the response (see 200%-SSE level). The peak bending stresses for the KWU configuration increase
nearly linearly, with the excitation level reaching a maximum of about 380 MPa at a load of 800% SSE. The
stress level corresponding to a 0.2% offset strain for the pipe material is about 260 MPa, as indicated in
Fig. 11. Thus, some plastification did occur in both the 600% and 800% tests. The plastification level
(0.2% offset strain) was barely reached by the modified NRC configuration. Also in this case, the maximum
bending stress increased faster than linearly with load level. However, this may be due to the
aforementioned support failures. A very similar result was obtained for the maximum strains in Elbow 1.
A comparison of the maximum bending stresses at the most highly stressed straight-pipe section
of the 100-mm pipe (RA767), shown in Fig. 12, reveals that the more flexible configurations (HDR and
KWU) give the highest stresses at the, lower load levels. Both the energy absorbers and seismic stops
result in somewhat lower stresses than the snubber configuration. Again, the modification of the NRC
system by bridging significantly lowers the bending stress (200% SSE). The stress increase for the KWU
configuration is nearly linear with excitation level, whereas, for the modified NRC system, the stress
increase with load is much steeper than linear. Again, this is probably due to support failure, particularly for
the 800%-SSE case when the snubber at H7 failed and the NRC system nearly became the same
support configuration as the KWU system. The peak recorded bending stress of 580 MPa for the KWU
configuration exceeds the 0.2%-offset strain level by more than a factor of two. Thus, significant local
plastification is to be expected at this section.
Examining the maximum forces in the rigid strut at location H10 (100 mm pipe) in Fig. 13, one can
see that the more flexible KWU support configuration gives the highest values at all load levels. Again, the
force varies almost linearly with excitation level. The modification of the NRC configuration reduces the
strut force somewhat (200 0/--SSE case) and again, increases with load at a rate that is steeper than linear.
4.

Pretest Computational

Efforts

As indicated earlier, a number of design calculations were performed prior to the SHAM
experiments. Linear finite-element analyses were carried out In all cases and simplified modeling of the
dynamic supports was used. Thus LBF, using the SAP5 code, performed experiment design and
actuator performance calculations for the NRC, KWU, and HDR configurations. Using the NUPIPE II code,
INEL designed the NRC support configuration and the actuator-stabilizing struts H4 and H23. Spectral
and time history analyses were performed with typical design procedures for both the two-point excitation
and actual earthquake input-loading at all supports. CEGB designed their support system with the
ADLPIPE computer code. They also performed a design computation for the NRC configuration. Similar
efforts were carried out by Bechtel and Cloud in the design of the EPRI/EA and EPRI/SS configurations,
respectively. In both cases, in-house proprietary computer codes based on SAP and adapted to the
specific support configurations were employed. Again, standard design procedures were followed, in
which spectral analysis was performed with enveloping and peak-broadened input spectra.
The only true predictive calculations were carried out by ANL for the NRC support configuration.
The piping analysis module of the SMACS code [5] was used in the analysis. The pseudostatic-mode
approach was used in these calculations; this allowed for time-history analysis with independent support
motion input. Again, the basic FE formulation was based on the SAP IV code. In addition, dead weight
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stress and modal analyses were performed for the NRC system by means of SUPERSAP. The first
eigenfrequency was found at about 5.56 Hz.
The peak response values as calculated by the SMACS piping analysis are compared with
measured values in Figs. 14-16. The peak forces in the rigid struts of the NRC configuration at excitation
levels of 100%-300% SSE are compared in Fig. 14, which shows that all peak forces were
underpredicted, often by as much as a factor of two. A similar result was obtained for the permanent struts
H4 and H23, where the discrepancies are even larger, with the measured value being 3 to 4 times larger
than the calculated results.
The measured and calculated maximum snubber forces are compared in Fig. 15 for the excitation
range from 100% to 300% SSE. Again, the calculation generally predicts substantially lower values than
those measured. The exception is the snubber location H2, where the calculation overestimates the peak
forces. The measured peak forces for the 300 0/%-SSEexcitation at locations H6 and H8, which are
designated by arrows, are seen to be lower than the values obtained for the lower excitation levels of
100% and 200% SSE. Failure of these snubbers during the 300% SSE test is the most likely cause for
this anomaly. Post-test inspection of the snubbers seems to confirm this supposition. Further analysis of
the data is needed to investigate these failures in more detail.
Finally, Fig. 16 compares the calculated and measured peak bending stresses in the most highly
stressed straight-pipe sections of the 200-mm (QA100) and 100-mm (RA767) pipe. Again, the
calculations generally underestimate the stresses. Similar results are found when one examines the
stresses at other locations in the pipe. While there are some locations, particularly in the 100-mm pipe,
where the predictions overestimate the stresses at the 100 0/%-SSElevel; the situation in general reverses
at higher loads, i.e., the calculations underpredict
An explanation for the underpredict'n of the peak dynamic support forces can possibly be based
on the fact that the analysis is linear and does not account for such nonlinear effects as minor impacts
caused by gaps and play in the support hardware. However,, the underprediction of the peak bending
stresses cannot be readily explained at this time. The more conservative design calculations, performed
by other investigators, exhibit some of the same deficiencies as the ANL "best estimate" prediction.
Again, peak forces in many supports, and even peak stresses, are underpredicted. Much more detailed
data analysis and post-test calculations are required to ascertain the precise causes for the differences
between calculation and experiment. At this time, it can only be surmised that a contributing factor to
these differences could be the large deviations of the experimental excitations (histories, spectra) from
the ideal excitations assumed in the calculations. In particular, the differences in the excitations at DF1 6
and H5, observed in the tests, could be of significance.
5.

Conclusions

The results given in the preceding sections are very preliminary and incomplete. Hence, it is not
possible to present any final, quantitative and conclusive evaluations of either the support configurations,
seismic margins, or pipe behavior. However, based on the total experimental performance of the SHAM
test series, the following preliminary qualitative observations can be made:
It appears that stiff support systems with snubbers and struts, such as the NRC configuration,
offer no particular advantages over systems withsnubber replacement devices (EPRI/EA and
EPRI/SS) or reasonably compliant systems (KWU).
Long, unsupported pipe runs may lead to excessive displacements and high stresses under
seismic loading, as evidenced by the behavior of the HDR configuration.
In general, failures of dynamic supports (in particular, snubbers) and of anchorages occur only at
load levels that substantially exceed the design capacity.
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Pipe strains and deformations at excitation levels of up to 300% SSE remain quite small (about
0.3%) and even at extreme excitation levels of 800% SSE are quite tolerable (about 1.0%). This
is true in spite of multiple dynamic support failures.
Pipe failure under typical seismic loading histories, even at extreme load levels (800% SSE) and in
spite of multiple serial support failures, is highly unlikely. It appears that significant strain ratcheting
is only feasible by repeated high-load cycling such as may be produced by sine burst loading.
Linear piping analysis appears to substantially underpredict the peak loads in dynamic supports,
and is not necessarily conservative in estimating pipe stresses.
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ABSTRACT
Results are summarized of a study on concrete component aging and
its
significance relative to continued service of nuclear power
plants (NPPs) beyond the initial
period for which they were
granted operating licenses.
Progress is presented of a second
study being conducted to identify and provide acceptance criteria
for structural safety issues which the USNRC staff will need to
address when applications are submitted for continued service of
NPPs.
Major activities under this program include:
development
of a materials property data base, establishment of structural
component assessment and repair procedures, and development of a
methodology for determination of structural reliability.
BACKGROUND
As of December 1987, there were -119 nuclear power plants (NPPs) in the United
States (US) either under construction, operating at low-to-full power,
or
awaiting an operating license.
Together these units have a net generating
capacity of -110 GW(e).
Presently nuclear power provides -17% of the electricity
in the US with the total expected to increase to -20% in the not-toodistant future.
Despite the increasing role of nuclear power in electricity
production, the current trend is toward completion (or cancellation) of plants
that are under construction.
No nuclear plants have been ordered in the US
since 1978.
In fact, about 90 plants have been cancelled or indefinitely
deferred.
Therefore, assuming no life
extension of present facilities,
a
potential loss of electrical generating capacity in excess of 75 GW could
occur during the time period 2005 to 2020 due to the expiration of operating
licenses (usually 40 years after issuance of the construction permit).
A
*Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear
Regulatory Commission under Interagency Agreement 1886-8084-5B with the U.S. Department
of Energy under Contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
'The submitted manuscript has been authored
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the U.S. Government retains a non.xclusive.
royalty-free license to publish or reproduce the
published form of this contribution, or allow
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potential timely and- cost-effective solution is .to extend the service life*of
the existing NPPs (Ref. 1 estimates plant life extension could save US electricity consumers about $390B in 1986 $'s). Since the concrete components
provide a vital safety function in these facilities, any' continued service
considerations must include an in-depth assessment of the safety-related concrete structures.
INTRODUCTION
Under the USNRC Nuclear Plant. Aging Research (NPAR) Program, 2 a study was
conducted to extend upon the work which was performed under an Electric' Power
Research Institute (EPRI) sponsored program at ORNL on concrete material systems in nuclear safety-related structures. 3 This study provided recommendations that would lead to subsequent-develoPment of a methodology for assessing
and predicting the effects of aging'on the performance of concrete-based mateThe approach. followed was in accordance with
rials and structures in NPPs.
the NPAR Program strategy to evaluate-the long-term environmental challenges
to light-water reactor (LWR) civil. structures. and consisted. of six parts:;
(1) description of primary safety-related concrete components in LWRs;
(2) review of the performance of concrete components in both non-nuclear and
(3) identification and discussion of potential environnuclear applications;
mental stressors and aging factors to which safety-related concrete structures
(4) review of the current state-ofmay be subjected in an LWR environment;
the-art for inservice inspection, surveillance, and detection of 'concrete
(5) discussion of -remedial measures
aging phenomena and structural adequacy:
for the repair, replacement, or retrofitting of degraded concrete components;
and
(6) remarks concerning correlations between damage assessment and continued service evaluations.
Results of this study were then utilized to' help
formulate the Structural-Aging (SAG) Program being .conducted at ORNL to provide the USNRC with structural safety issues and acceptance criteria for use
in NPP evaluations for continued service.
DESCRIPTION OF SAFETY-RELATED CONCRETE COMPONENTS IN LWRs
A myriad of concrete-based civil structures are part of an LWR system.
Although the particular components may vary somewhat according to the selection of the nuclear steam supply system (NSSS) and containment concept, the
seismic Category I structures generally fall, into four primary categories:
reactor containment buildings, containment base mats, biological shield walls.
and buildings, and auxiliary (balance-of-plant) buildings.
Reactor Containment Building
The containment building is one of the most important structures of a NPP
since it provides one of the final barriers against the release of radioactive
fission products to the environment under postulated design basis accident
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(DBA) conditions.
Containment designs are based on the pressure and temperature loadings associated with a loss-of-coolant accident (LOCA),
resulting
from a double-ended rupture of the largest size pipe in the reactor coolant
system.
The containment is also designed to retain its
integrity under low
probability (< 10-4) environmental loadings.
Additionally, the containment is
required to provide biological shielding under both normal and accident conditions and to protect the internal equipment from external missiles.
Prior to 1965,
installed capacity of nuclear power plants in the 50 to
400 MW(e) range utilized steel containments of various configurations.
Their
designs conformed to the ASRE "Unfired Pressure Vessel Code" (Ref. 4). with
the shells fabricated from welded steel plates up to 38 mm in thickness.
Support for the reactor vessel and shielding requirements was provided by
reinforced concrete.
As the plant sizes were increased to 800 MW(e), shielding requirements increased, and the practical limit for fabrication of steel
containments without requiring postweld heat treatment were exceeded.
At. this
time, it also seemed prudent to combine the containment and shielding functions into a composite steel-lined reinforced concrete structure.
The first
primary reinforced containments (RCCs) were built in the 1960's and
typically consisted of a -1.4--m-thick cylindrical reinforced concrete wall
with an -l.1-m-thick hemispherical dome and flat
base slab.
Grade 60 (Nos.
11, 14, and 18) steel reinforcing bars were normally utilized to resist hoop,
axial, seismic, and shear loadings.
Leak tightness was provided by a steel
liner, which generally ranged from 6.35 to 12.7 mm in thickness depending on
the location.
Concrete compressive strengths generally ranged from 20.7 to
34.5 MPa.
Later concrete was partially prestressed in the vertical direction
only with mechanically spliced reinforcing steel in the hoop direction and
dome.
Fully prestressed concrete containments (PCCs) were first
built in the late
1960's.
The PCCs came into use because:
the possibility existed of improved
optimization in selection of vessel geometry, fully prestressed concrete would
remain in compression (crack free) under postulated incident conditions, and
possibilities existed for reductions in costs and construction scheduling.
Design improvements have progressed to a third-generation PCC which includes a
hemispherical dome and increased capacity prestressing tendons; i.e.,
the
number of buttresses and prestressing tendons have been reduced and the ring
girder at the intersection of the dome and wall has been eliminated.
Leak
tightness is still
provided by a steel liner.
Steel reinforcing and concrete
materials are essentially the same as those used for RCCs.
Table 1 summarizes the containment types for US power reactors and Figures 1
and 2 present schematics of typical BWR and PWR containments.
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Table 1. Containment Summary
Plant
type
BWR

PWR

Post-Tensioned
concrete

Steel

Reinforced
concrete

Pre-Mark
Mark I

1
22

2

Mark II
Mark III

1
2

6
2

2

9
4

Large Dry
Ice Condenser
Sub-Atmospheric

9
8

11
2
8

42

62

-

1

1

45

119

Containment
designation

-

-

-

Total
1
24

10
8

......................................................................

HTGR

Primary

TOTAL

Typical BWR Mark I
Containment

31

43

Typical BWR Mark
Containment

II

Typical BWR Mark
Containment

Fig. 1. Schematics of typical BWR containments.
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III

Large Dry Containment
Fig. 2.

Sub-Atmospheric

Ice Condenser

Schematics of typical PWR containments.

Containment Base Mats
Base mats for reactor containment buildings are fabricated of reinforced concrete.
Depending on the siting conditions, the base mats may be founded on
Thickness requirements are controlled by the concrete
rock, soil or piles.
shear capacity, maximum allowable compressive strength of the concrete, maximum allowable steel area, and allowable soil-bearing area.
In general, base
mats are circular in design with diameters which may be > 45 m and thicknesses
which range from -2.6 m to 6.0 m.
Concrete and steel reinforcement materials
for the base mats are essentially the same as used for the RCCs.
Biological Shield Walls and Buildings
Biological shield walls for commercial reactors are generally fabricated from
standard weight reinforced concrete.
Thicknesses of the shield walls typically range from -1.5 to 4 m, and the walls can either support all or part of
the reactor pressure vessel weight.
'Steel reinforcement is provided to take
flexural and seismic loads that would place portions of the wall in tension.
Concretes having compressive strengths from 27.6 to 41.4 MPa are normally used
for shield fabrication.
A shield building, or secondary containment, is a medium leakage reinforced
concrete structure that surrounds the steel containment vessel.
Typically the
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building is a reinforced concrete cylinder (wall thickness -0.9 m) with a base
Concrete and steel reinslab and spherical dome (dome thickness -0.6 m.)
forcement materials are essentially the same as for the RCCs.
Auxiliary Buildings
Auxiliary buildings, or balance-of-plant structures, include functional units
such as the diesel generator building, control room or building, radwaste
In
facility, turbine generator building, and circulating water structures.
of
constructed
general, these structures are box-shaped, shear-wall buildings
reinforced concrete, but they may contain steel beams that support the floor
exterior walls (-0.45 to 1.2 m
Basic structural components include:
slabs.
thickness) which protect safety class equipment and piping from external
events; internal walls (-0.3 to 1.2 m thickness) which resist internally generated loads, support gravity loads, and provide radiation shielding where required; base slabs (-1.8 to 8.2 m thickness): roof slabs (-0.46 m thickness):
floor slabs (-0.3 to 0. 9 m thickness); and columns which provide intermediate
supports for floor slabs, and primary supports where walls are not available
or unusually heavy floor loads occur.

PERFORMANCE OF CONCRETE COMPONENTS IN BOTH NON-NUCLEAR
AND NUCLEAR APPLICATIONS
Concrete in various forms has been utilized as a construction material for
several thousand years. When fabricated with close attention to the factors
related to the production of good concrete, the concrete will have practically
infinite durability unless subjected to detrimental environmental influences.
To trend
Problems do occur, however, that can result in concrete distress.
the type of problems that have been experienced with concrete materials and
structures, the literature was reviewed with respect to performance of both
general civil engineering structures and nuclear power plant applications.
General Civil Engineering Structures
Extensive reviews of incidences of errors in concrete structures in North
America (277 cases) and Europe (-800 cases) are reported in Refs. 5 and 6.
From
Error profiles developed from these studies are presented in Fig. 3.
these results it was concluded that few structures actually fail in use, and
that the errors which occurred were generally the result of either construction problems (improper rebar placement, poor concreting) or design problems
(improper consideration of shrinkage or temperature effects, detailing).
Also, most of the *errors could have been prevented by improved quality
Although not aging related, if not detected, some of
assurance procedures.
these problems could have increased with time.
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TYPE STRUCTURE

SERVICEABILITY CHARACTERISTIC

M'

INDUSTRIAL BUILDINGS

0

HIGHWAY CONSTRUCTION

COLLAPSE-LOSS SERVICEABILITY

•

MISCELLANEOUS

SETTLEMENT

O

GENERAL BUILDINGS

CRACKING

*

EXCESSIVE DEFLECTION

MOST ERRORS COULD HAVE BEEN PREVENTED BY ADDITIONAL CHECKING

Fig. 3.

Error profiles for concrete civil structures.

Nuclear Power Plant Applications
A review of the performance of concrete components in NPPs was conducted by
examining the open literature and several data sources:
the nuclear power
plant reliability
data
system,
nuclear
power
experience,
construction
deficiency reports, periodicals, licensee event reports, and plant docket
files.
The results of this survey are summarized in Fig. 4.
Although the
vast majority of the problems detected did not present a threat to public
safety or jeopardize the structural integrity of a particular component, a few
incidences were identified that if not discovered and repaired could potentially
have had serious consequences.
These incidences were all
related to
concrete containments and involved two dome delaminations (Turkey Point 3 and
Crystal River Unit 3), voids under tendon bearing plates (Calvert Cliffs),
anchor head failures (Bellefonte, Byron, and Farley Units 1 and 2), and prestressing tendon wire corrosion (Fort St. Vrain).
With the possible exceptions of the anchor head failures at Farley, which occurred about 8 years
after posttensioning, and the prestressing tendon wire corrosion at Fort St.
Vrain, which was discovered during a scheduled ISI 5 years after start of commercial operation, the errors were detected either during the construction
phase or early in the structure's life,
were of no structural significance or
"easily" repaired, and were nonaging related.
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POST-TENSIONING SYSTEM (17)

HONEYCOMB/VOIDS
CRACK ING/SPALLING
DAMAGED TENDONS

DEFECTIVE MATERIALL
MISCLLANOUSANCHORAGE

CRACKING
MISCELLANEOUS

IMPROPER PLACEMENT

LIFTOFF LOAD

ANCHORAGE
0

5 10 15 20 25 30

0

NUMBER OF INCIDENCES

Fig. 4.

2

4

6

8

10

NUMBER OF INCIDENCES

Distribution of LWR concrete component problem areas.

POTENTIAL ENVIRONMENTAL STRESSORS AND AGING FACTORS
Nuclear power plants are generally designed for a plant life of about 40
years, wiich, with an anticipated availability factor of 80 to 90%, yields 32
to 36 full-power years.
Over this period of time, changes in the concrete,
reinforcing steel and prestressing steel material properties will occur in all
likelihood as a result of aging or environmental effects.
Concrete in many
structures can suffer undesirable degrees of change with time, but these
changes do not have to be detrimental to the point that the structure has
deteriorated and is unable to meet its functional and performance requirements.
Mechanisms (factors) that, under unfavorable conditions. can produce premature
concrete deterioration include:
(1) freezing-thawing and wetting-drying,
(2) aggressive chemical and groundwater
exposure
(sulfates,
chlorides,
leaching), (3) abrasion, (4) corrosion of embedments, (5) chemical reaction of
aggregates (alkali-, cement- or carbonate-aggregate reactions),
(6) vibrations, and (7) miscellaneous (unsound cement, shrinkage cracking).
In addition, for concrete components utilized in nuclear-safety-related structures,
an additional factor can be added, extreme environmental exposure (e.g., elevated temperature and irradiation).
Table 2 summarizes predominant environmental stressors and the important material parameters affected for the concrete safety-related structures in LWR plants.
Additional information on
deterioration mechanisms and their potential effects on concrete materials are
contained in Refs. 7-10.
DETECTION OF AGING OR ENVIRONMENTAL EFFECTS
Since the ability of a concrete component to meet its functional and performance requirements over an extended period of time is dependent on the
durability of its constituents, techniques for the detection of concrete
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Predominant Environmental Stressors to Which
Table 2.
Safety7Related Components in a LWR may be Subjected

Structural
subsystem

Material
components

Predominant
environmental
stressorsb

Important
material
parametersa

Concrete
Rebars

ft, Ec, u, CR
f y Es, au, e

D, L
C. L

Prestressing

fy

R

C, L

Reinforced concrete
containment

Concrete
Rebars

fc, Ec, 1
fy. Es, cu, e

D, L
C, L

Containment base mat

Concrete
Rebars

fc, Ec, U
fy, Es, uu, e

D, L, S
C, L

Biological shield wall
or building

Concrete
Rebars
Prestressing

fc' EcU
fy, Es, cu, e
fy, Es, Fu

T, I, L
T, i, L
T, I, L

Auxiliary buildings

Concrete
Rebars

fc, Ec, •
fy, Es, au, e

D,. L
C, L

Prestressed concrete
containment

-ac -

concrete compressive sLrengL1i
E = modulus of elasticity
= Poisson's ratio
CR = concrete creep
a= ultimate strength
e = elongation or ductility,
R =.prestressing relaxation
fy = steel yield strength

Es, ou,

=-temperature
D = durability

I = irradiation
C = corrosion

L = external, internal, or
dead loads
S = subgrade settlement

component degradation should address evaluation of the concrete, mild steel
embedments.
Concrete
and anchorage
reinforcing,
prestressing system,
cracking, voids and delaminations can be detected by visual inspections, nondestructive testing (ultrasonic and stress wave, acoustic impact, radiography,
In-situ concrete
penetrating radar, thermal mapping), and core examination.
strength determinations are through either direct (core tests) or indirect
pullout resistance,
rebound,
penetration,
techniques
(surface hardness,
The primary distress to
breakoff resistance, and ultrasonic pulse velocity).
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which mild steel reinforcement could be subjected would be corrosive attack.
Techniques available for' corrosion monitoring and inspection of steel in concrete include' visual, mechanical and ultrasonic tests, core sampling in conjunction with chemical and physical tests, potential and thermal mapping, and
rate of corrosion probes. 'The condition and functional capability of unbonded
posttensioning systems is assessed through selection of a random, representative sample of tendons; examination of the anchorage assembly hardware of the
selected tendons, determination of the stress level in each sample tendon,
examination of previously stressed wires or strands from, one tendon of each
type in the structure, and an analysis of a grease sample from each tendon in
the surveillance.
The present basis.for conducting tendon inspections is presented in RG 1.35, "Inservice Inspections of Ungrouted Tendons in Prestressed
Concrete Containments" and'"RG 1.35.1, "Determining Prestressing Forces for
Inspection of Prestressed Concrete Containments."
Failure of an embedment
will generally occur as a result of either improper installation or deterioration of the concrete within which it is embedded.
A combination of visual
examinations and mechanical tests'is used to evaluate the general condition of
an embedment.
Table 3 surmiarizes primary and secondary, nondestructive evaluation techniques
for inspection of concrete components.
Quantitative interpretation of the
results obtained from many of these methods can be difficult, however, due to
the requirement for correlation curves.
Also, many of:the methods only make
surface determinations of concrete properties which can be quite different
from internal properties, particularly where a component may be several meters
thick. In addition, none of the techniques provide rate effect data which can
be used for continued service considerations.
REMEDIAL MEASURES
Objectives of remedial work are to restore the component's structural
integrity, to arrest the mechanism producing distress, and to ensure, as far
as possible, that the cause of distress will not recur. Basic components of a
program to meet these objectives include:
diagnosis (damage evaluation),
prognosis (can repair be made and is it economical), scheduling (priority
assignments), method selection (depends on nature of distress, adaptability of
proposed method, environment, and costs), preparation. (function of extent and
type of distress), and application. 1 1
Typical types of distress that occur in LWR facilities include cracking,
spalling or delamination, nonvisible voids, and fracturing or shattering.
Although a wide variety of 'materials are available for the repair or maintenance of concrete exhibiting distress, they generally include one or more bf
the 'following materials:
epoxy resins, shotcrete, preplaced aggregate concrete, epoxy ceramic foams, replacement mortar or concrete, wedge anchors and..
additional reinforcement, and miscellaneous sealant materials. 1 2 Selection of
the technique for repair of a concrete structure depends to a large degree on
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Table 3.

Nondestructive Evaluation Methods for
Inspection of Concrete Materials

Material and
characteristic

Available methods of detection
Primary

Secondary

Concrete
Ultrasonic pulse
velocity
Rebound hammer
Penetrating probe

Ultrasonic pulse echo

Cracking/voids

Visual inspection
Ultrasonic pulse
Acoustic impact

Ultrasonic pulse echo
Gamma radiographya

Strength

Penetrating probe
Rebound hammer

Breakoff methods
Surface hardness methods

General quality

Gamma radiographya

Pullout methods
Mild steel reinforcing
Location/size

Pachometer
Gamma radiographya

Ultrasonic pulse echo
Penetrating radar

Corrosion

Visual inspectionb
Electrical potential
measurements

Rate of corrosion probes

Loads

Tendon liftoff

Load cells

Corrosion

Visual inspections
Mechanical property
tests
Tendon load vs
elongation tests

Prestressing tendons

Concrete embedments

tests

Corrosion inhibitor
analysis

Visual inspections
Mechanical testing

aLimited to concrete thickness •450 mm.
bReflected through cracking and staining observed at concrete
surface.
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the size, depth, and area of repair required.
Existing elements can also
become inadequate due to either a change in performance requirements or occurrence of an overload condition.
Under those conditions retrofitting may be
required to reestablish serviceability.
Retrofitting can be accomplished by
either strengthening of existing elements, replacement, addition of new forceresisting elements, a combination of element strengthening and addition, or
12
use of supplemental connecting devices.
Reference 11 notes that a satisfactory repair meeting requirements for
strength, durability, appearance and economy can be effected if the cause of
the distress is eliminated, the area is prepared by removal of degraded
materials, and the proper repair technique selected and correctly implemented.
A cursory examination of the effectiveness of various techniques was conducted
by reviewing the literature to identify examples where the performance of
structural components was compared before and after repair.
Pertinent
examples identified included:
(1) concrete-rebar bond: 13 (2) reinforced
concrete beams, statically and cyclically loaded;14' 15 (3) concrete joints
under static and dynamic loading: 16 , 1 7 (4) shear walls under fire exposure; 1 8
and (5) an earthquake-resistant structural wall. 19 Results of these studies
indicate that remedial measures are capable of completely restoring a
component's structural integrity, with many of the repaired components
exhibiting equal or improved performance.
REMARKS CONCERNING CORRELATIONS BETWEEN DAMAGE ASSESSMENT AND
CONTINUED SERVICE EVALUATIONS
When concrete structures have been fabricated with close attention to the factors related to the production of good concrete (material selection, production control, desirable properties, economy),
the concrete will exhibit
infinite durability; however, where there has been a breakdown in one of these
factors or the component was subjected to an extreme environmental stressor,
distress can occur.
It has also been established that various techniques are
available for identifying regions in structures subjected to deteriorating
influences and that remedial measures exist for providing a satisfactory
repair.
Where the system breaks down, however, is that a damage methodology
to provide a quantitative measure of the ability of a structure to meet potential future requirements does not presently exist. Three areas, however, that
would provide significant input toward qualifying the ability of a LWR safetyrelated concrete component to meet its functional and performance requirements
at some future time, based on its performance history or present status, can
be addressed:
(1) development of a representative material properties data
base, (2) establishment and evaluation of an accelerated aging methodology for
concrete materials, and (3) formulation of a methodology to provide a quantitative measure of structural reliability and residual life.
Under normal operating conditions, a high level of confidence can be placed in
traditional material performance based on past experience.
However, for concrete material systems used in LWR applications where operating conditions are

not necessarily considered normal because of potential elevated temperature
and irradiation exposure over a protracted period of time, the confidence
level will not be as high.
This is not the result of obvious deteriorating
influences operating on these structures, but rather from the lack of a historical material property data base that can be used to form the basis for
life extension considerations.
Three plants in the U.S. that are currently
shut down (Dresden 1, Humbolt Bay and Shippingport), however, provide an
opportunity for making major contributions to the material properties data
base relative to aging effects. By obtaining concrete core samples from pertinent locations and conducting petrographic examinations and load-to-failure
tests, an indication of the significance of aging can be obtained. Also, prestressing tendon inservice surveillance reports and containment integrated
leak-rate test reports would provide significant information useful in
trending material performance (concrete materials, prestressing materials,
corrosion inhibitors, seals and gaskets, etc.).
Prediction of the service life of a building component or material is
dependent on there being either sufficient available data on performance of
the component or material under representative conditions for the period of
interest, or accelerated testing methods can be used to develop the required
data.
The amount of long-term data on the performance of concrete material
systems under conditions representative of an LWR environment are extremely
limited. Also, the data which can be derived from plants which are shut down
in all likelihood will be somewhat plant specific and probably not representative for either all safety-related concrete components or potential
environmental stressors.
Therefore, additional data must be developed.
A
possible approach to the development of supplemental data is to use accelerated aging techniques.
It is envisaged that the required accelerated aging
program would involve three major phases:
(1) problem definition (material
and component characterization, degradation factor identification and simulation, test performance requirement definition), (2) design and performance of
predictive service life tests, and (3)
mathematical model development.
Results obtained from such a program will aid in describing and understanding
the phenomena of potential deterioration with the passage of time, assist in
determining the residual service life of materials and components in conjunction with actual degradation conditions, and help in establishing maintenance
or remedial measure programs that will assist in either prolonging a-component's service life or improving the probability of the components surviving
an extreme event.
Assessment of functional and performance characteristics of concrete components is an important consideration in the extension of the operating life of
nuclear facilities.
Given the complex nature of the various environmental
stressors that can exert deteriorating influences on the concrete components,
a systems approach is probably best in addressing the evaluation of a structure for life extension considerations.
Basic components of such an approach
would encompass development of:
(1) a classification scheme for structures,

elements, and deterioration causes and effects; (2) a methodology for conducting a quantitative assessment of the presence of active deteriorating influences; and (3) the structural reliability techniques to estimate the ability
of a structure (component) to meet potential future requirements.
Such an
approach is shown schematically in Fig. 5.
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CONCLUSIONS AND

Schematic of concrete component evaluation methodology.

IECOMMENDATIONS

Conclusions
Based on the results of the NPAR investigation,

the following conclusions can

be derived :
civil
both general
in
components
of concrete-based
1. The performance
Distress
engineering and nuclear power applications has been exemplary.
that has occurred was generally due to construction or material errors.
2.

Techniques for detecting effects of
materials are sufficiently developed
ever, quantitative interpretation can
the requirement for development of
(rebars, anchorages. etc.) effects on
ultrasonic wave transmission; or (c)
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environmental stressors on concrete
Howto provide qualitative data.
(a)
either
of
because
be complicated
enibedment
(b)
correlation curves;
measured quantities such as time of
Also, a methodology
accessibility.

for application of this technology to provide required data for either
structural reliability or continued service assessments needs development.
3. Remedial measures for repair of degraded concrete components are capable
of completely restoring structural integrity when proper techniques and
materials are used.
4.

The durability of concrete constructions is affirmed by the presence of
many structures that have been in existence for periods of time ranging
from several decades to several millennia: however, well-documented data
on concrete longevity that can be used as a basis for life extension considerations is almost nonexistent.

5.

Primary effects that could lead to a loss of serviceability of concrete
components in
LWR plants include concrete cracking and loss of strength
resulting from environmental stressors; however severity criteria
for
degradation
of these
components
need
to
be
established
(e.g.,
statistically-based
crack. width tolerances and
corrosion inhibitor
impurity levels).

6.

A damage methodology to provide a quantitative measure of the durability
of a structure with respect to meeting potential future requirements such
as a loss-of-coolait accident (LOCA) does not presently exist.

Recommendations
The following recommendations are made:
1. Existing facilities that have been shut down after an extended period of
service should be used to obtain aging-related data for concrete materials (e.g., Shippingport, Dresden 1, and Humbolt Bay).
Also, these
facilities can be used to evaluate the applicability of various techniques
(either existing or in the developmental stage) for detecting the effects
of environmental stressors - primarily elevated temperature and irradiation - on the concrete materials.
By comparing results from the nondestructive examination and tests with those obtained from core tests,
considerable insight can be gained toward evaluating the ability of these
tests to provide quantitative data useful for residual life assessments.
2.

Accelerated aging techniques should be investigated as a method for
supplementing the extremely limited data base on concrete aging.
This
technique would also have application to other materials that may exhibit
aging effects in NPPs; e.g., seals and gaskets.

3.

Available prestressing tendon inservice inspection records and data
obtained during containment integrated leak-rate tests should be examined
as potential sources of information for trending concrete component
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behavior. Also, for plants that are likely candidates for continued service evaluations (e.g., plants with lengthy construction periods), consideration should be given to increased emphasis on inservice inspections
to provide trending information that could potentially shorten the process
required for continued service evaluations.
4.

Criteria on durability factor significance need to be established (i.e.,
identification of the various deterioration phenomena acting on a particular structure and the assignment of a weighting factor to each of the
phenomena based on its significance
relative to continued service
considerations).

5.

A methodology needs to be developed to provide a quantitative measure of
structural reliability, either now or at some future time.
Such a methodology would use a systems approach and encompass:
component, classification; techniques for quantitative determination of presence, magnitude and rate effects of deteriorating influences;
and structural
reliability assessments.
By using trending of environmental stressor data
(concrete aging), the scheme would enable (a) an assessment of the ability
(probability) of various safety-related concrete components to meet their
design requirements (e.g., LOCA) later and (b) prediction of a component's
residual life. For example, an estimation would then be made of the time
when the influence of an environmental stressor would produce an unacceptable decrease in concrete strength. This could be a limiting value below
that specified in the design as necessary to ensure that the structural
component meets both normal operating and accident condition requirements.

IMPLIENTATION OF NPAR PROGRAM RESULTS
Results of the NPAR Program were utilized to help formulate the USNRC Structural Aging Program (SAG).
The overall objective of this program is to provide the USNRC with structural safety issues and acceptance criteria for use
in NPP continued service evaluations. Potential Regulatory uses include: improved predictions of long-term material performance, establishment of limits
on exposure to environmental stressors, and reduction in total reliance by
licensing on inspection and surveillance.
The damage inspection methodology
to be developed will provide a quantitative measure of structural reliability,
either at present, or at some future point in time.
Furthermore, results of
the SAG Program will provide an improved basis for the USNRC staff to permit
continued operation of NPPs either near, at, or beyond their nominal 40-year
design life.
Basic components of the SAG Program include three primary activities:
(1) establishment of a material properties data base (MPDB),
(2) assessment of
structural component assessment and repair technology, and (3) development of
a quantitative methodology for structural aging determinations.
The MPDB will
be in the form of an expandable handbook containing data obtained from
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existing data bases, decommissioned plants, and accelerated aging tests.
The
data will provide a basis for trending the performance of concrete components
under the influence of aging factors and/or environmental stressors; i.e., the
MPDB would form the basis of an "expert system" of rules, frames or semantic
nets to be developed under the third activity of the SAG Program.
Under the
structural component assessment and repair technology activity, recommended
inservice inspection tests, test intervals and acceptance and rejection
criteria will be provided as well as guidance on detection and potential techniques for mitigation of environmental stressors or aging factors.
Also,
recommendations will be provided on remedial actions according to type and
extent of deterioration. Formulation of a quantitative methodology for structural aging determinations will include: development of algorithms for determination of aging effects on concrete material properties; development of
modeling techniques to predict future performance of a concrete structure,
given a certain state of damage resulting either from aging or extreme loading
effects: and evaluation of the synergism of factors leading to aging (natural
internal chemical,
external stressor or environment,
service wear and
testing).
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APPLICATION OF SIGNATURE ANALYSIS FOR DETERMINING
THE OPERATIONAL READINESS OF MOTOR-OPERATED
VALVES UNDER BLOWDOWN TEST CONDITIONS*
H. D. Haynes
Oak Ridge National Laboratory
Oak Ridge, Tennessee

ABSTRACT
In support of the NRC-funded Nuclear Plant Aging Research
(NPAR) program, Oak Ridge National Laboratory (ORNL) has carried
out a comprehensive aging assessment of Motor-Operated Valves
(MOVs).
As part of this work, ORNL participated in the Gate Valve
Flow
Interruption
Blowdown
(GVFIB)
tests
carried
out
in
Huntsville, Alabama.
The GVFIB tests were intended primarily to
determine the behavior of motor-operated gate valves under the
temperature, pressure, and flow conditionsexpected to be experienced by isolation valves in Boiling Water Reactors (BWRs) during
a high energy line break (blowdown) outside of containment.
In
addition, the tests provided an excellent opportunity to evaluate
signature analysis methods for determining the operational readiness of the MOVs under those accident conditions.
ORNL acquired motor current and torque switch shaft angular
position data on two test MOVs during various times of the GVFIB
tests.
The reduction in operating "margin" of both MOVs due to
the presence of additional valve running loads imposed by high
flow was clearly observed in motor current and torque switch
angular position signatures.
In addition, the effects of differential pressure, fluid temperature, and line voltage on MOV operations were observed and more clearly understood as a result of
utilizing signature analysis techniques.

INTRODUCTION AND OBJECTIVES
Motor-operated valves (MOVs)
are located in almost all nuclear power
plant fluid systems.
Their failures have resulted in significant maintenance
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efforts and, on occasion, have lead to the loss of safety system operational
in recent years MOVs have received considerable
•Consequently,
readiness.
attention by the Nuclear Regulatory Commission (NRC) and the nuclear power
As a result, Oak Ridge National Laboratory (ORNL) has carried out.a
industry.
comprehensive aging assessment of MOVs in support of the Nuclear Plant Aging
Research (NPAR) program which was established-by the Office of Nuclear Regulatory Research (RES), primarily as a means to resolve technical safety issues
related to the aging of electrical and mechanical components, systems, and
structures used in commercial nuclear power plants.
A primary objective of the NPAR program is to identify and recommend
methods of inspection, surveillance, and monitoring that would provide timely
detection of service wear (aging) affecting important components and systems
so that maintenance or replacement can be performed prior to loss of safety
In that regard, ORNL research has focused on the evaluation of
function(s).
potentially useful signature analysis methods for determining the operational
This work provides technical information applicable to the
readiness of MOVs.
resolution of Generic Issue II.E.6.1 (In Situ Testing of Valves) as well as IE
Bulletins and Information Notices such as IEB 85-03 (Motor Operated Valve
Common Mode. Failures During Plant Transients Due to Improper Switch Settings).
In support of the NPAR programmatic objectives, ORNL participated in the
Gate Valve Flow Interruption Blowdown (GVFIB) tests sponsored by the NRC/RES
Mechanical Qualification Program and carried out under subcontract to INEL by
The results of the GVFIB tests are
WYLE Laboratories in Huntsville, Alabama.
described in a paper presented by INEL at the 16th Water Reactor Safety InforThe GVFIB tests were intended primarily to determine the
mation Meeting (1).
behavior of motor-operated gate valves under the temperature, pressure, and
flow conditions expected to be experienced by isolation valves in Boiling
Water Reactors (BWRs) during a high energy line break (blowdown) outside of
In addition,. the tests provided an excellent opportunity to
containment.
evaluate signature analysis methods for determining the operational readiness
of the MOVs under those accident conditions.
BACKGROUND
ORNL has, in the past, carried out research in order to identify the type
and potential value of diagnostic information from many MOV measurable
In the course of these investigations, it was discovered that the
parameters.
MOV's electric motor acted effectively as a transducer by directly converting
variations in drive train mechanical loads into variations in motor current
which were sensed'remotely (at the motor control center) using a non-intrusive
clamp-on current probe.
Further research led to the development of special signal conditioning
techniques which
electronics and motor-current signature analysis -(MCSA)
together provided a means of sensitively and selectively extracting motor-

current signal information from the power line to reveal MOV performance indicators on many levels including:
" Mean values of running current levels during "no load", pre-unseating,
and "mid-stroke" portions of a valve stroke
" Variations, in running current levels (both large and small) which are
associated with changes in mechanical running loads during a valve stroke
* Initiation time, duration, and magnitude of motor-current transients
which are characteristic of momentary motor operator and valve events
including operator hammerblow,
valve seating, valve unseating, valve
backseating, and unusual transient events
* Worm gear tooth meshing indications on a tooth-by-tooth basis
* Overall current noise level which is generally indicative of smooth or
rough operations
* Individual frequency spectral peaks associated with periodic current
modulations resulting from periodic load variations within the MOV drive
train.
Motor current spectra, which are comparable to vibration spectra,
commonly include worm gear tooth meshing, stem nut rotation, motor shaft
Harmonic and sideband frequencies are
speed, and motor slip frequencies.
often observed which provide indications of eccentricity and/or wear.
In addition to motor current, the monitoring method assessments carried
out by ORNL illustrated that the angular position of the MOV torque switch
shaft could be monitored and used as a meaningful diagnostic signal as well.
Since the angular position of the torque switch shaft primarily reflects the
motor operator torque output which is transferred as stem thrust via the
operator's stem nut, a measure of the instantaneous angular position of the
torque switch shaft during a valve stroke provides a relative measure of the
instantaneous valve stem thrust.
SYSTEM DESCRIPTIONS
The system utilized for the Gate Valve Flow Interruption Blowdown Test
featured a large water tank which was pressurized by a nitrogen supply so that
various system water pressure conditions could be established and regulated.
Water was heated by means of an electric heater section and was circulated
through the system by a high-pressure,
high-temperature pump.
A motoroperated valve was positioned in the system such that it could be actuated
during times when the valve contained pressurized, heated water.
Two different motor-operated valves were tested in this system:
Valve "A" -Anchor/Darling,
6-inch, 900 pound standard rated, flexwedge gate
valve with a Limitorque SMB-2-40 motor operator
Valve "B" - Velan, 6-inch, 900 pound standard rated, flexwedge gate valve with
a Limitorque SMB-O-25 motor operator

-

-,

The motor
Both MOVs ,utilized 460 VAC, 3 phase, 60 Hz electric motors.
operator used on valve "B" was sized in accordance with current practices,
whereas the motor operator used by valve "A" was oversized, although its
delivered torquewas adjusted so'that it did not damage the valve.
The system contained bleed valves which provided the means to reduce
In
system pressure on both sides (upstream and. downstream) of the test MOV.
this manner, differential pressure conditions were established across the
The system also featured a fast
MOV's obturator when the MOV was closed.
acting, hydraulically operated valve which was positioned in the system downstream of the test MOV so that when actuated, the system's contained fluid was
abruptly released externally resulting in a high flow (blowdown) condition
through the MOV being tested.
The test MOV was then actuated in the open-toclose direction during the blowdown in order to determine whether it could
successfully close against the high energy event.
System fluid pressure and
temperature were varied for each blowdown.
Several blowdowns were carried out
on each MOV.
Before any blowdown tests were performed on a test MOV, a series of
qualification tests and other pre-blowdown tests were carried out.
The qualification tests included MOV actuations under various system fluid pressures,
fluid temperatures, and motor line voltages.
MOV actuations were carried out
immediately prior to each full system blowdown at the same fluid pressure and
temperature conditions as the blowdown but with no flow.
EQUIPMENT USED AND SIGNATURE ANALYSIS TECHNIQUES
ORNL acquired motor current and torque switch shaft angular position data
for both test MOVs at various times throughout the GVFIB testing.
The instrumentation used by ORNL is illustrated by Figure 1.
MOV torque switch shaft position was measured by an angular displacement
transducer (ADT) which was installed on the torque switch of both MOVs in a
manner which allowed the switch compartment to be closed during the MOV
tests.
The ADT utilized by ORNL was a variable capacitance device which provided a DC voltage output that varied linearly with the angular position of
its shaft. The ADT provided high sensitivity (100 mv per degree of rotation),
infinite resolution (analog output), and-an insignificant load on the torque
switch.
Motor-current monitoring was carried out using a clamp-on current transformer installed on a single motor lead at the MOV.
Special signal conditioning electronics were used to transform raw current signals supplied by the
current probe into two recordable signals:
one optimized for time domain
analyses and one optimized for analyses in the frequency domain.
Torque switch position and motor current signals were recorded in analog
form by a high quality cassette data recorder., Analog signal recordings were
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GVFIB test instrumentation diagram.

made (rather than digital) so that time and frequency resolution of test data
was not limited to an original digitization rate (as in direct digital recordings).
Analog signal recordings were then post-digitized at whatever rate
that was optimum for a particular analysis such as a MOV full-stroke waveform
analysis using a relatively slow post-digitization rate or an analysis of
seating and unseating transients where a higher post-digitization rate was
desired.
In addition, time waveforms were produced after passing the recorded
motor-current noise signals through a narrow frequency band filter.
Using
this selective waveform inspection method (SWIM), unique motor current signatures were developed which reflected the time dependent amplitude modulations
of the worm gear tooth meshing frequency.
These waveforms display worm gear
meshing on a tooth by tooth basis and, when transferred to a polar coordinate
system, provided a means to detect worm gear meshing symmetries and asymmetries.
Another novel. MCSA technique used was a method for determining whether an
observed motor current level change was a result of a change in mechanical
load or from a deviation in motor voltage without having to actually measure
the motor voltage.
This was accomplished by recognizing that an induction
motor's slip (speed) and current are related by the motor's characteristic
curve and voltage.
Different slip vs. current relationships can occur for a
given motor only at different voltages.
In other words, when a higher or
lower voltage condition existed during the time when motor current data
acquisitions were performed, the slip/current relationship provided one method
for detecting and quantifying the actual voltage.
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TEST RESULTS - VALVE "A"
One of the initial observations made when analyzing motor-current signatures of valve "A" was that a general decrease in running current magnitudes
occurred during the open-to-close stroke.
This signature characteristic,
along with the corresponding torque switch position signature, is shown in
Figure 2.
A drop in current of approximately 0.5 amps (5.75 to 5.25) was seen
in this MOV actuation which was carried out prior to the first system blowdown
test.
Motor current and torque switch angular position signatures were then
acquired during the first system blowdown (1000 psig, 480 F) which occurred on
4/27/88. As shown in Figure 3, the previously observed decrease in motor running current was followed by a gradual increase in current as the valve was
closed which reflected the additional running loads induced by the high
velocity flow stream.
Near the end of the open-to-close stroke, a sudden increase in motor
current and torque switch rotation was observed.
This apparently reflected a
momentary misalignment between valve contacting surfaces prior to the gate
establishing full sliding contact with the seat.
Once this sliding contact
was made, valve running loads decreased abruptly which identified the point in
the valve stroke when the flow was completely blocked by the gate.
This
occurred approximately 1.6 seconds from the complete "bottoming out" of the
gate which initiated a sudden and significant-rise in motor current and torque
switch rotation which provided indications that the valve was fully seated.
Similar running load characteristics during the first blowdown valve
closure were observed in the torque switch angular position signature, also
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shown in Figure 3.
One significant difference, however, should be noted.
The
torque switch position did not change during times when the valve running
loads were below a level equivalent to 5.3 amps running current.
This insensitivity to MOV running load variations below this point was apparently a
reflection
of springpack pre-load.
A small difference
(approximately
0.67 degrees) was also observed between the "no-load" (after motor starts but
before running loads are observed) and pre-load torque switch positions.
This
difference may have resulted from a small clearance between the torque switch
drive gear and rack assembly.
As large as the blowdown pressure and flow effects appeared in Figure 3,
their relative insignificance to the successful operation of the MOV was clear
when comparing their magnitude to the magnitude of the final valve seating
load as shown in Figure 4.
The running loads from the first system blowdown
were then expressed as a fraction of the total range between "no-load" and
torque switch trip load as follows:
SIGNATURE

MAXIMUM RUNNING LOAD DURING FIRST BLOWDOWN

Motor current

24.8% of the difference between "no-load"
the current at torque switch trip

current

and

Torque switch

23.7% of the difference between "no-load" position and
the position at torque switch trip

Torque switch

18.1% of the difference between "'no-load" position and
the final position (including inertia)
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Another way of visualizing the relative effects of blowdown pressure and
flow on the closure of valve "A" was by cross-plotting the motor current and
torque switch angular position magnitudes as'shown in Figure 5.
From this
signature, the proximity of the running load magnitudes to the torque switch
trip point is clearly seen as well as the additional inertial rotation of the
torque switch after the motor tripped.
The additional valve seating loads due
to inertia were relatively large, as evidenced by the additional 32% in torque
switch rotation after the motor shut off.
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In addition to the blowdown test, motor current data were acquired for
several valve "A" unseatings during a variety of initial differential pressure, fluid temperature, and line voltage conditions.
It should be noted that
during these valve openings against initial differential pressure, no fluid
flowed thru the MOV other than that which led to an equalization of upstream
and downstream pressures once the flow path was opened.
Figure 6 illustrates the effect of differential pressure and fluid temIn each signature two major motor
perature on valve "A" unseating using MCSA.
The first represents motor operator hammerblow, the
current peaks are shown.
second peak reflects gate unseating.
As expected, when opened under no differential pressure, the MOV motor
current signature indicated that no additional significant loads were present
However, when opened against 1700 pounds per square
after gate unseating.
inch differential (psid) of cold water, the valve unseating peak was followed
immediately by a period of increased running load which primarily reflected
the differential pressure-induced disk guide friction which persisted until
the flow path was opened and the pressures upstream and downstream of the MOV
were allowed to equalize.
The time measured from initial disk unseating to
This
the point when the running load began to suddenly drop was 1.6 seconds.
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4
6
TIME (s)

pressure

8

and

fluid

was the same time differential that was measured between the flow cutoff point
and the point of initial gate/seat contact during the blowdown test and therefore reflected the same stem/gate travel.
Once the flow path was opened, the
pressure rapidly equalized in approximately 0.1 seconds as shown by the sudden
decrease in the motor current magnitude.
When opened against 1650 psid (600'F water), and 1000 psid (480°F water),
the times required for complete pressure equalization increased to approximately 1.6 seconds and 1.8 seconds, respectively.
These times were determined
by measuring the time differential between the point when the flow path was
first opened (1.6 seconds after the disk unseating transient) and the point
when the motor running current first stabilized (indicating complete pressure
equalization).
The pressure equalization times were greater for the two hot
water cases since the mass flow rate of the flashing two phase (steam and
water) mixture was lower (through the same sized valve opening) and thus
required more time for the transfer of the mass of water necessary for the
pressures upstream and downstream of the gate to equalize.
As expected, motor voltage was seen to be very influential on motor
current signature characteristics as well.
The effect of reduced voltage on
the unseating characteristics of valve "A" under 1650 psid (600°F water)
initial conditions is illustrated by Figure 7.
The observed distortion in the
motor current signature features at 368 VAC (80% of rated voltage) resulted
from a shift in the motor characteristic response curve, which is more completely illustrated by the following motor current test data.
Motor slip (determined from the motor current frequency spectrum) and
average motor running current (from time waveform analyses) were cross-plotted
for valve "A" actuations under various pressure, flow, temperature,
and
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The slip/current relationship provided an indication of
line voltage stability and was used in determining if a change in motor running current was a result of a change in running load or from a line voltage
deviation.
Figure 8 illustrates that in addition to major changes seen
between 368 VAC (80%),
460 VAC (100%),
and 510 VAC (111%) data sets, a
relatively large amount of scatter was seen in the 460 VAC data.
By a simple
linear interpolation between the 460 VAC and 368 VAC data sets, a ±12 VAC
variance was estimated for the 460 VAC data (±2.6%).
Further examinations of the 460 VAC slip/current data provided an indication that the apparent voltage variance was primarily due to data acquired on
4/27/88 (the day of the first blowdown).
Figure 9 shows that with the exception of the 8 data points which represented MOV actuations on 4/27/88 before
the first blowdown, the remaining data (25 points) were contained in a relatively narrow band which, using the above interpolation method, would account
for an estimated voltage variation of only ±4 VAC (or ±0.9%).
Since ORNL did
not monitor motor voltage during the GVFIB tests, the apparent voltage variations at 460 VAC identified by MCSA could not be verified.
On 5/24/88, a partial stroking of valve "A" was carried out while the
blowdown mechanism (hydraulic valve) was kept in the open position.
Motor
current and torque switch position signatures were acquired during a partial
opening of the valve against blowdown flow which was immediately followed by a
closure stroke.
Figure 10 illustrates that, as expected, the flow-induced
running loads were dependent on the position of the valve's obturator (gate)
in the flow stream.
In general, the greater the flow blockage was, the
greater the flow-induced loads became (as evidenced by the motor current and
torque switch angular position signatures).
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TEST RESULTS - VALVE "B"
Motor current and torque switch angular position signatures were acquired
on valve "B" during a system blowdown test which was carried out on 6/14/88 at
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1000 psig and 530 0 F.
The effects of blowdown flow-induced valve loads were
expected to be more noticeable on valve "B" than on valve "A" primarily due to
the size differences between their motor operators.
Valve "B" used a smaller
SMB-O operator and thus was more limited in its output than the larger SMB-2
operator used by valve "A".
Figures 11 and 12 illustrate, the effect of the system blowdown on the
closure of valve "B" as seen via motor current and torque switch position
signatures, respectively.
For comparison, signatures are also shown which
were representative of an open-to-close stroke carried out prior to the blowdown at similar valve internal fluid pressure conditions but with no flow. An
examination of these signatures indicated that the flow-induced valve running
loads were so significant that they could have caused a torque switch trip
prior to valve gate/seat contact if they had been a little larger.
Maximum running loads during blowdown therefore represented a large fraction of the operating range of valve "B" as shown below:
MAXIMUM RUNNING LOAD DURING BLOWDOWN

SIGNATURE
Motor

current

71.6% of the difference between "no-load"
the current at torque switch trip

current

and

Torque switch

87.3% of the difference between "no-load" position and
the position at torque switch trip

Torque switch

76.3% of the difference between "no-load"
the final position (including inertia)
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Motor current and torque switch position magnitudes were cross-plotted as
shown by Figure 13 and clearly illustrate the reduction in valve "B" operating
margin due to the presence of flow-induced running loads. The close proximity
of the maximum running load level to the torque switch trip point in the blowdown valve actuation indicated that after the valve gate contacted. the seat,
the torque switch.rotated only a small amount (less than three degrees) before
it tripped and shut off power to the motor.
This small valve seating transient was also observed as a 0.8 amp motor current rise. For comparison, the
torque switch and motor current signal rise during valve seating for the preblowdown (no-flow) actuation were approximately 11.9 degrees and 2.15 amps,
respectively.
In a manner similar to that previously performed on valve "A", a partial
stroking of valve "B" was carried out while the blowdown mechanism (hydraulic
valve) was kept in the open position.
The motor current and torque switch
position signatures
acquired during this operation are illustrated
by
Figure 14 and are similar in many respects to those shown in Figure 10
(partial stroking of valve "A" against blowdown flow); however, one major
difference between the two signatures should be mentioned.
The lack of an
obvious valve unseating peak in Figure 14 reflected the lack of significant
seating loads in the previous open-to-close stroke (see Figures 11, 12, and
13).
Once fluid was allowed to flow through the valve, an immediate increase
in valve running loads were observed which subsequently decreased as the gate
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was pulled out of the flow path. As the valve "B" gate was once again lowered
into the high velocity flow, the valve running loads increased until the valve
seated.
It should be noted that valve running loads at gate/seat contact were
not as large during this valve closure as seen in the full closure against
blowdown flow (see Figure 11) due to the reduction in system fluid pressure
which occurred between these two tests. Consequently, valve seating (gate-to-

seat) loads were higher in this open-to-close stroke as evidenced
increased motor current rise after gate/seat contact had been made.

by

an

Figures 15 and 16 are included in this paper primarily to illustrate
additional MCSA techniques which, if utilized periodically, would be useful in
identifying changes in internal operator characteristics and which may provide
Figure 15 shows a motor current
indicators of gear eccentricity and/or wear.
noise signature obtained on valve "B" which includes spectral components at
several known frequencies including motor speed and slip, worm gear rotation
Amplitude modulations of the worm gear tooth
and worm gear tooth meshing.
The worm
meshing frequency, revealed using SWIM, are presented in Figure 16.
gear tooth meshing pattern shown in this figure provides indications that
uneven worm gear tooth meshing loads were present at the time the motor curNo signifrent data were acquired, which may lead to uneven worm gear wear.
icant changes in motor current noise spectra or worm gear tooth meshing patterns were observed on either test MOV during the relatively short duration of
This suggested that no significant degradation had occurred
the GVFIB tests.
within the motor operators as part of this test.
In summary, the Gate Valve Flow Interruption Blowdown Test was an excellent opportunity for MOV diagnostic studies and more importantly, a means for
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determining the influences of high blowdown flow on the operation of BWR isolation valves.
The reduction in operating "margin" of a motor-operated valve
due to the presence of additional valve running loads imposed by high flow was
clearly observed in motor current and torque switch angular position signatures.
In addition, the effects of differential pressure, fluid temperature,
and line voltage on MOV operations were observed and more clearly understood
as a result of utilizing signature analysis techniques.
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ABSTRACT
Solenoid-operated valves (SOVs) are being studied at Oak Ridge
National Laboratory as part of the USNRC Nuclear Plant Aging
Research (NPAR) Program.
The primary objective of the study is to
identify and recommend methods for inspection, surveillance, and
maintenance of SOVs that can ensure their
operational readiness-that is,
their
ability
to perform required safety functions under
all'anticipated
operating conditions.
An earlier
(Phase I) study described SOV failure modes and causes
and identified measurable parameters that might be used to monitor
the various degradations that lead to functional failure.
The
present (Phase II)
study'focuses on devising and then demonstrating
the effectiveness of techniques and/or equipment with which to
measure the previously identifiedperformance parameters and thus
detect and trend the progress of any degradation.
Several
nonintrusive techniques are currently under investigation.
These
include the monitoring of coil mean temperature by means of dc coil
resistance, 'the monitoring of valve position by means of coil ac
impedance, and the assurance of free plunger movement through
measurement of current and voltage at the valve pickup and dropout
points.
Techniques slated for later
investigation include the
monitoring of coil hum or chattering, using either acoustic sensors
or electrical
noise indicators,:and detecting the presence of
shorted turns in the solenoid coil using interrupted-current test
methods.
Recent experimental results which demonstrate the feasibility
practicality
of the techniques being studied are presented.
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PROBLEM BACKGROUND

Solenoid-operated valves (SOVs) are relatively simple devices with a long
history of satisfactory operation in a variety of both nuclear and non-nuclear
However, their application-to nuclear plant safety
industrial applications.
systems requires an especially high degree of assurance that they are ready 'to
perform at all times.
An earlier (Phase I) study1 described SOV failure modes and their-principal
The study also identified measurable indicators of
causes (Table 1).
performance (Table 2), as well as nonquantitative testing 'and surveillance
methods that might be used to detect the presence or monitor the progression
of various degradations that may ultimately lead to functional failure of the
The findings and recommendations of this Phase I study are reinforced
valve.
by similar conclusions reached by an IEEE task group composed of represenutility,
consulting, and manufacturing sectors of the nuclear
tatives from the
2
power industry.
Difficulties are encountered, however, in attempting to implement these ideas.
The SOVs installed in present-day plants. are uninstrumented, and the cost of
backfitting them with instrumentation would, in most'cases, be prohibitive.
Also, many SOVs important to plant safety are inaccessible during plant
Moreover, many valves requiring assurance of operational readiness
operation.
change state only rarely during normal plant operations (in some cases
opportunity exists for measuring
actuation is strictly prohibited), so little
have elected to
Accordingly, many utilities
dynamic performance parameters.
replace degradable components or subassemblies within SOVs that are embodied
in safety-related systems on a periodic basis (i.e., preventive maintenance)
rather than attempt to practice predictive maintenance using one or more of
In the extreme, the entire SOV may be replaced as
the approaches of Table 2.
a precautionary measure at predetermined intervals based on lifetime
expectations derived from environmental qualification tests, even though no
obvious malperformance has been observed.

MONITORING APPROACHES UNDER STUDY

studies are aimed
Despite the recognized difficulties, the present (Phase II)
at devising and then demonstrating 'the 'effectiveness of techniques and/or
equipment with which to. measure the performance parameters identified
previously, so as to detect and trend the progress of any degradation that may
intended function.
eventually' compromise the ability of a SOv to perform its
attention has been
In recognition of the cost effectiveness issue, initial
focused on remotely applied, nonintrusive techniques., i.e., ones that do not
require physical access to the SOV, the addition of sensors or signal wires,
Once these nonintrusive
or even temporary removal of the valve from service.
techniques have been evaluated, we will study the technical merits of other
monitoring methods that are less desirable from a standpoint of
disruptiveness.
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Table 1.

Aging and malfunction of solenoid-operated
Phase I study findings

valves--

Proximate causes of SOV failure/malfunction
* Electrical failure (opene Mechanical failure due to
* Mechanical binding due to
paint,
(build-up of dirt,

or short-circuited coil)
worn or degraded parts
the presence of foreign materials
polymerized lubricant, oil)

Degradation sites
* Elastomeric components (core seat;
e Solenoid coil (insulation)

seals)

Aging mechanisms
* Change in material properties with time,
radiation, chemical attack
" Conductor burnout
" Insulation failure

temperature,

Root causes of SOV failure/malfunction
" Excessive operating temperature
" Chemical attack of elastomers by oil
" High-voltage transients

Table 2.

Measurable performance parameters, testing and surveillance
methods identified by Phase I study

Quantitative measures of performance
" Coil resistance
" Coil power consumption
* SOV temperature
" Valve actuation time
" Valve flow coefficient, Cv
" Internal (through-valve) leakage rate
* Presence of hum or chattering
Nonquantitative indicators of performance
" Visual inspection
-- general appearance of exterior
burned paint, cracked or frayed wiring
-- accumulated moisture,
* Audible check
in energized state
-- buzzing or rattling
" Operational check
-- rapid, smooth change of state
-- best if
performed at extremes of rated valve pressure range
* Inspection of internal components
-- not recommended on a periodic basis
-- necessary to establish replacement intervals for limited-life
components
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DESCRIPTION

Although a number of potentially workable nonintrusive performance monitoring
techniques have been identified, the three studied initially in a laboratory
environment as part of this continuing study are
" Inference of coil temperature via in-situ measurement of the coil's
electrical dc resistance or ac impedance, combined with an
experimentally established temperature coefficient of resistivity for
the copper winding [(same principleas a resistance temperature
detector (RTD)]
* Determination of the balance points between electrical (magnetic),
spring (restoring), and friction forces within the SOV assembly by
measuring electrical current (or voltage) at the SOV pickup and
dropout points
" Indication of plunger position within the solenoid coil, as well as
freedom of plunger movement., by means of SOV ac impedance changes
associated with position-dependent magnetic flux coupling
The first
technique addresses the issue of reduced coil life attributable to
The principal merits of the cited
excessive SOV operating temperature.
approach include (a) the SOV coil serves as its own temperature sensor,
(b) the true temperature of the critical part (the coil winding) is directly
measured, (c) temperature readout can be provided at any location where the
SOV lead wires can be accessed, no matter how remote from the valve, and
(d) the SOV need not be disturbed (whether energized or de-energized) to infer
its operating temperature.
The second technique addresses (a) the issue of mechanical failure due to
worn, degraded, or improper parts or incorrect assembly of proper parts and
(b) the issue of mechanical binding resulting directly from the presence of
foreign materials or indirectly from chemical attack of elastomeric
components.
The principal merits of the technique are its ability to sense
impending trouble both remotely and without need for add-on sensors or wiring.
Its chief disadvantage is the need for application of a special ramped voltage
profile during actuation of the SOV under test.
The third technique addresses mechanical issues similar to those of the second
technique, but, as a method which establishes plunger position precisely, it
should provide additional (or confirmatory) information regarding such
problems as elastomeric seat degradation (and associated through-valve
leakage), faulty valve assembly or the use of incorrect parts, or the presence
Depending upon the nature of the
of chips, dirt, and foreign objects.
information to be obtained, the third technique can be implemented as a static
measurement, a dynamic measurement performed during normal SOV actuation, or a
dynamic measurement requiring application of a special ramped voltage profile.
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RESULTS
Coil temperature inference
Figure 1 shows the results
obtained when several SOVs, representing both ac
and dc types and different manufacturers, were placed in a thermostatically
controlled oven and their
dc resistances measured at a number of elevated
temperatures.
In every case an extremely linear relationship (correlation
coefficient >0.9997) was obtained over the temperature range of interest
(20'
to 170'C).
Note that the magnitude of the temperature coefficient of
resistance is sufficiently
large (0.3 to 0.4% per 'C) to permit temperature
inference to better
than ± 10'C accuracy using resistance measurement
equipment of only modest (3%)
accuracy.
Temperature measurement accuracy of
this order is thought to be adequate for indicating coil temperatures that
exceed good practice ceilings established by qualification tests
or service
life
prediction curves.
It is also important to realize that the trend of the
indicated coil temperature over a time span of months may be as important to
assessing SOV condition and operability as a knowledge of the coil's
absolute
temperature.
Figures 2 and 3 illustrate
the practical application of this technique in
which the SOV coil acts as its
own RTD.
In the first
test
(Fig. 2), a coil
resistance of 798 ohms was established from applied electrical
potential and
current readings taken at ambient (24°C) when the SOV was first
energized.
Using this single calibration point, in conjunction with the empirically
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excitation at two different voltage levels.

determined slope of the Lesistance vs temperature relationship for this
particular valve (3.41 ohms/°C), we can establish a temperature scale for the
right-hand axis of the graph which exactly'matches the directly measured
resistance scale on the left-hand axis, and thereby we can track the changes
The solenoid
in SOV coil temperature that accompany altered test conditions.
90 minutes after
temperature is seen to rise to about 113'C during the first
At about 140 minutes into the test, the applied
application of 117 Vdc.
voltage was increased to 135 V (a typical value for station batteries on
The following day
charge), causing the coil temperature to rise to 135°C.
(Fig. 3), the SOV was again brought to thermal equilibrium at about the same
excitation voltage, but, owing to somewhat restricted air circulation around
At 95
the SOV, a somewhat higher asymptotic temperature (139°C) was attained.
minutes into the'test, a fan was directed on the SOV, thereby increasing.heat
At a time of
transfer and reducing the inner coil temperature to about 116'C.
145 minutes, power was removed from the valve, allowing its temperature to
The final indicated temperature, based on
return to ambient rather rapidly.
coil resistance, was 23.4°C; this compares very well with the true temperature
of 23.0°C (indicated in Fig. 3 by a square symbol) read from a mercury-inglass thermometer placed in contact with the SOV.
Mechanical binding
Turning to the second (force balance) monitoring technique, Fig. 4 illustrates
.the current/voltage relationship obtained for an ac-powered SOV when the
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voltage was ramped up linearly over a time interval of about 50 s.
Curve "A"
was obtained with a clean, normally assembled valve, whereas curve "B" was
obtained from a valve of identical construction except that the solenoid core
(plunger) and the interior
of its
guide tube were liberally
coated with
shellac just
prior to the test
to simulate the mechanical binding reported in
LERs caused by polymerized lubricants or unfiltered air
supplies. The curves
track each other extremely well in the low- and high-excitation regions
representing static
plunger positions (i.e.,
purely electrical
properties),
but differ
markedly in the middle region of the graph where the valve actually
changes state.
The "normal" SOV is seen not only to change state
at a lower
level of excitation than its
"gummy" counterpart, but also to exhibit some
hesitancy to make the change of state
(the valve was audibly buzzing at this
time during the ramp-up) whereas the faulted SOV displays a smoother (damped)
transition
once sufficient
magnetic force is present to overcome the
resistance to movement produced by the sticky shellac.
Figure 5, representing
an excitation ramp in the decreasing rather than increasing direction, also
shows a pronounced difference between the voltage/current transition
points
for the normal and abnormal SOVs.
Although these early results
appear
promising, at this point in the study we have not performed a sufficient
number of repeat tests
to prove that trending the SOV pull-in
and drop-out
points provides a reliable,
consistent indicator of SOV internal condition.
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Plunger position indication
Figure 6 illustrates the third electrically based performance-indicating
technique studied thus far, the indication of absolute plunger position
through measurement of ac impedance presented at the SOV electrical leads.
SOV impedance (at 60 Hz) is seen to increase about 30% as mutual inductance
builds in the current region 0 to 50 mA, then remains about constant until
130 mA is reached, at which point the plunger is abruptly drawn into the
This change of valve state produces nearly a doubling of the
solenoid.
impedance, which then decreases fairly rapidly as excitation is increased, due
to increased eddy currents and magnetic saturation of the core iron. This
excitation-level-dependence of ac impedance~unfortunately complicates
considerably the relationship between measured impedance and coil temperature
but can be turned to advantage in providing a very sensitive measure of
plunger position within the coil (hence, position within the valve body).
Measurements made with movement-restricting shims of various thicknesses have
shown a typical impedance sensitivity figure of 6Z/6d = 7 ohms/mil of
displacement (1.5% change in Z per mil) at the unenergized seat position,
implying that an impedance measurement performed on an SOV at known
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temperature and excitation should provide indication of plunger displacements
as small as a few thousandths of an inch.
This technique may thus prove
useful in detecting the presence of foreign objects within the valve, degraded
seats, or other abnormalities leading to displacement of the plunger from its
two normal resting points.
FUTURE WORK
A number of additional monitoring and diagnostic measurement
been identified for study.
These include:

techniques have

" Sensing the presence of humming or chattering of the plunger assembly
within ac-powered SOVs using either frequency analysis of the coil
current signal or acoustic sensors placed in close proximity to the
valve
" Analyzing the detailed time "signature"
accompanying SOV actuation

of the inrush current

" Detecting the presence of shorted turns in
interrupted-current testing principles
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The first
two techniques may be sensitive to worn or improper parts, valve
misassembly, the presence of foreign materials, degraded elastomers, and
The second technique (inrush current
misalignment of the solenoid core.
signature) has been studied by others 3 with somewhat inconclusive results;
however, the data analysis employed focused almost exclusively on the
frequency domain, and it is believed that time domain methods need further
The third
exploration before the merit of the technique can be determined.
technique, which has apparently proved valuable to NASA, 4 should provide an
early indication of SOY coils that have been damaged by high-voltage
It
is well known that coils with turn-to-turn shorts soon selftransients.
of temperature
destruct to an open-circuit condition due to the rapid rise
locations.
caused by internal heating at the short-circuit

INTERIM CONCLUSIONS
six work-months of this continuing study
Results obtained during the first
support the following conclusions:
The trending of several measurable performance parameters shows promise
for determining operational readiness of solenoid-operated valves

--

Parameters are sensitive to historically important failure
modes/causes

--

Techniques are minimally disruptive

--

Parameters can be measured at a location remote from the SOV

--

The SOV can often act as its
own sensor,
need for additional instrumentation

to plant operations

thereby eliminating the

* Study of additional performance monitoring techniques
--

Seek sensitivity
to failure modes/causes
investigated to date

--

Tradeoff between degree of invasiveness
needs to be established

is

warranted

not covered by techniques

and information obtained

Clearly, any SOV monitoring methods seriously proposed for implementation by
nuclear plants will require further examination in order to ascertain their
limitations and practicalities.
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Abstract
A methodology is developed for seismic qualification of
nuclear plant equipment by applying similarity principles to
Experience data is that available
existing experience data.
from previous qualifications by analysis or testing, or from
Similarity principles are defined in
actual earthquake events.
terms of excitation, equipment physical characteristics, and
Physical similarity is further defined in
equipment response.
terms of a critical transfer function for response at a
location on a primary structure, whose response can be assumed
directly related to fragility of the item under elevated levels
are developed
for combining
of excitation.
Procedures
experience data into composite specifications for qualification
of equipment that can be shown to be physically similar to the
reference equipment.
Other procedures are developed for
extending qualifications beyond the original, specifications
Some examples for application and
under certain conditions.
verification of the procedures are given for actual test data
The developments are
available from. previous qualifications.
intended to elaborate on the rather broad guidelines by the
IEEE 344 Standards Committee for equipment qualification in new
nuclear plants.
The results also contribute to filling a, gap
that exists between the IEEE 344 methodology and that which was
previously developed for equipment in existing plants by the
Seismic Qualification Utilities Group.
1.

Introduction

Since about 1971 and certainly since 1975, seismic qualification
been
for use
in nuclear power plants has generally
of equipment
accomplished by means of analyses, tests, and/or combined test and analysis
methods,[1].
A large volume of qualification data has been generated from
The current trend is to compile the available data from this
this effort.
experience, as well as that from nuclear and non-nuclear plants that have
been subject to actual earthquake events, and develop a formal methodology
Obviously, a reduction in
for qualification based on such experience data.
time schedules and costs required by the above conventional methods are
sought.
The general guidelines for development of experience data
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methodology have already been formulated [2], and are based on the concept
of qualification by similarity.
However,
more specific guidance is
necessary for the approach to, be practical and to avoid its potential
misapplication.
The purpose of this paper is to present a basis from which
the similarity principals originate, more specific similarity methodology,
and some practical examples of the' use of that methodology in qualification
by experience..
The general approach to qualification by similarity [2] includes
development of an argument that' qualification of a new. equipment item
follows a-priori because of appropriate similarities between certain data
which describes the equipment .and its intended environment, and that which
already exists in an experience data base.
Herein, similarity will be
denoted by the symbol -, which also means "approximately equal to in a
designated frequency bandwidth," for certain parameters of the problem.
Appropriate
similarities
can
be
defined
according
to the
dynamic
characteristics of a) the seismic 'excitation, b) -the physical system
(equipment), c) certain dynamic responses of the system, or d) combinations
of these characteristics.
Details of the approach for a specific case,
including the degree of similarity necessary, will depend on the nature of
the equipment and the existing data.
However,
certain fundamental
principals must be applied in any'case.
The' contents of this paper are condensed from Reference [3], which
can be consulted for more examples of application and discussion of its
relationship to other similar published, work oný qualification by use of
experience data.
General terminology follows that"for Reference [2],
except for some new terms defined herein.
2.

Fragility basis for similarity

Herein,. we, postulate that 'the ultimate basis for similarity
principles resides in the concept of fragility [4] as depicted by specific
example for an electrical cabinet in Figure 1. The cabinet is excited in a
given direction by an acceleration time history a (t), whose response
spectrum is Rx(f).
The interior panel of the cabinet contains 'several
devices whose functions are safety-related to the operation of a nuclear
plant.
As the amplitude of the excitation is increased on each of several
successive test runs, the primary structure response a (t) at the critical
device location also increases via the critical transfer function H (f).
All of the. safety-related devices continue to function properly through
their functional mechanisms Mf(f), as evidenced by the acceptance criteria
function'. Bf.
Eventually at some excitation level one of the devices (which
is designated 'as the critical device) malfunctions.
The excitation
response spectrum Rx(f) for this excitation level is further designated as
the fragility response spectrum RF(f). ' Note that the malfunction is not
determined by a measure of Mf(f) per se, but simply by an observation of
the related acceptance criteria function B'f such as relay chatter or trip.

,IInternal

Operation:

Mf(f)

Acceptance Criteria:
Critical
Device
Location-y

Bf

a

n

-alfunction

I

a (t). R (f)

INTERIOR
PA14EL

Given Hp(f) and acceptance function Bf,
Excitational Equality:
If Rx1(f) = R 2 (f),
Then Ryl(f) = Ry (f)
2
pI)so
pRF(f)

and Bf] = Bf2

that
R

RF(f)

for all f

Excitational Similarity:

If R (af) - R (Af),
xI
x2
ax(t), Rx(f)
Excitation Location-x

Then Ry(Af) . Ry2(Af) and Bfl
so that
RF1(Af)

RF2 (Af)

Bf 2

for given af,

which means approximately equal response
within a specified frequency range Af'.

Figure 1. Specific example of equipment fragility

Figure 2. Definition of excitation similarity

Although response spectra are used for motion descriptions in
For example, if the critical
Figure 1, power spectra can also be used.
is linear, one can write (see Refs. [5,6] for
transfer function H (f)
derivations):

or

ay* = 2 nHp(fn)IRx(fn)
H

(2.1)

Gy(f) = IHp(f)I 2Gx(f)

(2.2)

These two equations
where I I denotes magnitude of the enclosed function.
are expressed in forms that can be useful for both test and analysis
At this point, they are used only generically to lend credence
purposes.
to the fragility concept displayed by the diagram in Figure .1. However,
they are often used directly for analytical qualification or support of
combined analytical and test qualifications.
It may be noted that Equation (2.1) is not a direct relationship
for calculation of input and output response spectra, as Equation (2.2) is
In fact, no such simple
for power spectra, in conformance with Figure 1.
The relationship.must be
direct relationship exists for response spectra.
used 1) indirectly by a time history method, whereby a response spectrum
R (f) is produced from a calculated response time history; or 2) indirectly
whereby Equation (2.2) is used to calculate a response power spectrum
and this parameter is subsequently transformed to the response
G (f),
shectrum Ry(f).
If the nature of the primary structure is nonlinear (which occurs
to some degree in most equipment),. Equations (2.1) and (2.2) do not apply
directly, but are only approximations to the actual governing equations.
Nevertheless, approximate linear evaluations are almost always used in
analysis,
since nonlinear approaches very quickly become impractical,
Thus, quasi-linear developments which include
except for special cases.
evaluation of H (f) at a given response level may be appropriate when H (f)
Furthermore, analytical expressions
is a function',of excitation amplitude.
for R (f), Mf(f),
and B may be very complex and, in fact, are never,
determAsined explicitly.
lso, Mf(f) represents a malfunction process that
can be especially varied in the diversity of equipment used in nuclear
plants.
Usually, this process will apply to some critical device that is
attached, at an elevated position on the primary structure, as presented in
However, it could also represent the stress level at some
Figure 1.
critical location in the primary structure itself.
Some examples of how a
exceeding threshold
critical process or device can malfunction are:
response for displacement, velocity, acceleration or stress; relay chatter
Thus, Mf(f) may be linear, nonlinear, or of logic form,
or trip, etc.
Nevertheless,
which is difficult to write as a mathematical relationship.
the general concept depicted in Figure 1 is applicable in any case, and can
be used in developing similarity principles without having to establish any
fragility is
inherently
relationships.
In doing this,
mathematical
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included by consideration of the function/malfunction
rather than by development of exact fragility functions.

of the

equipment,

The use of the critical transfer function H (f) for the primary
structure is inherent in all qualification scenarios gy use of similarity
In Figure 1, this transfer function
principles to be used in this paper.
has been defined relative to a base motion excitation, which typically may
have been acquired from experimental
resonance searches in previous
Herein, all applications and examples will be based on
qualifications.
this type of transfer function, since it corresponds directly to excitation
However, it is apparent that
by earthquake ground or floor-level motion.
the similarity procedures outlined in this paper can also be carried out by
This type of transfer function is
means of base-fixed transfer functions.
typically measured by in-situ tests, or can readily be developed by
Note that either type of transfer function can be
analytical methods.
used, but they cannot be mixed in the process of carrying out similarity
arguments.
3.

Types of similarity

A broad definition is given in Reference [2] for three types of
In
similarity that are appropriate for use in equipment qualification.
this section, portions of these broad definitions will be paraphrased, and
further developed -into a correspondence with the general concept of
equipment fragility defined in Figure 1. Each development will include,
first, a definition of corresponding equality which, although it may be
is the principle on which heretofore equipment qualification
obvious,
follows a corresponding definition of
Then,
based.
methodology is
similarity, so that the essential differences in equality and similarity
can readily be established.
3.1

Excitation similarity

3.1.1

General definition

"Similarity of excitation constitutes likeness of parameters such
spectral
characteristics, duration, directions of excitation axes, and
as
for the motions relative to the equipment
location of measurement
2
provides an elaboration of this definition for
Figure
[2].
mounting,"
qualification scenario, where a single
equipment
a
typical
to
application
alternately
is
transfer function H (f)
equipment item with critical
To
RX
(f)
and Rx2 (f).
corresponding
excitations
to
two
different
subjected
1
current
of
the
representation
as
a
this
diagram
consider
first
However,
not
previously
equipment
item
approach to qualification of a single
qualified, and then the similarity concept can be shown to be a direct
That is, in Figure 2, consider R 1 (f) to be a
extension of that approach.
RRS (Required Response Spectrum) that is prescribed for quaTification of
If Rx2 is the TRS (Test Response Spectrum) for a test, then the
the item.
current enveloping requirement is:
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Rx2(f)

_ Rx1 (f)

for all f.

The requirement is that not only excitational equality,
similarity of excitation must exist at all frequencies.

but

conservative

situation in which the
Now consider a different practical
That is, given that a
enveloping requirement will be relaxed somewhat.
single equipment item has been qualified to excitation Rx1 (f), what are the
dynamic characteristics of excitation R 2 (f) that must be similar to R (f)
The intent behind the a ove
so that the item is also qualified to R•2 (f)?
quotation from Reference [2] becomes much clearer after referring to
Figure 2, in which a more precise definition is based on the implied
That is, the excitation
effects that the excitation has on the equipment.
causes some critical dynamic response via the equipment critical transfer
function, and this response triggers some form of damage level in the
IEEE
344
in contrast to the above described
However
equipment.
is
required,
equality
which
overall
excitational
requirements
in
excitational similarity is defined whereby two spectra are required to be
.only approximately equal in certain discrete increments of the frequency
range.
Thus, a similar excitation is one which produces a similar damage
level, even though the excitations are not identical at all frequencies.
This can only occur if dynamic characteristics of the equipment also
Therefore, the degree of similarity that must
satisfy certain conditions.
be shown in the excitation characteristics depends on what, if anything,
can be predetermined about the equipment critical transfer function H (f)
This leadý to
and the form of malfunction in the equipment in question.
The
the definition of physical similarity, which is discussed hereafter.
implication is thattwo of the three types of similarity are necessary for
qualification to be established when excitational identity is not present.
3.1.2

Waveform similarity

As defined in Figure 2, excitational similarity requires two
spectra to be approximately equal within a designated bandwidth Af, but not
However, it is intuitively apparent that differences of
outside this band.
This leads to the
the spectra outside this band cannot be unlimited.
concept of waveform similarity, which assures that overall frequency
so that essential
bandwidth is sufficiently similar for two spectra,
dynamic behavior of a system to which the excitation is applied is not
Therefore, waveform
changed dramatically outside the frequency band Af.
Period
(Zero
similarity- may be assured providing that the ZPA/RMS
Acceleration/Root Mean Square) ratio for the two excitations are nearly the
same [6].
Since the ZPA/RMS ratio is not conveniently available from
it has been shown in Reference [7] that
existing qualification data,
waveform similarity can be established approximately by comparing the
for two response
maximum spectral acceleration to ZPA ratio (R×*(f)/ZPA)

spectra.
This amplification factor varies with damping of the oscillator,
and the bandwidth of the waveform.
For example, at 5% damping, the
amplification varies from 10.0 for a steady state sinewave, about 7.5 for a
ten cycle per beat sinebeat, to about 2.6 for a random signal which matches
a R.G. 1.60 spectrum.
Therefore, waveform similarity of two spectra may be
approximately assured when the maximum spectral amplification factors are
nearly equal.
3.1.3

Excitation axes

The orientation of horizontal excitation is usually specified
relative to principle geometric axes, i.e., front-to-back and side-to-side.
The direction of excitation can have a significant bearing on the operation
of various equipment.
This direction of excitation has always been
identified for qualifications in the past.
Herein, it will be recognized
throughout that subsequent use of data from such qualifications will
include allowing for proper excitation orientation.
To
summarize,
when considering
following specific items must be included:
1)
2)
3)
4)
5)
6)

excitation

similarity,

the

Frequency distribution (response spectrum or PSD)
Peak amplitude
R,*(f)/ZPA factor
Time duratio'ý
Axes of orientation
Point of application

3.2

Physical similarity

3.2.1

General definition

"For
a
complete
assembly,
(physical)
similarity
may
be
demonstrated through comparison of make, model and serial numbers,
and
consideration of dynamic properties and construction.
Since the end
objective
of
qualification
by
the
similarity
method
includes
a
consideration of the expected dynamic response,, a rational approach can be
used to establish similarity of dynamic structural properties by an
investigation of physical parameters of equipment systems.
This can be
done by comparing the predominant resonant frequencies and mode shapes,"
[2].
One explicit method to satisfy the above requirements includes
development of transfer functions at locations important to the performance
of the system.
Therefore, herein, for the purpose of establishing physical
similarity, the equipment will be characterized by a critical transfer
function H (f), which will be determined explicitly; and its acceptance
function Bf) which will only be determined implicitly (i.e., by a pass/fail
observation).
This approach is consistent with previous qualification

procedures.
The approach is shown conceptually in Figure 3, where two
different equipment items are subject to the same excitation spectrum
R (f).
The appropriate question .becomes, how can the critical transfer
functions for the two items best be established and compared, so that their
common fragility response (and, therefore, physical similarity) can be
established?
The approach is outlined in the figure by first defining
physical equality in terms of H (f) and Bf, and this leads to the further
indicated definition of physica'l similarity.
Therefore, the differences
between the two can :readily be distinguished..
It may be noted that the
definition of similarity indicated in Figure 3 could conceivably be
satisfied
even
though
the
two
equipment
items
were
not
similar
functionally.
That is, one might be an electrical cabinet and the other a
valve.
However, the 'most likely practical situation will be where both
items are similar in general physical characteristics and function.
Figure 4 is useful to emphasize further how critical transfer
functions can conveniently be used to compare directly the dynamic
characteristics of different equipment, and to describe the "degree of
physical similarity" in that equipment.
In accordance with the concept
shown in Figures 1 and 3, each equipment item is described by a primary
structure critical transfer function H (f).. The dynamic response of the
primary structure at the critical l 8 cation is judged to be directly
associated with the function/malfunction of the equipment.
This transfer
function may include a single dominant mode, as indicated for each item in
Figure 4, or multiple modes.
The critical bandwidth Afc. for each item is a
frequency band within which the dominant response occurs.
(Obviously, the
width of this band is determined by the damping in the equipment and any
modal interaction present.)
The composite bandwidth Af
is defined as the
bandwidth between f
- 1/2Af. and f. + I/2Af., where fc. is the lowest and
f. is the highest ncatural frequency present,
Cc
If two items had identical critical transfer functions, then they
would satisfy physical equality (identity), as described in Figure 3. . The
amount of difference (i.e.,
bandwidth Afci,
center *frequency f ., and
magnitude H .(f .)) ,all determine the degree (i.e., large or smail) of
physical si11larity present.
Thus, large similarity denotes more nearly
identical critical transfer functions for two items.
Furthermore, it must
be emphasized again that the critical transfer function H (f) is not just
any dynamic response indicator, but in addition it must Pcorrespond to a
critical
location,
whose
response is
directly associated with the
function/malfunction of the equipment.
Therefore,
this description is
totally sufficient,
in that it
includes all information necessary to
describe the dynamic, functional,
and fragility characteristics of the
equipment, as required by Reference [2].
It. may be noted that the indicated definition of physical
similarity allows relaxation of the dynamic characteristics to where only
approximate (but conservative) equality exists in certain discrete areas of
the frequency range.
The respective critical frequency fci is one that
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a.

Given Rxf),
w

I~.

Physical Equality:
If ,fl(f) = Mf2 (f)
Bfl

Then

`I
4.1

ffl

Bf2

=

and Hp(f) = Hp2 (f),

I-

and Ryl(f) = Ry2 (f)

= Afc2
fcl

so that
RF1(f) = RF2 (f)

Then

Bfl

,

Bf2

and Hpl(Af) - Hp2 (Af)
and Ry1 (Af)

fc3
FREQUENCY

for all f

Physical Similarity:
If Mfl(Af) - Mf2 ((f)

fc2

LARGE SIMILARITY:

Items 1, 2

SMALL SIMILARITY:

Items 1, 3
Items 2, 3

, Ry2 (Af)

Afci , Afc2
with Afcl and Afc2 both contained in Afcc

Afci is bandwidth at half-power amplitude
(i.e., 0.7 peak amplitude)

so that
RFI(Afcc) ' RF2(Afcc)

for given

fcc

where
Afcc = Preselected composite critical frequency
bandwidth

Figure 3.

Definition of physical similarity

Figure 4.

Degrees of physical similarity

would represent the minimum on a narrowband fragility function (or peak of
H (f)), and Af . is taken as the frequency bandwidth of H (f) at the halfis relatively arbitrary, but
This selection of Af
power responseci evel.
is done to concentrate on a dominant ba~width in which most of the
as indicated in
Use of the half-power bandwidth,
response occurs.
Figure 4, provides a simple relationship with the modal damping and
critical frequency, or with the peak magnitude of H .(f .), as will be
Note also that the composite crif"caT bandwidth Af
indicated shortly.
will be wider than Af and Afc2, as it must include them both, as indicatA
bandwidths,
and peak
in Figure 4.
Furihermore,
only frequencies,
amplitudes of the critical transfer functions enter the essential part of
The degree of similarity, or
the definition, as will be explained later.
extent of such commonality of approximation in frequency bands necessary to
establish qualification in a given case also will depend on details of the
excitation, as will be described later.
3.2.2

Procedure to establish physical similarity

In order to establish physical similarity between one equipment
item (designated as Item 1) and another item (designated as Item 2), the
following is one procedure that may be used:
1)

Assume the most probable mode of malfunction for Item 1, and
show by experience or deductive reasoning that this mode of
failure is essentially alike that of Item 2.

2)

Determine, by experience or deductive reasoning, a critical
location on Item 1 whose dynamic response most probably
Likewise, make this determination
affects the malfunction.
for Item 2.

3)

a critical
analysis,
or experience,
Establish by test,
transfer function H (f) between the excitation point and the
The degree of detail
critical response p 8 int for both items.
of this transfer function will vary considerably, depending
on the method used and the accuracy of the data available.
.,
The most essential information is the critical frequency f C)
IHpi(f
the critical bandwidth Af ., and the peak magnitude
Cl
Note that:
for the critical transferCtunction.
Afci

=

Af at 0.7 IHpi(fCd)I

which can be obtained from an experimental plot, or
Afci

=

2(cifci

which can
available.

be

calculated

if

the

modal

damping

ýci

is

4)

Verify that the critical
satisfy:
IHp 1 (fc 1l) I

5)

•

transfer

function

peak magnitudes

IHp 2 (fc 2 ) I

Within the assumptions of mode of failure and critical
location, the two items can be defined to be physically
similar in a bandwidth up to a composite critical bandwidth
Afcc, where
Afcc = (fcl

-

1/2AfCl) to (fc2 + 1/2Afc2 )"

(3.1)

The exact approach by which the above steps are performed will
vary significantly depending on the kind of data available, and the nature
of the two equipment items.
Furthermore, the process must be repeated if
more than one mode of failure is suspected to be present, unless all
critical bandwidths Af. are shown to be included in the composite bandwidth
Af .
Note also that'the magnitudes of the critical transfer functions
HpJfd) are influenced both by equipment damping and modal participation
factors.
Thus, if the equipment is dynamically similar (i.e., stiffness,
mass, boundary conditions),
then similarity of modal participation is
assured.
Furthermore, if damping is approximately equal, then physical
similarity is assured within a given AfC simply by showing that the various
f.
fall within that band.
The useful part of Af
as defined above will
depend on how the available excitation energy cis distributed in the
frequency band that corresponds to Afcc for the equipment in a given case,
as will be shown later.
3.3

Dynamic response similarity

When
used
in combination,
excitation
and
physical
system
similarity are probably sufficient to address most practical problems that
will
arise
in equipment
qualification.
However,
dynamic
response
similarity is a concept that may be used to extend the qualification by
experience even further.
"A physical system response can be described
through the same quantities as excitation (e.g.,
duration,
frequency
content,
amplitude,
etc.)
or through failure modes of the system."
,Figure 5 provides a more precise definition of dynamic response similarity.
That is, given that similarity of response and malfunction behavior can be
established, what further can be concluded about the similarity of the
excitation and/or the physical system?
The implication is that dynamic
response similarity can be used in an inverse approach along with physical
similarity to establish excitation similarity, or along with excitation
similarity to establish physical similarity.
This all follows from the
interrelationship
of the excitation,
physical
system,
and response
characteristics as depicted in Figure 1. The various detailed ways in
which this interrelationship can be applied to solve practical problems is
still very much under development.
Some of these applications follow,
herein.

R
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\
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Rx2 (f)
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FREQUENCY,
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selection of Af
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f

along with
Method:

A)

Hp(Af)
and

Hp2(Af)

Nf1 (Af)

- K12 (Af)

then R I(Af) - Rx 2(Af)

or B)

Rx(Af)

Rx2(af)

then Hp(Af) ' Hp2 (Af)
and
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0

Mf2 (Af)
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RF1(AfCC)

RF2(Afcc)
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where
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Definition of response similarity

Figure 6.

Development of composite response spectrum
for physically identical equipment

4.

Similarity applications

There are many conceivable practical qualification scenarios to
*which the previously developed principles may' be applied.
Within this
section, several typical hypothetical scenarios will be described, and
details given for use of the principles for providing a solution to a
typical
problem.
Examples which
include
data taken
from actual
qualifications will follow in Section 5.0.
4.1

Composite spectra

Generation of composite spectra is one of the most fundamental
requirements for equipment qualification by similarity.
One typical
objective may be to extend the qualification of a single previouslyqualified item.
Another typical objective may be to develop a generic data
base for use in qualifying other equipment (candidate items) whose physical
similarity can be established relative to previously-qualified equipment
(reference items), whose available data are used to generate the composite
spectrum.
In accordance with Reference [2],
a composite spectrum
is
reference. spectra
defined to be fo'rmed within the envelope of several
(i.e., TRSs for several reference equipment items),
and is likely to
produce equal or less response
than any one of the individual reference
spectra.
The procedure for generating the composite must include
consideration of all equipment vibrational modes which are significant in
determining its structural integrity and functional operability.
This
section contains several scenarios which include generation of a composite
spectrum.
4.1.1

Composite spectrum, for physically identical equipment

For simplicity, a composite spectrum will first be developed for a
case which involves only a single item of equipment.
Generation of a
composite spectrum will be described by the example shown in Figure 6.
That is, given a single equipment item that has been qualified to Rx1 (f) and
also to RX2 (f), demonstrate that it is also qualified to the composite
spectrum Rx3 (f).
This requires the following steps:
1)

2)

Establish the critical transfer function H (f) for the item
as performed in Paragraph '3.2.2.
In thfs case, physical
equality exists since only a single item is involved.
The
critical frequency range Af
is taken as the bandwidth of
Hp(f) at 0.7 times the peak value, or 2( fc
1 (i.e., Af i=Af==).
Satisfy excitation similarity by confirming that R (f) is
equal to or less than both Rxl(f) and R (f) within AY
By
this requirement, the approach is conservative within the
critical bandwidth.
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3)

Confirm that the ZPA for R (f) is equal to or less than the
largest ZPA present.
By 1nis requirement, the approach is
conservative for rigid body response.

4)

Satisfy w'aveform similarity by confirming that the ZPA/RMS
ratio or the maximum spectral amplification factor for the
composite spectrum is within the range of those for the
individual constituent spectra.

5)

If the absence of multimode interaction cannot be justified
(i.e.,
when the constituent spectra represent sinewave,
sinebeat,
or other narrowband waveforms),
the composite
spectrum must be multiplied by 0.7 [8].

It should be noted that the complete determination of the critical
bandwidth Af
isaccomplished in'Step 1. However, the utility of the final
process is greatly influenced by how the thereby determined AfQC matches
with. Af
the "optimum band for, selection of Af ", as indicated in
Figure dt' This. has implications on how a database can optimally be
developed from various response spectra thatmay be.available from previous
qualifications.
Furthermore,. if the individual constituent spectra RX
1 (f)
and Rx2 (f) are based on relatively broadband waveforms, then use of the 0.7
factoris not warranted.
4.1.2

Composite
method)

spectrum

for

physically

similar

equipment

(direct

Consider now development of a composite spectrum 'R3 (f) 'for a case
where one reference~item has beenqualified to R (f) and a second reference
item has been qualified to R 2 (f), where the three spectra are as given in
Figure 6.
Physical similarity for the two reference items will be
established
by
means
of
Paragraph
3.2.2,
which
involves
direct
consideration of equipment dynamic characteristics.
1)

The critical transfer function H .(f) for each item must be
established
by
the
5-step p~ysically
similar process
described in Paragraph 3.2.2.
For illustration, assume that
they correspond to H (f)
and HP(f),
respectively,
in
Figure 4.
Establish the composite critical bandwidth Af by
use of Equation (3.1), which results in the bandwidth Af
(1,2) in Figure 4'. Thus, physical similarity exists within
Afcc (.1,2).

2)

From this point, Steps 2-5 of Paragraph 4.1.1 for physically
identical items are also required to generate the composite
spectrum for this case.

Note that in view of Step 2 of"Paragraph 4.1.1, knowledge about variation
in the peak magnitudes, on the transfer functions (i.e.,
Step 4 of

Paragraph 3.2.2) is not necessary for generating the composite spectrum.
However, use of this step will be necessary for further use of the
composite spectrum for qualifying other candidate similar equipment.
Furthermore, the comments at the end of Paragraph 4.1.1 which relate to
Af
as the "optimum bandwidth for selection of Afcc are again very
pePinent.
4.1.3

Composite
method)

spectrum

for

physically

similar

equipment

(response

Again, consider the case where one equipment item has been
qualified to R 1 (f) and a second equipment item has been qualified to
Rx2(f), where the two spectra are as given in Figure 6.
No detailed
resonance search data were acquired at elevated response locations on the
primary structure during the original qualifications.
However, elevated
response spectra R (f) and R (f) were acquired, for it was anticipated
that secondary dev ces might be exchanged on the primary structure at a
later date.
Generation of a composite response spectrum Rx3 (f)
is now
desired.
As before,
generation of a composite spectrum
requires
demonstration of physical similarity and excitation similarity.
However,
in this case, physical similarity must be demonstrated indirectly via
response similarity as described in Paragraph 3.3 and Method B) in
Figure 5, because of the type of data available.
1)

The respective elevated loc-ations on the primary structures
at which R 1 (f) and R 2 (f) were acquired are judged to. be
critical response locafions.
Therefore, the elevated spectra
become critical response spectra in the dominant critical
bandwidths which correspond to resonances of the equipment.
It is also noted that, for these bands,

Ryl (Afcl)

Ry2
R (fc2)

where the Af. are selected at 0.7 times the amplified peak
over the ZPACievel of the spectrum.
2)

Since both items functioned properly during
qualification, by definition:
Bf 1

=

Bf2

for the given excitations Rx1 (f)
3)

A critical bandwidth Af
Rxl (Af cc)

=

Rx2 (Afcc)

and R×2 (f).

is selected so that:

their previous

with both R 1 (Af ) and R 2(Af c) greater than R 3(Af•).
Thus,
excitation xsimiarity is assured, and physical similarity
follows within Afcc indirectly from Method B of Figure 5.
4)

From this
required.

point,

Steps

3-5

of

Paragraph

4.1.1

are

again

Note that again Step 4 of Paragraph 3.2.2 is not employed for
generating the composite spectrum.
However, that step is necessary for
subsequent use of the composite spectrum for qualifying other candidate
similar equipment.
In all three examples (4.1.1, 4.1.2, and 4.1.3), the
qualification data has been considered as a lower bound for the respective
fragility response spectra.
Furthermore, the latter two examples represent
a procedure whereby a reference database for a similar set of equipment and
its associated composite spectrum can be generated.
In both cases, an
optimum selection for the reference equipment and associated spectra will
be possible, depending on the relationship of the Af
developed from the
critical transfer functions and the distribution ofc frequencies in the
response spectra.
4.2

Qualification by similarity

Assume that similarity for a group of existing reference equipment
has been established according to Paragraph 3.2.2 and a composite spectrum
based on test data for this equipment has been generated according to
Paragraph 4.1.2 or 4.1.3.
To qualify an additional candidate item for
which no previous qualification has been performed, it must be shown that
Af~1 for the candidate items falls within Af
for the database items (and,
therefore, within Af
for the database exciTation spectra).
The procedure
is as follows:
1)

Establish physical similarity between the candidate item and
at least one reference item according to Paragraph 3.2.2.

2)

Note that Step 4 in Paragraph 3.2.2 is satisfied providing
that the peak transfer function magnitude for the candidate
item is less than or equal to that for at least one reference
item in the data base,
and the composite spectrum is
relatively flat within Af .
Magnitudes can be shown by
measurements or by similarity of modal participation and
damping.
Furthermore, the critical bandwidth Af . for the
candidate item must fall within the composite" critical
bandwidth Afcc for the group of reference equipment.

3)

Qualification of the candidate item to the composite spectrum
for
the
group
of
reference
equipment
is
therefore
accomplished.
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5.

Application to instrument panel qualification

Several applications which deal with actual equipment and data
available from its qualification will now be discussed.
The examples are
based on generic groups of equipment whose functional (operational)
characteristics are very similar.
Given that a selection of existing qualification data for
instrument panels is available, it is desirable to organize the data into a
form that can be used to qualify by experience various subsequent designs
of instrument panels, and to develop appropriate justification for the
process.
This means that similarity of the equipment group must be
established and a composite spectrum developed.
Basically, the principles
outlined in Paragraph 4.1.2 are to be applied. However, when various data
is available, more must be said about optimum selection of the data on
which the composite is to be based.
Physical data for three wall-mounted and one floor-mounted
instrument panels are given in Table 1. Additional qualification data for
these panels are given in the subsequent figures. All panels indicated are
of similar design,
in that they include very nearly the same
instrumentation
devices
mounted- on
different
primary
structures.
Furthermore, Panels 1-3 are wall-mounted, while Panel 4 is floor-mounted.
Nevertheless, it is stipulated that the critical functioning of each item
is governed by a device mounted at the respectively-indicated critical
locations, whose transfer functions coincide with those given in the
available data.
Note that not much physical data is given in the tables.
In fact, not much is needed, since the primary description necessary to
establish similarity resides in the critical transfer functions.
5.1

Composite spectrum for wall-mounted panels

Generally, in developing a composite spectrum for use as a
reference data base, it will be most advantageous to select two reference
equipment items whose functional (operational characteristics are quite
similar, but whose critical transfer functions provide a relatively wide
composite critical bandwidth Afcc.
That is,
the two items display
relatively small similarity, such as Items .1 and 3 in Figure 4. At the
same time, the two items should have been qualified to relatively high
excitation levels.
Furthermore, all individual spectra must be calculated
at the same damping level for comparison purposes.
It will be seen that
this results in a relatively high level excitation composite which can be
applied over a wide frequency range.
Thus, the composite spectrum will be
more generic in nature, and will be applicable to equipment having a wider
range of dynamic characteristics.
Therefore, the utility of the data base
will be more extensive.
A composite spectrum is to be developed from the data for Panel 1,
given in Figure 7, and that for Panel 2, given in Figure 8. The physical
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Table 1 Physical Data for Instrument Panels
Panel I
Description:
Dimension:
Weight:
Response Location:
Failure'Mode:

panel
with
Wall-mounted
electric
control
Critical
device
approximately 30 components.
located on an internal swing-out panel.
Enclosure: 36" (wide) x 16" (deep) x 48" (high)
Swing-out panel: 36" (wide) x 20" (high)
175 lb (Panel) + 75 lb (Components)
Near critical device located in the center of an
internal swing-out panel.
Swing-out panel located
in the upper panel.
Relay chatter on critical device during and after
event
for
front-to-rear
(X-axis)
seismic
excitation.

Panel 2
Description:
Dimension:
Weight:
Response Location:
Failure Mode:

panel
with
Wall-mounted
electric
control
Critical
device
approximately 20 components.
-located on an internal swing-out panel.
Enclosure: 36" (wide) x 16" (deep) x 48" (high)
Swing-out panel: 36" (wide) x 24" (high)
180 lb (Panel) + 59 lb (Components)
Same as above.
Same as above.

Panel 3
Description:
Dimension:
Weight:
Response Location:
Failure Mode:

with
electric,
control
panel,
Wall-mounted
device
approximately
35 components.
Critical
located on an internal swing-out panel.
Enclosure: 36" (wide) x 16" (deep) x 60" (high)
Swing-out panel: 36" (wide) x 24" (high)
220 lb (Panel) + 85 lb (Components)
Same as above.
Same as above.

Panel 4
Description:
Dimension:
Weight:
Response Location:
Failure Mode:

Floor-mounted
electric,
control
panel
qith
Critical de•vice,
approximately 105 components.
located on an internal swing-out panel.
Enclosure: 60" (wide) x 24" (deep) x 72" (high)
Swing-out panel: 30"(wide) x 26" (high)
1050 lb (Panel) + 260 lb (Components)
Near critical device located in the center of an
p•anel
internal swing-out
panel.
Swing-out
located in the top right of the enclosure.
Same as above.
.'
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102

similarity of these two panels is established by the procedures given in
Paragraph 3.2.2.
Thus, a critical bandwidth from about 13 to 14.5 Hz is
identified.
(A wider band could not be established from available data.)
Although the original test spectra were developed at different values of
damping, they are all transformed to fi = 0.02 by the following approximate
relationship [9]:
RXl(f)2

= J

fl1/fl2

Rx 1 (f)I

where R (f)
is an excitation response spectrum based on oscillator damping
t and kXiZ(y), is the same spectrum based on oscillator damping fit.
Thus,
t6e somewhat lower overall spectrum in Figure 8b becomes a composite
spectrum, and is associated with frequency bandwidth Af C(1,2).
Note that a
0.7 modal interaction correction is not applied since both original spectra
are relatively broadband.
In the present case, fi = 0.02 was used because most of the
original spectra were calculated for this damping.
However, eventually,
when large volumes of data are handled for various types of equipment, a
standardized value of P = 0.05 may be desirable [9].
It may further be
noted that having established the composite spectrum,
any physically
similar panel is now qualified to this spectrum.
5.2

Qualification upgrade for Panel 3

Now consider the qualification by experience for Panel 3, whose
previous qualification data is given in Figure 9.
By inspecting the
critical transfer function of Figure 9a and the data of Table 1, it can be
argued that Panel 3 is physically similar to the data base (i.e., Panels 1
and 2).
Note that Panel 3 has previously been qualified to the relatively
low spectrum given in Figure 9b.
However, because of similarity, by
experience, it can now be argued that it is also qualified to the much
higher composite spectrum given in Figure 8b.
In Reference [3], it is
similarly shown that Panel 4 is also qualified to this composite spectrum,
even though it is a floor-mounted system.
6.

Discussion

The principles outlined herein should provide a significant step
forward in extending the rather broad guidelines outlined in the revised
IEEE 344 [2] and currently developing ASME Standard [10].
They also are
useful for comparing with methods used by the Seismic Qualification
Utilities Group (SQUG) for qualifying equipment in existing plants [9].
The former guidelines lack sufficient detail to be workable, while the
latter methods are viewed by some to lack sufficient rigor for use in new
plants.
Thus, the methods herein are intended to show a path whereby a
compromise between the two may be pursued.
They are further intended to
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provide detailed procedures for use by anyone who has available appropriate
experience data.
It is apparent that the major difference between qualification by
experience and more conventional methods lies in significantly greater use
of what may be called "justifiable judgment".
The methods developed herein
are intended to be a basis for justification of judgments that typically
will be made in lieu of detailed analyses or tests to carry out various
qualification scenarios.
There are several elements that form the essence
of this basis.
It is asserted that two of the three forms of similarity
usually must be satisfied for a valid application.
Furthermore, the two
types of similarity must correspond within a critical frequency range in
which the considered equipment is most susceptible to malfunction.
Outside
this bandwidth, the similarity requirements are much less stringent, but of
course not unlimited.
By using whatever means possible, the qualification
engineer's job must be to predict what an equipment item's dynamic
characteristics are, especially within the critical frequency band; and
from that, show that the item's behavior would be essentially the same as
other equipment in a database whose dynamic characteristics are similar.
By concentrating on behavior only within the critical frequency band, much
more freedom is allowed in the qualification.
A major concern lies in the detail to which physical similarity
must be established.
In effect, this means to what detail the critical
transfer function must be established.
Picking the critical location on a
primary structure requires tUe assumption of the most likely form of
malfunction.
But even beyond this, what constitutes sufficient data for
the transfer function at this location?
It is our judgment that resonance
search data of the type obtained from typical exploratory tests is quite
adequate for this important step.
If no such data is available, the
transfer function must be estimated from comparisons of stiffness and mass
properties (i.e., modal participation characteristics), and damping.
From
the examples given herein, it is obvious that the more generic the initial
constituent response spectra, the broader the critical bandwidth Afcc can be
made and, correspondingly, the less important is the accuracy of the
estimate on the equipment critical transfer function.
Conversely, the less
generic (i.e., more site specific) the initial data, the narrower will be
Af , and the more accurate the critical transfer function must be
established.
Thus, the most appropriate approach to a given qualification
scenario
will
depend
on
the
nature
of
the
data
and
equipment
characteristics which form the database.
The principles outlined herein rely heavily on the establishment
of a critical transfer function (or equivalent modal properties) and its
use to demonstrate physical similarity.
Inherently, the use of low-input
level transfer functions,
such as typically measured during resonance
search,
are
considered
appropriate.
However,
should
significant
nonlinearity be suspected in a specific case, then additional measures
could be implemented to develop quasi-linear transfer functions.
One
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approach would be to develop the data from fast Fourier transforms of the
time histories of both excitation and response locations during the actual
it is
However, in general,
test events, if such data were available.
the
would
warrant
doubtful that any accuracy gained from such an approach
In fact, virtually all known analytical qualification schemes are
effort.
based on such linearity in any event.
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VALVE TESTING FOR UK PWR SAFETY APPLICATIONS
by
S BRYANT
P T GEORGE
D R AIREY*
Generating Board
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Sizewell 'B' Project Management Team
United Kingdom

SUMMARY
The Central
Electricity
Generating Board (CEGB) is currently building Sizewell 'B',
the UK's
first
Civil
PWR plant,
and has mounted an extensive programme of valve
testing in
support
of the licensing and operation of the plant.
This paper deals
with the testing
of valves for safety applications on Sizewell'B'.
The BRAVO test
facility
has been established at the CEGB's Marchwood Laboratories to
permit
the
full
scale type testing
of the pressuriser
relief
system valves.
Tests
will
be carried
out
to confirm
the
performance
of
the valves and to develop
procedures
for their
in
service
testing.
Tests have also been conducted at full
secondary
circuit
conditions on candidate Main Steam Safety Valves in the Kraftwerk
Union Test Facilities
in W.Germany.
A further
test
programme
has been established in which gate and globe valves are
subjected
to
simulated high energy line break conditions to establish a methodology
by which Sizewell valves may be qualified for this
duty.
It
is
believed
that
the
test
programmes
will
result
in increased availability,
reduced maintenance and increased confidence in the safety of the plant.

1.0

BACKGROUND
Responsibility
for the generation and. supply of electricity
in
England and Wales rests
with the Central Electricity
Generating
Board
(CEGB) which operates a mixture of coal, oil
and nuclear
generating plant with a capacity of over 50 gigawatts.
The
CEGB's nuclear power programme has to date been based upon
gas cooled reactor technology, but in March 1987, following a 3
year
Public
Inquiry,
the CEGB obtained government consent to
build
the UK's first
civil
PWR Plant, at Sizewell, 70 miles NE
of London.
The plant, scheduled for completion in 1994, is a
Westinghouse 4
loop
PWR based
on the SNUPPS design.
It
is
intended that the plant, called Sizewell 'B',
will
be the first
of
a programme of 4 replica PWR's to be completed in the UK by
the end of the century.
In
recognition
of
the
novel
demands
of water
reactor
technology,
the
CEGB has
considered
it
prudent to mount a
number
of
development
and
testing
programmes, to satisfy
UK
licensing authorities of the safety of the plant, to attempt to
minimise
plant
maintenance
requirements
and
to
maximise
availability.

*

CEGB Marchwood Engineering Laboratories,
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Southampton,

England

Valves feature prominently in the component development and
testing programmes carried out for Sizewell: A major programme
of life cycle operability testing of candidate isolation
valves, in which over 100 different designs of valve have been
tested under primary circuit fluid conditions, is nearing
completion and will be followed by valve testing in support of
Extensive
the elimination of cobalt from valve hardfacings.
for the operability
programmes have also been established
testing of key primary and secondary circuit safety relief
valves and the flow interruption testing of isolation valves.
Preparations are now underway for the operability testing of
control valves for high pressure drop applications.
The subject of this paper is the testing of valves for safety
related applications on Sizewell 'B'
2.0

TESTING STRATEGY
The strategy on which the valve testing programmes are based
is one of full scale testing of key safety related valves with
the followilng objectives:
(i)

To satisfy licensing concerns regarding operability and
reliability of key safety related valves.

(ii)

To satisfy Sizewell 'B' system design requirements for
valve performance data.

(iii)

To develop and validate in-service testing procedures.

(iv)

where possible, a comparative assessment of
To make,
of different valve designs in support
the performance
of the selection of suppliers for Sizewell 'B'.

3.0

PRESSURISER RELIEF SYSTEM VALVE TESTING

3.1

Background
Following a post TMI review of the SNUPPS Pressuriser Relief
System (PRS) design, a substantially modified design has been
The System now comprises three
'B'.
adopted for Sizewell
tandem pairs of Pilot Operated Safety Relief Valves (POSRVs)
and two conventional safety valves.
Each Tandem pair of POSRV's comprises a relief valve and a
downstream isolating valve, both of which are pilot operated
response to system pressure or, at
in
valves which operate
via solenoid
set points,
pressures below their hydraulic
The POSRV's
the pilot system.
incorporated in
valves
line of the PRS and are designed to cater
constitute the first
for steam relief andfor water discharge requirements such as
Cold Overpressure Mitigation or Feed and Bleed.
The second line of the PRS comprises two spring loaded safety
valves which have a higher pressure setpoint than the POSRV's
and are required only during infrequent fault sequences and to
provide diversity of pressure relief.

3.2

MET. BRAVO

To

Facility

satisfy

the

Test Proprnmme

Sizewell 'B' Pressuriser Relief System valve

testing
requirements,
the
CEGB has constructed a high flow
rate
test
facility,
at its
Marchwood Engineering Laboratory.
Called BRAVO
Blowdown Rig
for
the Assessment of Valve
Operability,
the
facility
is
designed for the full-scale
testing of
Pressuriser
Relief
System valves (Ref 1).
The
BRAVO
facility
has the unique capability to reproduce primary
circuit
water
chemistry
as well
as
full
system pressure,
temperature
and valve
mass
flowrates.
In addition to its
principal
function - the testing of Pressuriser Relief System
valves
the
rig will be used for the full
flow testing of
other
primary and auxiliary circuit
valves, for example those
requiring
formal
qualification
for
high
energy flow
interruption capability.
3.2.1

Pressuriser

POSRV Testing

The
Sizewell
'B'
POSRV has been selected for Sizewell 'B'
on
the basis
of a major programme of development and testing
carried
out by Electricit6 de France (EdF).
However, there
are
differences
between EdF and CEGB in the approach to both
licensing
and operational
issues. and further confirmatory
testwork
is
desirable
in
areas not
covered by
the
EdF
programme.
To this
end,
a
full
size Tandem
pair of POSRVs is being
subjected
to
a programme of testing under the full
range of
pressuriser
pressure,
temperature
and flow conditions, to
address the following issues:
(i)

The
tests
carried out by
EdF indicate
that the
operating
characteristics of the pressuriser POSRV are
a
function of
system pressure
and,
to support the
design of the Sizewell 'B' Cold Overpressure Mitigation
System
(COMS),
tests
have been carried out involving
the discharge of cold water at pressures below 30 bar.
The
tests
have
yielded valuable information on valve
operating time and discharge characteristics under Cold
Shutdown
conditions
which
is
being
used to specify
appropriate
pressure
set points
for use in the COMS
design.

(ii)

As
in
EdF plants,
the Sizewell POSRV will be fitted
with
an upstream
water
loop
seal.
The loop seal
geometry
is
Sizewell
specific and confirmatory tests
will
be
carried out
on a fully representative inlet
pipework
configuration to ensure that all
test
results
can be directly applied to the Sizewell PRS design.

(iii)

The
CEGB
is
required
to
satisfy
the UK licensing
authorities
of the adequacy of procedures for the inservice
testing
of
safety
related valves.
It
is
intended
that
the pressuriser POSRV will be tested in
situ
during
the refuelling shutdown.
The development
of a
suitable procedure
for
such testing will be
carried out in the MEL BRAVO programme.
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(iv)

3.2.2

to
operate on
is
designed
'system
The
POSRV pilot
unique water chemistry
but the
water,
demineralised
to
will be utilised
of
the BRAVO facility
capability
from the
arise
effects
no
adverse
confirm
that
inadvertent introduction or borated water.

Pressuriser Safety Valve Testing
loaded pressuriser safety valve will'be
spring
A full-size
testing
at full
PRS. pressure,
of
subjected
to
a programme
temperature and flow with the following objectives:
(i)

that the pressuriser safety valve meets the
ensure
To
of the Technical Specification in respect
requirements
will be carried out
of blowdown and accumulation, tests
the
relationship between these parameters
to confirm
and valve control ring settings..

(ii)

The
CEGB
is required to develop a suitable in-service
will be conducted to assess
testing procedure and tests
device for in-situ
the use
of various forms of assist
to
optimise the
tests
will
attempt
testing.
'The
of the
testing procedure in respect of the.installation
any
complications
and will
address
assist
device
associated with the upstream water loop seal.

(iii)

for work to study the variation of discharge
The need
a
function
of loop seal water
loadings
as
pipework
temperature is being considered.

4.0

MAIN STEAM SAFETY VALVE TEST PROGRAMME

4.1

Background
'B'
Main Steam System comprises four main steam
The
Sizewell
linesi each of which is provided with five conventional spring
with staggered
pressure
Safety Valves
loaded Main
Steam
setpoints.
In response to the licensing requirement. to demonstrate safety
service,
a Test
to
and
in
valve
operability both prior
at full
secondary
in which tests
Programme was4 commissioned
temperature
and flow were conducted on a
system pressure,
'B'
potential
Sizewell
of three
single
MSSV
from each
,suppliers.
The
tests
were
carried
out on
the
Siemens
Facility
at Karlstein,
Large
Valve Test
Kraftwerk Union
to
reproduce
PWR Main Steam
is
designed
W.Germany,
which
the full
scale testing of large steam
for
system conditions
line valves.
a
representative
subjected to
Each valve was
operations with the following objectives:
(i)

lifetime of

its
of the
valve and
operability
To confirm the
with
the maximum and minimum discharge
compliance
capacity required by the Technical Specification.
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4.2

(ii)

To attempt to establish a correlation between blowdown,
accumulation and valve settings and to assess the
effect, on this correlation, of variations in valve set
pressure and of potential production variations such as
valve spring rate.

(iii)

To confirm the validity of the use of assist devices of
various designs for set point checking and assessment
of valve operability.

Test Description
A test matrix was developed to provide a full parametric study
of safety valve performance.
Initially the valves were subjected to a number of full
pressure operations
to compare their performance as supplied
with that required by the Technical Specification.
The valves
were then tested through a range of guide and nozzle ring
settings in
an attempt
to establish a correlation between
accumulation,
blowdown and the setting of each control ring.
To confirm that this relationship was not significantly
different for valves at different pressure settings, tests
were carried out at two valve set pressures.
It
was intended that the results from the tests should be
applicable to all twenty MSSV's and it was therefore necessary
to assess the effect of potential production variations on the
established correlations.
It was concluded that spring rate
was
likely to be the most significant variable.
Tests were
therefore
repeated with a spring of different stiffness and
the effect on the correlation investigated.
The effect of low pressure ramp rate and reduced steam quality
on valve performance was also investigated.
Each valve was tested at reduced pressure, using various
assist devices at intervals during the tests,
the full
pressure tests giving the opportunity to check the accuracy of
the
set
pressure measurement
obtained from the assist
devices.

4.3

Test Results
Each valve was subjected to about 30 full pressure operations
and 20 reduced pressure 'assisted lifts'.
All three valves
remained operable throughout the programme, the only change in
performance being an increase in seat leakage.
While the results did not in
all cases indicate a strong
correlation
between
valve settings
and performance,
an
interdependence
between
accumulation
and
blowdown was
demonstrated.
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The. relationship between setting
and performance was shown to
be
influenced
by
the
change
of valve
spring but large
*variations in pressure ramp rate did not significantly
affect
valve performance.
The results
gave confidence that valves
could be
selected
for
Sizewell
'B' which would meet the
requirements
of the technical specification given appropriate
pre-service testing.
Assist devices
were
shown to
give
an acceptably accurate
measurement
of set pressure - no inaccuracy being discernable
in the presence of the slight
scatter
normally associated with
valve set pressure..
4.4

Testing of Sizewell

'B' MSSV's

To confirm
the
compliance
of
the
Sizewell 'B' Main Steam
Safety - valves
with
technical
specification requirements, a
valve identical to,. and manufactured with, the valves supplied
for
Sizewell
'B' will be subjected to comprehensive tests
at
full
pressure,
temperature and flow prior to installation
in
the plant.
As an alternative, the practicability
of testing
all
20
Sizewell MSSV's at full
flow prior to installation
is
under consideration.
On the basis of the test
results
the CEGB now plans to carry
out
the in-service testing of the Sizewell 'B' MSSV's in situ
by
the use
of an assist
device
at' hot
shutdown during
refuelling outages.
5.0

HIGH ENERGY. FLOW INTERRUPTION TESTING

5.1

Background
Valves
which may be
required to isolate a High Energy Line
Break are
required
to be qualified for the interruption of
high
energy
flow by testing or a combination of testing and
analysis.
The
testing
requirements
are
based on
a CEGB
adaptation
of
ANSI
B16.41
(Functional
Qualification
Requirements
for
Power
Operated Active valve assemblies for
Nuclear Power Plants) and its
successor document ANSI QV4.
It
is
recognised that this methodology is not well developed and
a test
programme
is
underway
to
obtain guidance
on the
performance
of such
tests
and
to assist
in
identifying
facilities
where tests
can be carried out on the small number
of
Sizewell
'B'
valves
requiring
flow
interruption
qualification.

5.2

Test Programme and Results
The
first
flow interruption methodology test
was carried out
on a
3
ins motor
operated parallel
slide gate valve.
The
valve
was
subjected
to
two
simulated pipebreaks under PWR
primary circuit
conditions and was successful in occluding the
pipe bore
and mitigating the high energy flow.
However, the
valve failed to achieve a full
seal due to galling of the seat
and disc.
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The
results
indicate
that,
for
this
type
of valve
and
application,
the
closing thrust requirement depends upon the
adequacy
of
internal
guidance.
Unless
parallel
sliding
contact
is maintained between disc and seat, material removal
sliding friction
assumption of
normal
is
likely and the
factors in the calculation of closing thrust requirements will
be invalid.
To ensure the adequacy of Sizewell 'B' valves for high energy
flow
interruption applications, further full
scale tests
will
be
carried
out in the CEGB BRAVO facility
and in alternative
commercially
available
facilities
on gate and globe valves.
For
example,
the Sizewell Main Steam Isolating Valve will be
qualified
for Main
Steam Line Break isolation by full
scale
testing
on the
Siemens
Kraftwerk
Union Large
Valve Test
Facility in W. Germany.
6.0

DISCUSSION AND CONCLUSIONS
The programmes
outlined above arose largely from the need to
satisfy
licensing
requirements,
however,
they have
also
established
the
CEGB
as
an
informed buyer
of plant for
applications
of
which
it
had
only limited previous
experience.
The procurement of key valves for Sizewell 'B'
is now based on
a
clearer
understanding of their
performance and limitations
and Technical
Specification
requirements
are
known
to be
achievable.
Aspects of valve design or manufacture which, on
the
basis
of
the test
results,
require particular attention
have
been identified and can now be addressed early enough to
minimise Project cost and programme risks.
In
conclusion
therefore,
the
CEGB has
recognised
the
importance
of valve operability on PWR plants and has entered
into
a
substantial
valve
testing
commitment in support of
Sizewell
'B'
and future stations.
It is believed that these
benefits
will
include
not only
increased availability
and
reduced
maintenance
requirements,
but
also
increased
confidence in the safety of the plant.

7.0
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PIPING SUPPORT AND GATE VALVE BEHAVIOR DURING
HIGH LEVEL HDR SIMULATED SEISMIC TESTSa
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ABSTRACT
This paper describes a portion of the analysis and results to
date from the SHAMb seismic research program, in which the
USNRC/INELc was a participant.
The program was conducted by
Kernforschungszentrum Karlsruhe (KfK) at the decommissioned
Heissdampfreaktor (HUR) located near Frankfurt in the Federal
Republic of Germany kFRG).
The research program included the study of the effects of
increasing levels of seismic excitation on a full scale, in situ
nuclear piping system containing a naturally aged U.S. 8-in.
motor-operated gate valve.
In all, 51 experiments were conducted
with the piping supported by six different piping support
systems, including a typical stiff U.S. piping support system
made up of snubbers and rigid struts. Earthquake-like
displacement histories were input to servohydraulic shakers
attached directly to thepiping system.
Inputs to the piping
system started with a magnitude of 0.6 g ZPA and were stepped up,
using the same frequency content, to a maximum of 5 g ZPA. The
resulting piping system response produced overload snubber
failures and local piping strains of 0.9%.
The results of this testing will contribute to the technical
basis used for support and development of equipment qualification
standards and will help establish the seismic safety margins in
piping and piping support system components.

a.
Work sponsored by the United States Nuclear Regulatory Commission,
Office of Nuclear Regulatory Research, Division of Engineering, Washington,
D.C. 20555, under DOE Contract DE-ACO7-761DO1570; Dr. G. H. Weidenhamer,
USNRC Technical Monitor.
b.

Servohydraulische Anregung Maschinetechnik.

c.
United States Nuclear Regulatory Commission; Idaho National Engineering
Laboratory.
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1. INTRODUCTION
During the spring of 1988, the Idaho National Engineering Laboratory
(INEL) and the Argonne National Laboratory (ANL), under sponsorship of the
United States Nuclear Regulatory Commission (USNRC), participated,-along
with Kernforschungszentrum Karlsruhe (KfK), Kraftwerkunion. (KWU), the
Electrical Power Research Institute (EPRI), the Fraunhofer Institut fur
Betriebsfestigkeit (LBF) in Darmstadt, and the Central Electricity
Generating Board of the United Kingdom (CEGB), in the KfK-designated SHAM
(Servohydraulische Anregung Maschinetechnik) test series.
This test
program was conducted at the Heissdampfreaktor (HDR), a decommissioned
experimental reactor facility located near Frankfurt in the Federal
Republic of Germany.
The SHAM experiments at the HDR consisted of the direct excitation of
a piping system called the Versuchskreislauf (VKL) (Figure 1) through use
of two large 40-ton servohydraulic shakers mounted to the HDR building and
attached to the piping system. The input signal to the shakers was an
earthquake-like displacement history. The shaker outputs were measured in
multiples of the basic one SSE loading, which had a zero period
acceleration (ZPA) of 0.6 g. Loads .up to eight times the basic SSE were
applied to the piping system.
Objectives of the INEL's participation in this multinationalprogram
were to:
1.

Measure the effects of increasingly greater dynamic loadings on
gate valve operability and determine, if possible, the loadings
at which the valve would sustain structural damage.

2.

Determine the safety margins and failure modes of nuclear grade
snubbers, rigid supports, trunion attachments, and concrete
anchors when subjected to dynamic excitation.

3.

Determine the effects of individual support and multiple support
failures on piping response in a simulateo seismic event.

4.

Provide data. for comparing the performance of stiff, flexible,
very flexible, and snubber replacement piping support systems.

Results of this series will contribute to the technical basis used for
support and development of equipment qualification standards and will help
establish the seismic safety margins in piping and piping support system
components.
This paper presents a general overview of the SHAM test program and a
specific review of the U.S. stiff support system response at 200, 600, and
800% SSE loadings.
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Figure I.

The VKL with the U.S. rigid support system installed.

-447-

2.

EXPERIMENTAL PROGRAM

The VKL is constructed of stainless steel in four metric pipe sizes
(equivalent to l0, 8, 5, and 4 in.), with the majority of the piping being
200 mm (8 in.).
The system is located between the 18- and 24-m elevations
in the HDR facility as shown in Figure 2. The system consists of two
parallel flow loops connected to a large vessel called the
Heissdampfumformer (HDU) and a manifold header (DF 16) as shown in
Figure 1. The system is capable of operating under high temperature and
high pressure; however, for the SHAM tests, the fluid remained pressurized
[70 bar (1000 psig)] at ambient temperature to avoid the risk of damaging
the sensitive instrumentation in the event of a test-induced line rupture.
Seismic tests were conducted without fluid flow through the system; valve
functional tests were conducted with flow through the valve.
The USNRC provided a valve from the decommissioned Shippingport Atomic
Power Station for installation in the VKL.
The valve was originally
refurbished and functionally tested for a predecessor HDR seismic test
program named SHAG.
Due to problems with the motor operator during the
SHAG tests, problems not related to seismic testing, the motor operator was
refurbished for the SHAM tests. The refurbishment included installing a
new motor, torque spring, and torque switch and subjecting the motor
operator to dynamometer testing at the Limitorque Laboratory.
The piping system was also modified before SHAM testing began.
A new
branch connection was added, and the previously discussed servohydraulic
shakers and a new piping support system were installed.
The support system
was typical of U.S. stiff seismic support systems made up of rigid supports
and snubbers.
The loads for each dynamic pipe support were calculated from
seismic analyses based on 100% SSE excitation levels.
The supports were
then sized for each location using the support manufacturer's published
ASME Code, Level C Allowables.
The reason for thereduced conservatism in
sizing the supports was so that support safety margins and failure modes
could be determined in the lower level tests and the effects of multiple
support failures could be investigated at the higher loadings.
Table 1
lists the support type,, the predicted One SSE design load, and the
manufacturers' ASME Code Level C rated load.
For the two hydraulic
shakers, Table 1 defines output loads.
Over 260 instruments were installed on the VKL to measure the input
and VKL response.
Measurements included:
acceleration, displacement,
strain, and force on the piping system and supports; and acceleration,
strain, stem position, current, voltage, pressure, differential pressure,
and flow on the valve.
For each experiment, KfK collected the data from
the U.S. and KfK instruments and committed the data to permanent record.
The recorded data will be shared with all participants.
In all, 51 tests were performed on six piping support configurations.
The design and operation of the shakers was the responsibility of LBF; the
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MGH1088-1

Figure 2.

A simplified cross section of the HDR facility, showing the
location of the VKL piping system room and the Reactor
Pressure Vessel.
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TABLE 1. U.S. SUPPORT CONFIGURATION AND DESIGN LOADS

Support
Number

Support
Type

Design Load
One SSE

(kN)

Level C Rated
Support Load
(kN),

H-2

S

6.2

9.34

H-3

RS

3.8

H-4

RS

H-5

HS

9.7
15 .2 a

9.34
110
b
90

H-6

S

4.2

3.85

H-7

'S

3.5

9.34

H-8

S

1.9

3.85

H-9

RS

2.0

3.85

H-10

RS

1.3

3.85

H-I]

RS

1.8

3.85

H-12

S

1.2

2.3

H-22

S

1.4

2.3,

H-23

RS

h-25

HS

S

= Snubber

RS

= Rigid Strut

HS

= Hydraulic Shaker

a.

Output force at One SSE.

b.

Maximum rated output force.

3

18.8
24.1a

220
390b

other participants were responsible for the design-of their respective
piping support systems. These piping support systems were based on the
INEL/ANL U.S. stiff pipe support system. Each participant removed one or
more components from the U.S. stiff support system and in some cases,
The result was generally a
replaced them with components of their own.
more flexible support system.
The dead weight supports, and the rigid
struts at locations H-4 and H-23, remained in place in all six systems.
Table 2 lists the supports used in each of the six systems, and Table 3
provides the U.S. stiff system test matrix.

TABLE 2.

SHAM PARTICIPANT SUPPORT CONFIGURATIONS

Support
Number

Kf K

H-2
H-3
H-4
H-5
H-6
H-7
H-8
H-9
H-10
H-I1
H-12
H-22
H-23
H-25
S

RS
HS

KWU

RS
HS

RS
RS
RS
RS
HS

RS
HS

U.S.
S
RS
RS
HS
S
S
S
RS
RS
RS
S
S
RS
HS

EPRI
Bechtel
RS
RS
HS
EA
EA
RS
RS
RS
EA
RS
HS

EPRI
Cloud
SS
RS
RS
HS
SS
SS
SS
RS
RS
RS
SS
SS
RS
HS

CEGB

RS
HS
RS
RS
RS
RS
RS
'HS

= Snubber

RS = Rigid Strut

HS = Hydraulic Shaker
EA = Energy Absorber
SS = Seismic Stop
TABLE 3.
Test Number

U.S. STIFF PIPING SUPPORT SYSTEM TEST MATRIX
Type of Load

Load Level

T41.302

Random

0.3 g

T41.301

Random

141.310

SSE

0.3g
+100%

141.311

SSE

100%

141.312

SSE

100%

T41.313

SSE

200%

141.314

SSE

300%

141.315

SSE

300%

T41.811

SSE

200%

T41.812

SSE

600%

T41 .813

SSE

800%
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Al1 participants except CEGB used multiples of the same
earthquake-like displacement history. The 100% SSE input is shown in
The spectrum is very
Figure 3 in the response spectra format.
representative of U.S. earthquake spectra in the frequencies associated
Each earthquake test was 15 s in duration with
with piping response.
approximately 12 s of strong motion.
Tests that imposed higher loadings
used the same frequency content, but with a linear increase in the
amplitude of the displacement history input to the shakers.
CEGB used two
other displacement histories in their lower level tests, one for the
Sizewell B location and the other based on a generic All Sites spectrum.
in their high level tests, they used a sine burst format. The CEGB inputs
are very different from the ones used by the others.
Comparison of the
results will probably not be possible.
3.

TEST RESULTS

Preliminary review of the quick-look data for all configurations and
observations made during the test program indicate that measured data were
acquired that will, after analyses, provide information for most of the
program objectives. The one exception may be pipe failure modes.
Strains
in excess of 0.9% were experienced without visible physical damage.
Only the U.S. stiff piping support system components (snubbers,
struts, and anchors) were sized to determine safety margins and failure
modes.
All other participants' support system components were sized for
much higher loaas; thus no support failures in these systems were
anticipated, and none occurred.
In the U.S. system, no rigid struts
failures occurred with loadings up to eight times their published ASME Code
Level B design loads. With one possible exception, snubber overload
failures were obtained between three and seven times their published ASME
Code Level B design loads. The one exception may be two samples of one
size of snubber from Anchor/Darling that, according to preliminary data,
may have failed below their published design load.
A complete analysis of
the failure is scheduled.
The U.S. 8-in. motor-operated gate valve experienced dynamic responses
at the motor operator of approximately 11 g in the 800% SSE test without
apparent damage or malfunction.
Some limit switch chatter was observed;
however, the limit switch did not stay open long enough during chatter to
cause the motor controller circuit to interrupt current flow to the motor.
Figure 4 is a valve motor current history during the 800% SSE test. The
history shows that the valve operated smoothly.
Quick-look results from tests T41.811, 812, and 813 (the 200%, the
600%, and the 800% SSE tests) on the U.S. stiff piping support system are
presented in the following paragraphs.
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SHAM one SSE Response Spectrum peak broadened and smoothed in
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Valve current history during 800% SSE test.
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Repeat 200% SSE Test (T41.811)
Overload snubber failures in the earlier tests up to 300% SSE
prevented a true characterization of the U.S. system exposed to the dynamic
loading.
We decided to repeat the 200% SSE test and to temporarily replace
the smaller snubbers at locations H-8, -12 and -22.
These snubbers did not
have as much load safety margin as the larger snubbers at locations H-2, -6
and -7 (refer to Figure 1). The smaller mechanical snubbers were replaced
with larger Pacific Scientific mechanical snubbers Size 1 (PSA-l), which,
were the same size as those installed at the other three locations.
Review
of the data from the 200% SSE tests show that-the snubbers resisted loads
up to 2.3 times their design loadings and allowed less than 0.03 in. of
dead band travel (the distance a snubber travels from resisting the load in
one direction to resisting in the other direction).
The manufacturer
specifies this distance shall be no more than 0.1 in. at design load and at
frequencies above 3 Hz.
In addition, the repeat 200% SSE test will provide
stiff system performance, at significant loading, to which the other
participants can compare the performance of their support systems.
600% SSE Test (T41.812)
The objectives of the 600 and 800% SSE tests were to study multiple
support failures and possible damage to the piping systemnresulting from
these failures.
For the 600% SSE test, the smaller snubbers sized for the
predicted loads at 100% SSE were reinstalled at locations H-8, -12,
and -22.
These snubbers were mechanical snubbers manufactured by Pacific
Scientific and Anchor/Darling Industries. The snubbers at H-2, -6, and -7
locations were PSA-ls, also sized for the predicted loads at 100% SSE.
During the 600% SSE test, the snubbers at H-8, H-12 and H-22 failed On
overload.
Figures 5 and 6 are 4-s expanded histories from the full 15-s
earthquake loading and are typical examples of snubber force and
displacement histories showing tile loads at which the snubbers failed and
the resulting displacements allowed.
Figure 5 shows the Anchor/Darling
mechanical snubber size A/D-40 rated at 400 Ib (Level B) failing after
resisting an 8-kN loading just before the 2.5 s time mark.
This 8-kN
loading is equivalent to 1800/lb force; thus the snubber failed at
4.b times its design load.
This snubber did not resist any load after it
failed. The displacement increased from 2 to 13 mm total travel.
Figure 6 shows the force and displacement histories for the Pacific
Scientific snubber size 1/4 at tne H-22 location. At approximately 7.5 s
the snubber resisted a 7.5-kN loading; at this point the displacement
increased.
In the next loading cycle the displacement increased to 10 mm.
Large displacements continued, but the snubber continued to resist motion,
as shown in the force history.
The Pacific Scientific size 1/4 snubber is
rated for 350 lb (Level B); 7.5-kN is equal to 1690 lb. The snubber failed
at 4.82 times its design load.
Figure 1 shows that snubber locations H-8
and H-22 are both.vertical locations and control the vertical response of
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tne 4-in. branch connection and the 4-in. loop.
The strains on the branch
connection and elbow 2 in the loop generally increase at 2.5 and 7 s.
These are the respective times of the snubber failures.
The snubber at H-12 failed at 5 s in the transient after resi-sting
loads up to 4.5 kN.
This Anchor/Darling snubber size AD-40 was rated for
400 lb (Level B).
The snubber failed at more than 2.53 times its design
load.
No physical damage was observed on the piping system and no
permanent piping offsets were observed at the failed snubber locations.
800% SSE Test (T41;813)
For the 800% SSE test, the snubbers that failed (at locations H-8,
-12,
and -22) during the 600% SSE test were not replaced.
The snubber at
H-22, which failed with resistance, was removed to simulate a failure
without resistance.
Figure 7 shows the shaker input displacement histories
for the 800% SSE test. The peaks exceed 40 mm, and the peak forces input
to the system at each shaker exceed 150 kN.
Figure 8 provides a 4-s excerpt from the force and displacement
histories for the snubber at the H-7 location.
The force history shows
that the snubber resisted a 6,0-kN force at 5.7 s, approximately nine times
its (Level B) design loading. Ihe displacement history shows anomalous
behavior at 6.5 s and by 7 s, the measured force drops to near zero with
displacements greater than 16 mm.
The peaks on the displacement history
after 7 s are clipped because displacements were beyond the range of the
instrument.
The force history shows impacting after 8 s in both the
positive and negative directions, which indicates the displacements were
greater than 100 mm (the nominal travel for a PSA-I snubber).
With the failure of the snubber at location H-7 in this test and of
those at H-8 and -22 in the previous test, the loop from the snubber at H-6
(refer to Figure 1) to the strut at H-10 is supported only by two spring
hangers (locations H-14 and H-15) and one strut (location H-9).
Figures 9
and 10 are the complete. 15 s displacement histories for the H-7 and -8
locations.
The figures show that following the H-7 failure, the
displacement also increased at the adjacent vertical H-8 location.
Figures 11 ana 12 are typical strain measurements from the branch
connection and the elbow; they also show an increase in magnituae.
The
displacements and the strains also reflect a decrease in the response
frequency, which is as one would expect, because after the final snubber
failure, tne piping system Oecame more flexible in this area.
Figure 13 shows the force and displacement histories for
vertical snubber location.
Both histories show the effect of
snubber failure.
They also show the lower frequency response
system.
After the failure, this PSA-I snubber resisteo loads
times its Level B design load and maintained dead band travel
manufacturer's specified tolerance.
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Servohydraulic shaker inputs exceed 40 mm in 800% SSE test.
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4.

CONCLUSIONS

The
The VKL was exposed to significant simulated seismic loadings.
piping support system was designed and sized for a 100% SSE.''
U.S. stiff
Loadings in excess of 800% SSE were applied, resulting it
loading.
significant piping system responses. -The acceleration input to the valve
body was in excess of 5 g, and the motor operator experienced responses of
The piping support
11 g without structural or functional problemis.
The
components generally exceeded three times their design safety margins.
piping system sustained multiple adjacent-sup'port failures, with measured
strains greater than yield, yet no significant damage occurred.
Tnese preliminary results indicate that significant seismic loadings
can be imposed on piping systems without creating a safety problem in
modern nuclear plants.
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EARLY RESULTS OF GATE VALVE
FLOW INTERRUPTION BLOWDOWN TESTSa
Kevin G. DeWall
Idaho National Engineering Laboratory
EG&G Idaho, Inc.
Idaho Falls, Idaho 83415
ABSTRACT
The preliminary results of the USNRC/INELb high-energy BWR
line break flow interruption testing are presented.
Two
representative nuclear valve assemblies were cycled under design
basis Reactor Water Cleanup pipe break conditions to provide input
for the technical basis for resolving the Nuclear Regulatory
Commission's Generic Issue 87.
The effects of the blowdown hydraulic
loadings on valve operability, especially valve closure stem forces,
were studied. The blowdown tests showed that, given enough thrust,
typical gate valves will close against the high flow resulting from a
line break. The tests also showed that proper operator sizing
depends on the correct identification of values for the sizing
equation.
Evidence exists that values used in the past may not be
conservative for all valve applications.
The tests showed that
improper operator lock ring installation following test or
maintenance can invalidate in-situ test results and prevent the valve
from performing its design function.
Introduction
As part of the Nuclear Regulatory Commission's (NRC) Equipment
Operability research program, the Idaho National Engineering Laboratory
(INEL) is performing research to provide input for the technical basis for
resolving Generic Issue 87 (GI-87), "Failure of HPCI Steam Line Without
Isolation."
This INEL research program also provides information applicable
to two additional regulatory'items:
(1) Generic Issue II.E.6.1, "In Situ
Testing of Valves" and (2) IE Bulletin 85-03, "Motor Operated Valve Common
Mode Failures During Plant Transients Due To Improper Switch Settings."
The objective of the INEL research program is to determine whether
isolation valves in high-energy BWR piping systems will close against high
flows in the event of a pipe break outside containment.
GI-87 applies to
those process lines that communicate with the primary system, pass through
a.
Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under DOE Contract No. DE-ACO7-761D01570, under
the direction of Dr. G. H. Weidenhamer, Technical Monitor.
b.
United States Nuclear Regulatory Commission/Idaho National
Laboratory.
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Engineering

containment, and contain normally open isolation valves. Three process
(1) the High Pressure Coolant Injection (HPCI)
lines meet these criteria:
steam supply line, (2).the Reactor Core Isolation Cooling (RCIC) steam
supply line, and (3) the Reactor Water Cleanup (RWCU) supply line. Of the
three, an unisolated break in the RWCU supply line was determined to have
the greatest safety impact. The design basis hot water blowdown testing was
performed to provide information on valve operability questions associated
The majority
with the RWCU environment (subcooled water flashing to steam).
of RWCU containment i~solation valves are 6-inch, 900-pound, flexible-wedge
gate valves with Limitorque electric motor operators.
Backuround
The gate valve, Figure 1, is designed for use in a system where a
positive shut-off is required with minimal pressure drop when the valve is
open.
It is ideally suited to those situations where isolation of one part
of a system from another is required and control of the dynamic properties
With the disc (or gate) in the
of the fluid (throttling) is unnecessary.
raised position, the run of the valve is free of any obstruction with
approximately the same head loss as in the adjacent piping, When the disc
is lowered into the seat, the upstream pressure forces it against the seat,
creating a seal and isolating the downstream system from the fluid.
Most of the valve and operator manufacturers use the same equation to
determine valve closure forces, with only minor variations in coefficients.
In this equation, the required force to cycle the valve is equated to the
sum of the disc drag load due to differential pressure, the stem rejection
load (stem end pressure load), and the packing drag load, as detailed below.
Ft
Where

=

A(Ad)(AP) ± As(P) + Fp

Ft
A
Ao

=
=
=
=

As
P

= Stem cross-sectional area

Fp

(1)

Total stem force
Disc friction factor
Disc area
Differential pressure

= System pressure
= Packing drag load (a constant).

The disc load is determined by multiplying the exposed disc area by the
differential pressure and a disc factor to account for seating surface and
guide sliding friction. The disc factor normally used for wedge-type.gate

valves in Equation (1) is0.3. The stem rejection load is found by taking the
stem cross-sectional area and multiplying it by the system pressure. Note
that in this equation the stem rejection load can be either positive ornegative depending on whether the valve is closing or opening.
because the stem rejection load is always in a direction out of
body; the stem rejection load resists valve closure and assists
opening.
The service conditions used in the force equation are
each individual plant.
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Figure 1. Typical motor-operated gate valve.
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Test Desiqn
In the blowdown test research program two full-scale, representative
nuclear valve assemblies were cycled under design basis RWCU pipe break
conditions.
Both valves were modified to incorporate extended yokes-(4 inches
longer than normal) and stems cut in half and threaded to allow installation
of the special stem force instrumentation.
Flanges were attached to both
sides of each valve for mating with the test system piping.
The first test specimen, Valve A, was a 6-inch, 900-pound standard rated,
cast steel, flexible-wedge gate valve with a pressure seal bonnet and butt
weld ends.
The valve seats were hard faced with Stellite and seal welded to
the valve body.
The one-piece flexible wedge -(disc) was also hard faced with
Stellite on the seating faces, and the disc guides were carbon steel.
The
valve was manufactured for this test program by Anchor/Darling Valve Company
using a nuclear-grade body casting, nuclear design and materials, without
third-party inspections.
The valve was powered by a Limitorque SMB-2-40
electric motor operator. The valve design was representative of valves
installed in early nuclear power plants.
The second test specimen, Valve B, was a 6-inch, 900-pound standard rated,
forged steel, flexible-wedge gate valve with a bolted bonnet and butt weld
ends.
The valve seats were hard faced with Stellite and seal welded to the
valve body.
The one-piece flexible wedge (disc) was also hard faced with
Stellite on the seating faces.
The valve was manufactured for this test
program by Velan Incorporated using nuclear design and materials, without
third-party inspections.
The valve was powered by a Limitorque SMB-0-25
electric motor operator.
Representing one of the newer valve assemblies
delivered since 1970, the Valve B design incorporated hard-faced disc guide
wear surfaces.
Both valves utilized 460 Vac, 3 phase, 60 Hz electric motor operators.
To
ensure valve closure and data collection at the anticipated
greater-'than-normal loadings, Valve A utilized a larger, greater-capacity
motor operator than would normally be used.
The motor operator used with
Valve B was sized in accordance with current practices to represent a typical
valve used in nuclear power plants today. With their differences in internal
and friction bearing surface design, the two valve assemblies represented a
large number of motor-operated valves used in nuclear plants today.
The test system used for the subcooled water blowdown testing featured a
large water tank, heated and pressurized so that various system water
conditions could be established and regulated, replicating actual BWR
conditions.
The water was propelled by high-pressure gaseous nitrogen.
The
water heating system consisted of a heating section and a high-pressure,
high-temperature water pump.
The heating section contained an electrical
heater in an 8-inch pipe and heated the water as the pump recirculated water
from the pressure vessel, through the test section and heating section, and
back to the pressure vessel.
The test section was a 6-inch pipe with the test
specimen mounting flanges and appropriate fittings for obtaining temperature
and pressure measurements.
The system is shown schematically in Figure 2.
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Test system schematic showing instrumentation locations.

BMGO017F,

To accomplish the functional testing, the system contained bleed valves
-which provided the means to reduce system pressure on both sides (upstream
and downstream) of the test specimen.
In this manner, differential pressure
conditions could be established across the test valve's disc. The test
system also featured a fast-acting (approximately 300 msec opening stroke),
hydraulically operated valve, positioned so that when the valve was
actuated, the system's fluid was abruptly dumped to the atmosphere,
resulting in high-flow (blowdown) conditions through the test specimen.
The test system was instrumented to monitor flow, pressure, and
temperature at various locations, including test valve upstream and
downstream positions.
Motor operator electrical characteristics were also
recorded.
Valve stem force was monitored using a special high-temperature
load cell installed between the two halves of the specially designed valve
stems.
The test parameters measured are listed-in Table 1.
A secondary objective of theblowdown test program was to determine how
normal utility in-situ valve testing, using available diagnostic equipment,
could be used to provide assurance of a valve's ability to isolate pipe
break flows.
By measuring actual stem forces and associated.motor operator
parameters, in-situ plant testing plans may be developed using available,
diagnostic equipment; the values of the functions measured by this equipment
are then extrapolated to actual stem forces.
Several motor-operated valve
(MOV) diagnostic system manufacturers supported this objective by
participating in the testing as listed in Table 2 in chronological, order.
The manufacturer participation was not a competition but, rather, an attempt
to determine what factors need to be considered to provide reasonable
assurance of valve operability using each device.
While general observations are made in this paper concerning the use of
this diagnostic equipment, in-depth analysis of the data taken"and
discussions of how the devices may.best be utilized must await review of the
digitized data, scheduled for early Fiscal Year-1989, as well as analysis
coordination with the diagnostic equipment manufacturers.
Test Procedure
Upon installation in *the test system, each valve assembly was subjected
to a typical ANSI B16.41' functional qualification test, including the
valve leakage test (Annex A), cold cyclic test (Annex B), and hot cyclic
test (Annex C).
These tests were accomplished to provide a baseline
characterization of valve assembly operation for comparison with the later
testing.
The valve leakage test established the mainseat valve leakage rate
and the packing leakage rateof the test valves, while the cold cyclic test
demonstrated the capability of the test valve assembly to open and close
under adverse combinations of motive power and system pressure with the
assembly at room temperature not exceeding 100°F. The hot cyclic test
sequence was performed to demonstrate the capability of the test valve
assemblies to open and close under adverse combinations of motive power and
system pressure with the assembly at design temperature, in excess of
100°F. Annex G, flow isolation, was the subject of this test program
and thus was not performed as part of the qualification series.
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TABLE 1. TEST PARAMETERS MEASURED DURING BLOWDOWN TESTS
Oscillo-

Transducer
TI
T2
T3
T4
T5

Measurement
System Water Temp.
Test Valve Inlet Water Temp.
Test Valve Body Temp.
Heating Section Water Temp.
Load Cell Temp.

P2
P3
P4
APN
AP2
AP3

System Water Press.
Test Valve Inlet Water Press.
Test Valve Outlet Water Press.
Discharge Section Water Press.
Test Valve Differential Press.
Venturi Differential Press.
Pump Differential Press.

11
12
13
El
E2

Actuator
Actuator
Actuator
Actuator
Actuator

ST
LSi
LS2
TS
F

Valve Stroke - LVDT

Al
A2
A3
A4
A5
A6

Actuator Acceleration Y
Actuator Acceleration X
Actuator Acceleration Z
Valve Body Acceleration Y
Valve Body Acceleration X
Valve Body Acceleration Z

PI

Current
Current
Current
Voltage
Voltage

Open Limit Switch
Close Limit Switch*
Close.Torque Switch
Valve Stem Force

*Control room light indicator only.
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x
x
x
x
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TABLE 2.

VALVE DIAGNOSTIC EQUIPMENT USED FOR SUBCOOLED BLOWDOWN TESTS

Valve
A
A
A
A
A
A
A
A
A
A
A
B
B
B
B
B
MAC
MCSA
MOVATS
V- MODS
VOTES

Test
Series
1
3
2
4
6
5
7
9
8
10
11
1
2
3
4
5

Description
Qualification Test
Blowdown, 1000psig, 480°F
Blowdown, 1000psig, 530°F
Blowdown, IO00psig, 400°F
Blowdown, 1400psig, 530°F
Blowdown, 1400psig, 580°F
Blowdown, 1400psig, 450°F
Blowdown,
600psig, 430°F
Blowdown,
600psig, 480°F
Blowdown,
600psig, 350°F
Blowdown, 1000psig, 530°F

Qualification Test
Blowdown,
Blowdown,
Blowdown,
Blowdown,

1000psig, 530°F
1400psig, 5800 F
600psig, 4800F
]O00psig, 530°F

Diagnostic
Equipment
MCSA
MCSA
None
V-MODS
V-MODS
MOVATS
MOVATS
None
None
MAC, VOTES
MCSA
MCSA
MCSA, MOVATS
V-MODS
MAC
V-MODS

Limitorque Motor Actuator Characterizer
ORNL Motor Current Signature Analysis
MOVATS, Inc. (MOV Analysis and Test System)
WYLE Labs. Valve Motor Operator Diagnostic System
Liberty Technology Valve Operator Test & Evaluation System
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Once baseline qualification testing of the test valve assemblies was
completed, several test series were performed to address the questions of
GI-87. Each test series included leakage tests, cyclic tests without flow,
cyclic tests at normal system flow, and cyclic tests at full blowdown
conditions. A wide range of design upstream pressures and temperatures was
maintained throughout the valve closures, with blowdown flow limited only by
flashing and choked flow at the test valve or piping exit. Each test series
was structured to optimize the amount of useful data obtained. Required
non-flow data were collected during the preparation period for full-scale
flow and post full-scale flow.
Fourteen blowdown tests were accomplished, ten on Valve A and four on
Valve B. All tests were performed to evaluate the engineering parameters
required to calculate closure loads for a typical valve. In addition, the
four tests with the Valve B and normally sized operator were performed to
demonstrate expected in-service performance with the motive power closer to
normal.
Test Results and Interpretation
Valve A: A torque switch setting of 2.0 was selected for the motor operator
so that the stem thrust capability was maximized without exceeding the valve
and instrumentation capacity.
(The torque switch was reset to 2.5 after
test 10 to compensate for an observed torque-out anomaly, discussed later.)
The valve closed satisfactorily for all tests; however,
higher-than-predicted stem loads were observed during the blowdown flow
isolation cycles.
Figure 3 is a reproduction of the stem force trace for the blowdown test
with initial fluid conditions at 1000 psig and 530°F subcooled water.
The figure shows the stem compression (negative values) increasing as the
valve closes until it reaches a peak where the flow path is finally blocked
and the valve disc is riding against the full seat ring. At this point the
stem compression decreases sharply to a value representing the force
required to slide the disc on the seat to the fully seated position. Then
the force rises sharply through final seating and torque switch trip. The
compressive force in the stem then continues to increase due to the time lag
in the circuit dropout time and the momentum in the operator. The peak
shown shortly before final seating of the valve is the force that must be
overcome for successful closure. This peak is the flow isolation force
referred to in comparisons and discussions throughout this paper.
Equation (1) was used to predict stem forces during closure at high
flow. Following typical industry practices, the parameters chosen for use
in the equation were conservatively chosen to be maximum design pressure (P
& AP) and assumed worst-case packing drag force. The Valve A closure
thrust was predicted using nominal valve size (6 in.) to calculate disc
area, maximum upstream pressure for P & AP, a packing drag force of 1500
pounds, and a 0.3 disc factor. The calculation was repeated using a 0.5
disc factor followingrecent industry recommendations for gate valves in
high-flow applications.

Valve A, 1000 psig, 530 IF
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Figure 3.

Load cell measurements show the effect of blowdown flows on
valve closure stem loads.

Figure 4 shows a comparison between the predicted stem forces (using the
above assumptions) using 0.3 and 0.5 disc factors and the actual stem forces
For Valve A testing, both the
measured during the blowdown isolation steps.
pressures and temperatures were varied to change the degree of subcooling
and thus degree of flashing occurring at the valve during closure. This
figure shows that at the lower pressures the actual stem forces were closely
predicted by the sizing calculation, as were the forces that were at higher
pressures but greatly subcooled.
The sizing calculations did not bound stem
forces for the tests at higher pressures with water closer to saturation
temperatures.
A disc factor of about 0.57 would be necessary to reach the
19,400-pound stem force measured during the 1000 psig, 10F subcooled
water test.
In order to investigate how well Equation (1) models the actual behavior
of the valve, the conservatism needs to be removed from the calculation.
If
the disc load is eliminated from Equation (1), such as would be the case
without flow, what remains is a linear equation in slope-intercept form
(y = mx + b), namely:
Ft

=-As(P) ± Fp

(2)

Note that this equation has been written so that the stem rejection load
is always negative (compression) while the packing load is either negative or
positive depending on whether the valve is closing (compression) or opening
(tension).
Figures 5 and 6 show the test data that are expected to apply to the above
equation.
The data plotted are the stem force measured at mid-stroke (running
load) for tests at varying temperatures and pressures but without flow. The
line fit through the data points has a slope equal to the stem cross-sectional
area and provides an indication of the true packing load for each case. For
Valve A, data show a packing load of 835 pounds for opening and 430 pounds for
closing.
Both values are well below the 1500 pounds used in the sizing
equation, providing additional margin in the calculation.
The difference
between the two values can be partially accounted for by the weight of the
disc and lower half of the stem. This difference also provides evidence that
the packing load is affected by direction of travel, possibly caused by water
carried with the shaft changing the lubrication of the packing/stem surfaces
or by other phenomena associated with stem travel through packing.
Based on the packing load and stem rejection load characteristics
determined from the running load evaluation, an evaluation of the total force
equation [Equation (1)] was conducted.
Here the conservatisms found in the
application of the equation were eliminated by using measured parameters in
the equation.
Figure 7 contains the results of this calculation for the
blowdown test shown in Figure 3 and compares it to the measured stem force.
As might be expected, the calculated force bounds actual values during the
first part of closure, when little of the disc area is exposed to the flow and
differential pressure across the valve is small.
As the disc drops further
into the flow stream and differential pressure increases, the calculation
ceases to bound measured values, where the actual flow isolation stem force
exceeds those calculated.
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Figure 4.

Valve A measured stem forces exceeded those calculated for
tests at high pressure and slightly subcooled conditions.

1.0

.6

.2

-. 2
C0
0

-. 6
-L1.

L
0
-

-1.0

-1.4

-1.8

-2.2
0.

.4

.2

.6

.8

1.0

1.2

1.4

1.6

(Thousands)
System Pressure (psig)

Figure 5.

Linear curve fit using industry equation closely approximates
Valve A running stem forces for opening without flow.
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Valve A, 1000 psig, 530 OF
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Figure 7.

Calculations using 0.3 and 0.5 disc factors and removing
typical conservatisms do not model test data for high-energy
flow isolation.

The valve assembly was disassembled after testing to evaluate the
condition of valve internals exposed to the high-flow testing. The disc
(wedge) was removed and examined to determine how the blowdown forces had
affected its condition. The disc was worn on the guides and sealing
surfaces of the downstream face, indicating a cocking of the disc toward the
downstream side. The upstream face was not damaged. An examination of the
assembled position of the disc valve body revealed large clearances of about
1/4 inch between the disc and disc guide rails mounted to the valve body.
This clearance plus the wear on the disc guides and guide rails allowed the
disc to cock downstream far enough to come in contact with the seat ring
during the last half of the closure stroke. This contact explains the wear
pattern found on the disc face, and may also be the cause of the high
closure forces noted just prior to flow isolation during the higher-energy
blowdown tests (see Figure'3).
Judging by the wear patterns observed, it is unlikely that the valve
could have produced a tight seal using the downstream face alone. A tight
seal on the downstream face would have been required to isolate flow if the
valve torqued out prior to full travel but with the disc on the seat. The
valve, however, maintained a tight seal throughout testing, indicating a
tight seal on the upstream face of the disc--a benefit of using an oversized
operator with a higher-than-necessary torque switch setting.
Valve B: A torque switch setting of 1.75 was selected for the Valve B
assembly to provide the needed closure thrust for the given test
conditions. This setting, however, resulted in delivered stem thrust (as
determined by the stem-mounted load cell) that was below the calculated
magnitude. The torque switch setting was therefore raised to 2.0 prior to
the first system blowdown test.
The valve performed satisfactorily during the testing except for the
1400 psig test, where the operator torqued out before the disc reached the
fully closed position (1/4 inch travel remaining)
Even during this test,
however, the valve had closed far enough to produce a tight seal,,with no
leakage observed.
In accordance with manufacturer procedures, the valve thrust was
predicted using actual orifice area for disc area, upstream pressure for P &
AP, a disc factor of 0.3, and a packing drag force of 5000 pounds (the
maximum expected for this packing configuration).
Based on the initial
results of the Valve A tests, all of the blowdown tests with Valve B were
conducted at near-saturation temperatures for the various pressures. Figure
8 shows a comparison between the test measurements and the thrust
calculations for the Valve B tests. The estimated stem forces, shown as the
solid line, provide reasonable predictions of actual forces for
lower-pressure cases. Maximum flow isolation forces could not be measured
for the 1400 psig test because the torque switch tripped prior to full
closure.
Figure 8 therefore shows the extrapolated stem force at 1300 psig
(pressure at flow isolation) based on actual stem force characteristics
prior to torque switch trip for two closure cycles. Here, as with Valve A,
predicted stem forces are not conservative at higher pressures.
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Figure 8.

Valve B-extrapolated stem forces exceeded those calculated for
tests at high pressure and slightly subcooled conditions.

Figures 9 and 10 show the Valve B test data that are expected to apply
to Equation (2).
Here again, the data plotted are the stem forces measured
at mid-stroke for tests at varying temperatures and pressures but without
flow. The line fit through the data points has a slope equal to the stem
cross-sectional area and provides an indication of the true packing load for
both the opening and closing strokes. The increase in packing forces over
those found for Valve A is believed to result from the different packing
design and greater stem diameter of this valve.
The line fit through the data points for this valve shows a packing load
of 1610 pounds opening and 1632 pounds closing. The force calculation for
this case included a 5000-pound packing load, again providing conservatism.
The difference between the opening and closing values is less than expected,
given the weight of the disc and lower stem half (over 50 pounds).
This may
indicate a directional relationship for packing load, believed to be a
characteristic of the packing type used and its orientation.
Based on the packing load and stem rejection load characteristics
determined from the running load evaluation, an evaluation of the total
force equation was conducted.
Here again the conservatisms found in the
application of the equation were eliminated by using measured parameters in
the equation. For the Valve B assembly, stem force calculations
under-predicted actual measurements.
Figure 11 shows the maximum stem
forces for closure during the blowdown testing at 1400 psig and 580°F.
As with the previous valve, the calculated force bounds actual values during
most of the closure cycle. As the valve isolates flow and differential
pressure approaches full system pressure, the stem force exceeds that
calculated.
No wear patterns were noted on the Valve B disc after testing. The
inspection of the valve internals noted tight clearances in the disc
guide/guide rail interface and machined, hard-faced disc guide surfaces.
Operator Torque Switch Trip Anomaly: During the blowdown testing of Valve
A, there were three incidences of anomalous operator torque switch trip
behavior. It is believed these incidences occurred in conjunction with
installation and removal of the MOV diagnostic test equipment. The valve
stem forces associated with torque switch trip were normal in the numerous
tests performed with diagnostic devices installed. The anomaly appeared in
the form of abnormally low valve torque-out stem forces during the tests
immediately after removal of two types of diagnostic equipment. The
investigation that followed the discovery of the low stem forces showed that
incorrect installation of the motor operator spring pack lock ring was the
problem. The removal of the diagnostic test equipment and the subsequent
incorrect installation of the lock ring invalidated the findings of the
diagnostic test
A recent problem investigation at Brunswick
(LER 87-023-01)Ž has identified a similar lock ring installation problem
and illustrates the potential for invalidated diagnostic testing elsewhere.
The point at which the torque switch -contacts open is dependent only on
the setting of the torque switch, rate of the torque spring, and spring pack
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Figure 11.

Calculations using 0.3 disc factor and removing typical
conservatisms do not model final flow isolation forces.

No matter what causes the stem force to increase, whether
preload and gap.
flow loads, valve reaching full stroke, or even an obstacle in the disc
path, the-switch will always open when the torque spring compresses to the
The force at torque switch trip was used to trace the
predetermined point.
function of the operator from one test to another through various diagnostic
equipment installations and removals.
Figure 12 shows the average stem
compression at torque switch trip for each of the 11 tests performed on
Valve A, arranged in chronological order. The force measurements were made
using the INEL load cell installed as an integral part of the valve stem.
During tests I through 7 the valve operator functioned consistently,
with a stem compression at torque switch trip of approximately 33,000
pounds.
Tests 9 and 8, accomplished without operator diagnostic monitoring,
showed consistent torque-out forces, but at a significantly reduced level.
Here a drop of approximately 10,000 pounds appeared in the torque-out stem
compression.
Two different sets of valve operator diagnostic equipment were installed
to monitor test 10, and the valve stem torque-out compression returned to
about the same level as tests 1 through 7 (re-lubrication of the valve stem
The diagnostic equipment was removed
threads increased loads slightly).
after test 10, and the results of test 11 show a similar reduction in force,
even after the torque switch setting was increased from 2.0 to 2.5.
After the completion of testing for Valve A, the Limitorque motor
operator was removed and partially disassembled by Limitorque
The spring pack cover was
representatives with INEL personnel attending.
The lock ring that
removed and the internal configuration inspected.
retains the torque spring and its locking set screw appeared to be properly
The set screw was removed and a special tool was used to attempt
installed.
The ring was tightened almost one full
to further tighten the lock ring.
turn before it reached its proper position.
Limitorque design records were used to correlate the loosening of the
lock ring to torque switch setting and torque-out thrust. One full turn of
the lock ring is equivalent to 19 degrees rotation of the torque switch.
This loosening of the
One full torque switch setting is about 21 degrees.
lock ring had the effect of backing off the torque switch from 2.0 (the
From the torque spring
actual setting) to 1.1 (the equivalent setting).
curve the loss of thrust was estimated at 10,600 pounds, very close to the
discrepancy in the measured data.
Improper positioning of the lock ring sometime after test 7 but before
the next test would. explain the'reduction in stem force after test 7. How
None of the diagnostic devices
it happened is not completely understood.
installed prior to test 9 require the removal or adjustment of the torque
spring lock ring; in fact, several of the devices are designed to diagnose
Review of
spring pack gap, the result of improper lock ring installation.
the data taken by the various diagnostic devices shows no indication of
spring pack gap.
Also, none of the devices are designed such that their
installation would correct for this problem, with the exception of the
Limitorque motor actuator characterizer (MAC) device.
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Figure 12.

Below-normal stem forces were bbserved for three test series
with Valve A.

Installation of the MAC device requires the removal of the torque spring
lock ring to facilitate the installation of its spring pack load cell
device.
According to the Limitorque technician, the position of the lock
ring was marked prior to removal and the number of turns during removal was
noted.
The load cell device was installed and tightened to the proper
position to provide the design spring preload. After testing, the load cell
was removed and the lock ring installed the appropriate number of turns to
the previously marked position. We believe this explains the similar
reduction in stem force before and after test 10.
A correlated event was determined from a review of the Brunswick LER.
In this case, the HPCI steam line isolation valve (a GI-87 valve) had
successfully undergone several diagnostic tests using the MAC system.
Later, the valve motor failed on opening for an unrelated reason.
During
the subsequent motor operator check, greatly reduced torque-out forces were
observed.
Investigating personnel discovered that a burr on the threads of
the spring pack housing cover had prevented the lock ring from being fully
installed after diagnostic testing and had caused the lower-than-expected
torque readings.
Both instances of improper lock ring positioning could have been easily
diagnosed.
A simple measurement of the lock ring position can be compared
with both the position of torque spring transducer during testing and the
manufacturer design position in order to validate post-test valve
operation. Apparently this procedure was not completed for the
above-described tests.
Conclusions
The design basis hot water blowdown testing has shown that, given enough
thrust, typical gate valves will close against the high flow resulting from
a line break.
Proper operator sizing depends on correct identification of
the values for the sizing equation.
Evidence exists that values used in the
past may not be conservative for all valve applications.
The following
items need to be considered during sizing of gate valve operators.
1.

Gate valve internal and friction-bearing surface design can have a
significant effect on the operator force requirements for pipe
break flow isolation.

2.

The degree of subcooling at the valve inlet can greatly influence
valve closure forces.
Valve operator force requirements increase
as inlet fluid conditions approach saturation temperatures.

3.

Industry trends toward using 100 percent system pressure for all
pressure terms in the sizing calculation are justified for
high-flow applications.

Improper operator lock ring installation following test or maintenance
can invalidate in-situ test results and render the valve unable to perform
its design function.
This is important in light of the present trend by
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utilities to perform diagnostic testing of safety-related valve assemblies
to answer regulatory concerns such as IE Bulletin 85-03. A final quality
check following diagnostic testing and maintenance must be made to ensure
correct lock ring installation.
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Abstract
Research during the past year focused on (1) stress corrosion cracking (SCC) of
austenitic stainless steels (SS), (2) fatigue of Type 316NG SS, and (3) SCC of
ferritic steels used in reactor piping, pressure vessels, and steam generators.
Stress corrosion cracking studies on austenitic SS explored the critical strains
required for crack initiation, the effects of crevice conditions on SCC susceptibility, heat-to-heat variations in SCC susceptibility of Type 316NG and modified
Type 347 SS, the effect of heat treatment on the susceptibility of Type 347 SS,
threshold stress intensity values for crack growth in Type 316NG SS, and the
effects of cuprous ion and several organic salts on the SCC of sensitized Type
304 SS. Crevice conditions were observed to strongly promote SCC. Significant heat-to-heat variations were observed in SCC susceptibility of Types
316NG and 347 SS. No correlation was found between SCC behavior and minor
variations in chemical composition. A significant effect of heat treatment was
observed in Type 347 SS. A heat that was extremely resistant to SCC after
heat treatment at 650'C for 24 h was susceptible to transgranular stress
corrosion cracking (TGSCC) in the solution-annealed condition. Although
there was no sensitization 'n either condition, the presence or absence of
precipitates and differences in precipitate morphology appear to influence the
SCC behavior. In fracture-mechanics crack-growth-rate tests on Type 316NG
SS, steady-state crack growth under high R loading was observed only at stress
intensity values greater than -22 MPa-m 1 /2. Cuprous ion additions were shown
to be very deleterious at and above -1 ppm at 289°C; however, below -200'C,
SCC occurred at much lower concentrations (-0.03 ppm). SCC susceptibility
tests were performed at 289°C in water containing ethylenediaminetetraacetate (EDTA) salts at low concentrations. Transgranular SCC was
observed but the crack growth rates were very low, primarily because these
substances reduce the dissolved oxygen concentration in the water. None of
these impurities appears to be deleterious. In-air fatigue data on Type 316NG
SS at -22, -288, and 320'C were in good agreement with the ASME mean'
data curve for fairly short lives corresponding to plastic strain ranges of greater
than 0.5%, but fell below the mean data curve at longer lives. A small (-20%)
but consistent decrease in fatigue life was evident when the test temperature
was increased from room temperature to temperatures more typical of
operating reactors. Constant-extension-rate tests on a variety of ferritic steels
used in piping, pressure vessels, and steam generators showed a strong
correlation between the sulfur content and sulfide distribution of the steels and
susceptibility to SCC.
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1

Introduction

Piping in light-water-reactor (LWR) power systems has been affected by several types
of environmental degradation. Intergranular stress corrosion cracking (IGSCC] of austenitic
stainless steel (SS) piping in boiling-water reactors (BWRs) has required research, inspection, and mitigation programs that will ultimately cost several billion dollars. As extended
lifetimes are envisaged, other potential environmental degradation problems such as corrosion fatigue must be considered. During this year the program has been primarily directed
at the problems associated with SCC of austenitic SSs, although work has also been performed on SCC of ferritic steels and fatigue of Type 316NG SS.

2

Summary of Research Progress

2.1 Stress Corrosion Cracking of Austenitic Stainless Steels
Critical Strain for Initiation of Stress Corrosion Cracking
Most investigations of the SCC susceptibility of BWR piping materials involve fracturemechanics and constant-extension-rate (CERT) tests. These tests are primarily measures
of crack propagation rather than crack Initiation. Although crack initiation, the precursor
to crack growth, is of critical importance, it is difficult to define and study experimentally.
The present studies have focused on the determination of the strains required to produce
measurable cracks in CERT tests.
Interrupted CERT tests have been used in previous studies to estimate the strains
required to Initiate cracks 11, 21. However, the procedures required that initiation be
defined by either large, easily observed cracks or extensive examination of specimens by
scanning electron microscopy (SEM). A modified CERT specimen geometry was developed
in which the strain in the specimen was localized, and hence, the region in which crack
initiation was likely to occur was greatly reduced in size. A small-diameter (1.0 mm)
through-hole was drilled in the center of the gage length (Fig. 1). The tests were interrupted at relatively low plastic strains and then the specimens were cross sectioned by
electrical discharge machining (EDM), as shown in Fig. 2, so that the entire region of crack
initiation could be examined relatively easily by SEM at magnifications of. 1000X or more.
This approach provided a convenient technique for identifying crack initiation, i.e., detecting cracks less than 10-20 gim in length.

Since strains are not directly measured in CERT tests, the tests were either interrupted at a predetermined time, which corresponded to the desired nominal strain for the
strain rate imposed on the specimen, or at a predetermined stress that was calculated from
the desired nominal strain through the stress-strain law. Preliminary experiments indicated that it was more reliable to interrupt the test at the predetermined stress than at the
predetermined time. The actual nominal plastic strain was determined a posterioriby
measuring the change in length between two marks placed at the ends of the gage section.
The local strain (clo)} was then determined'by multiplying the nominal strain (Enomn) by a
strain concentration factor. Both elastic-plastic finite-element calculations [3] and
Neuber's rule [4] suggest that the strain concentration factor is =8, and this value was used
in the analysis of the results.
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Figure 1.

Figure 2.

Geometry of CERT Specimen Used for Crack Initiation Studies.
inches.

Cross-Sectioning Scheme for CERT Specimen Shown in Fig. 1.
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Dimensions in

The plastic strains required to initiate cracks in a simulated BWR environment were
determined for a Type 316NG SS (Ht P91576) and two heats of Type 304 SS (Hts 53319
and 30956). The composition of these materials is given in Table 1. The heat treatments
for the different stainless steels, the degree of sensitization determined by the electrochemical-potentiokinetic-reactivation (EPR) technique, and the CERT test parameters and
results are summarized, in Table 2. The heat treatments did not sensitize Type 316NG SS.
Scanning electron microscopy (SEM) photographs of the regions of strain concentration are
shown in Figs. 3-5. Crack initiation occurs at local strains of approximately 2.0%, 3.0%,
and 4.0% for Types 304 (sensitized), 316NG, and 304 (solution annealed) SS, respectively.
Initiation of SCC occurs at relatively low plastic strains for all the materials, although Type
316NG and solution-annealed Type 304 SS tend to be slightly more resistant. The Type
316NG and solution-annealed Type 304 SS exhibited transgranular stress corrosion cracking (TGSCC): the sensitized material exhibited intergranular SCC (IGSCC).
Table 1.

Chemical Composition (wt.%) of Test Alloys

Element

316NG
(P91576)a

304
(53319)

304
(30956)

316NG
(467958)

316NG
(NDE-28)

C
Mn
P
S
Si
Ni
Cr
Mo
W1
N
B
Fe

0.015
1.63
0.02
0.01
0.42
10.95
16.42
2.14
0.068
0.002
Balance

0.06
1.69
0.024
0.013
0.59
8.88
18.33
0.14
0.06
0.029
0.0005
Balance

0.06
1.54
0.019
0.007
0.48
8.0
18.99
0.44
0.19
0.1
Balance

0.02
1.53
0.023
0.008
0.65
12.60
17.29
2.51
0.16
0.0682
0.002
Balance

0.014
1.77
0.02
0.002
0.52
13.58
17.79
2.59
0.11
0.11
0.0006
Balance

aHeat or Identification numbers are Indicated in parentheses.

The effect of dissolved-oxygen level and the corresponding changes in electrochemical
potential (ECP) on crack initiation was 'also studied. Tests were performed on solutionannealed Type 304 SS in water containing 0.005-0.25 ppm dissolved oxygen and 0.1 ppm
sulfate, with corresponding ECPs ranging from 100 to -560 mV (SHE). Figure 6 showsthe
cracking observed in solution-annealed Type 304 SS at several different combinations of
ECP and local plastic strain. Even at potentials below -400 mV (SHE), SCC occurred at
strains of -4%, i.e., about the same level as in the tests at -100 mV (SHE).
Effect of Crevices on Stress Corrosion Cracking Susceptibility
A specimen geometry similar to that used for the initiation studies was used to study
the effects of crevices on SCC. In this case, two holes, which penetrated only halfway
through the specimen, were drilled in the gage length, and Type 304 SS pins (0.84 mm in
dia) were inserted in the holes. A schematic representation of the specimen is shown in
Fig. 7. The tests were continued to failure, and the fracture always occurred at one of the
drilled holes. The fracture surface was examined by SEM to determine the length of the
largest crack and whether the failure occurred by SCC. Average crack growth rates were
estimated from the measurements of maximum crack length.

-494-

Crack Initiation Observations on 'Types 316NG and 304 SS in Inter~upted CERT Tests after Various Strains
at289"C. i =2x 10-7 gs-i Environment: 0.25 ppm 02+0.1 ppm so 4

Table 2.

Specimen
Numbera

Material

o
MPa

ECPb
mV(SIIE)

EPR.
C/cnAR

nom.

eh-."
9%

SCCId

6.04
1.43
i.36
0.59
0.38
0.22

48.3
11.4
10.9
4.7
3.0
1.8

Yes
Yes
Yes
Yes
Yes
No

5.79
1.60
1.00
0.57
0.38

46.3
12.8
8.0
4.6
3.0

Yes
Yes
Yes
Yes
No

5.80
1.40
0.29
0.19

46.3
11.2
2.3
1.5

Yes
Yes
Yes
No

Type 316NG SS. 1050°C/0.5h . 650'C/24h
PM9-54
PM9-58
PM9-59
PM9-52
PM9-53
PM9-50

316NG
316NG
316NG
316NG
316NG
316NG

229
147
144
125
124
107

78
11I
27
24
12
45

0
0
0
0
•0
0

Type 304 SS, 1050°C/0.5h
304
304
304
304
304

5-57
5-85
5-82.
315
5-83

304
304
304
304

5-34
5-71
311
5-70

0
0
0
0
0

244
171
144
118
102

94
31
109
49
62

Type 304 SS, I050C/0.5h + 600*C/24tt
225
144
128
102

94
70
120
83

24
24
2
24

aPMq-XX: lIT P91576
5-XX: liT 53319
3,-xx: irr 3o956
bElectrochemical potential.
cBased on an estimated strain concentration factor of 8.
dStress cor-osion crack initiation detected at 1000X magnification.
eExcept Specimen 311. 1050'C/0.5h + 700"C/0.25h + 500'C/24h.

(C.)

E,

6.04%

(d) C,= 0.59%

Figure 3.

4

(b)

(F 7 ýI. 3 %

(e)

E,

0.38%

Mf) e,

0.22%

SEM Photomicrographs of the Hole Regions of CERT Specimens of Type 316NG
SS Subjected to Crack Initiation Tests. Nominal plastic strains in the specimen
are indicated; localized strain in the hole region is higher by a factor of -8.
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(b)

4p = 5.79 %

(d)

(C)

cp=z.6 %

Ep=l.0%

ep = 0.57 %

SEM Photomicrographsof the Hole Regions of CERT Specimens of solutionannealed Type 304 SS Subjected to Crack Initiation Tests. Nominal plastic
strains in the specimen are indicated; localized strain in the hole region is
higher by a factor of -8.

Figure 4.

670 ,uý
5i

(c)
Figure 5.

Ep

0.29%

1.2

-

(d)

Ep =0.19%

SEM Photomicrographs of the Hole Regions of CERT Specimens of sensitized
Type 304 SS Subjected to Crack Initiation Tests. Nominal plastic strains in the
specimen are indicated; localized strain in the hole region is higher by a factor

of -8.
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Figure 6.

Effect of Open-Circuit ECP on Crack Initiation in Solution-Annealed
Type 304 SS.

TWO HOLES 0.034 DIA
X 0.125 DEEP
WITH TWO 0.033 DIA PINS.

Figure 7.

Geometry of CERT Specimen Used in Crevice SCC Studies, with SS Pins
Inserted in Two Holes Drilled Half Through. Dimensions in inches.
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Two heats of Types 316NG SS (Hts P91576 and 467958) and one heat of Type 304 SS
(Ht 53319) were studied. Type 304 SS was tested in both the sensitized and nonsensitized
conditions. The heat treatments were similar to those used for the crack initiation studies
(see Table 2) and produced no measurable sensitization in the Type 316NG SS. The results
of the tests on the crevice specimens are summarized in Table 3 along with corresponding
results obtained from standard, smooth CERT specimens without the drilled holes.
Types 316NG and 304 SS are very sensitive to SCC under crevice conditions. SEM
photomicrographs of the fracture surfaces and the corresponding cross sections through
the other hole in the specimens of Type 316NG SS (Ht P91576) are shown in Fig. 8.
Comparison tests were performed with and without the pins. Without the pins (Fig. 8a), the
specimens failed in a completely ductile fashion in high-purity water. Standard CERT
specimens from this heat also failed in a completely ductile manner in high-purity water.
With the pins in place, SCC occurred both in high-purity water (Fig. 8b) and in sulfate
environments (Fig. 8c). The presence of sulfate increased the average crack growth rate by
nearly a factor of 4 (see Table 3, lines 3 and 5). Under non-crevice conditions, Ht 467958
of Type 316NG SS was resistant to TGSCC not only in high-purity water containing 0.2 ppm
dissolved oxygen, but also in impurity environments, even at very slow strain rates (Table 4).
However, under crevice conditions, even Ht 467958 exhibited TGSCC, as is illustrated in
Fig. 9.

0

Figure 8.

~

C

SEM Photomicrographs of the Hole Regions and of Type 316NG SS Specimens
(Ht P91486) with and without Crevices, Tested in 289°C Water at a Strain Rate
of 2 x 10- 7 s-1. In each case, the photomicrograph on the left side shows the
fracture surface at one hole and the photomicrograph on the right shows the
cross section of the other hole in the specimen.
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Table 3.

CERT Test Results Obtained under Noncrevice and Crevice Conditions.

Materiala

Heat
No.

Condition

316NG

P91576

Smooth, Noncreviee

316NG

P91576

Hole. Noncrevlce

316NG

P91576

Hole + Pin, Crevice

316NG

P91576

Smooth. Noncrevice

0.2502 + 0.1 So

316NG

P91576

Hole + Pin, Crevice

316NG

467958

316NG

467958

b

if.
h

Omax,
MPa

Et,

eu,

%

%

AA/Ao.
%

Failure
Mode

0.2502

492.6

460

35.5

30.5

68

Ductile

0

0.2802

382.5

410

27.5

23.4

44

Ductile

0

-12

0.2402

266.5

533

19.2

16.3

53

TGSCC

6.84 x 10-10

-17

474.0

461

34.1

29.8

44

TGSCC

7.35 x 10-10

2

0.25 02 + 0.1 SO 4

202.5

314

14.6

12.9

43

TGSCC

3.06 x 10-9

21

Smooth, Noncrevice

0:25 02

638.0

510

45.9

40.3

74

Ductile

0

25

Hole + Pin, Crevice

0.25 02

240.8

384

17.3

13.4

55

TGSCC

1.20 x 10-9

34

53319

Smooth, Noncrevice

0.2502

600.0

500

43.2

36.0

69

Ductile

0

15

304c

53319

Hole + Pin, Crevice

0.26 02

200.0

324

14.4

11.7

49

TGSCC

1.39 x 10-9

51

304c

53319

Smooth, Noncrevice

0.2502

260.7

415

18.8

16.5

31

IGSCC

2.18 x 10-9

38

304c

53319

Hole + Pin, Crevice

0.2502

193.7

330

.13.9

12.2

45

IGSCC

3.04 x 10-9

12

304

Environment,
ppm

i = 2 x 10-7 s- i: T = 289°C
a
m. s--I

8A1i 316NG specimens were solution-annealed for 0.5 h at 1050°C and heat-treated for 24 h at 650'C.
bSolution annealed for 0.5 h at 1050'C.
2
cSolutlon annealed for 0.5 h at 10501C and sensitized for 24 h at 600'C, resulting in an EPR value of 24 C/cm .
",0
-0

Table 4.

Effects of Environment and Strain Rate on the SCC Susceptibility of Type 316NG SS (Ht 467958) at 289°C

Test
No.

Oxygen,
ppm

Sulfate,
ppm

Chloride,
ppm

Conductivity,
laS/cm

189
303
158
192
193
146
138a
137

0.2
0.2
0.2
0.2
0.2
8
8
8

0.1
0.1
0.1
0.1
0.1
-

-

<0.1I
0.9
0,9
0.9
0.9
0,9
5,7
5.7

-

-

-

0.5
0.5

i,
s-I

l
2
4
2
1
2
2

x
x
x
x
x
x
x
x

aThis specimen was tested after a heat treatment of 1050°C/0.5 h.

10-7
10-5
10-6
I0-7
10- 7
10-6
10-.6
10-6

tf,
h

af,
%

eu,
%

&A/A,

1276.2
10.7
62.5
291.4
577.3
129.7
53.0
63.0

45.9
38.4
45.0
42.0
41.6
46.7
38.2
45.4

40.3
32.8
38.7
32.0
34.4
39.3
36.4
37.1

74
75
74
75
74
75
71
73

%

0max,
MPa

Failure
Mode

485
466
485
491
501
494
495
499

Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile
Ductile

ECP,
mV(SHE)

15

CREVICED SCC IN TYPE 316NG SS (HT467958)
10501C / 1/2 h + 6500C/24 h
2 x io-7 S-I
0.25 ppm 02

Figure 9.

SEM Photomicrographof the Hole Region of a Type 316NG SS Specimen (Ht
467958) with a Crevice.

Similarly, smooth specimens of solution-annealed Type 304 SS exhibited ductile failure, but the same material cracked transgranularly under crevice conditions (Fig. 10a) with
an average crack growth rate of 1.39 x 10-9 m-s- 1 (Table 3). Unlike the solution-annealed
Type 304 SS, sensitized Type 304 SS failed by IGSCC even under non-crevice conditions in
high-purity water, but the presence of an artificial crevice (Fig. 10b) slightly aggravated
IGSCC, as indicated by the enhanced crack growth rates (see last two lines of Table 3).
The test results clearly demonstrate that SCC can occur under crevice conditions in
environments where no SCC was observed under non-crevice conditions. Since the electrochemical conditions at the tip of a stress corrosion crack may be similar to those in a
crevice of the same composition, these results may explain why some fracture-mechanics
tests show crack propagation for materials and environmental conditions under which no
cracking was observed in CERT tests on a smooth specimen [4].
Crevice bent-beam SCC tests were performed on two heats of Type 316NG SS (Ht
P91576 plate and Ht NDE-28 pipe) in high-purity water with 0.2-0.3 ppm dissolved oxygen at 289°C. The plate specimens were shot peened to three different levels, representing differents degrees of surface cold work. Some of the specimens were furnace heat
treated for 24 h at 500 or 600'C after the shot peening. The specimens from the pipe were
fabricated from the inside diameter near the weld heat-affected zone. The specimens and
specimen holders were designed to provide a 0 to 0.25-mm crevice and 15% total strain.
The specimens were tested for -5000 h. Transgranular cracking was observed in one
specimen from Ht P91576. Intergranular and transgranular cracking was observed in one
specimen from Ht NDE-28. In this case the crack actually propagated through the thickness of the specimen. It is possible that this particular crack may have initiated from a
weld defect. Additional tests are planned to better assess the actual potential for cracking
induced by cold work.
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(a) SOLUTION ANNEALED

(b)

SENSMflZED

CREVICED SCC1 IN TYPE 304 SS (289'C)
E = 2 x.O-7 s0.25 ppm 02

Figure 10. SEM Photomicrograph of the Hole Region of Sensitized and Solution-annealed
Type 304 SS Specimens with a Crevice.
Heat-To-Heat Variations in Susceptibility of Types 316NG and 347 SS to Stress Corrosion
Cracking
CERT results for Type 316NG SS revealed significant heat-to-heat variations in
susceptibility to SCC. Typical results are shown in Table 5. Susceptibility to TGSCC in
chloride solutions depends on the concentration of Ni, Si. Be, and Cu [5,61. However, no
simple correlation was found between resistance to crack growth and minor variations in
chemical composition among these heats. The heats were also analyzed to determine
whether the origin of heat-to-heat variations can be attributed to the presence of trace
elements such as P. S, Cu, V, Ti, and Pb. Again, no correlation between cracking susceptibility and the concentration of residual elements was found.
CERT tests have also been performed on five different heats of Type 347 SS. The
results are summarized in Table 6. Except for Ht 316642, all the heats of material
were susceptible to TGSCC. However, susceptibility was observed only at at strain rates
<5 x 10-7 s-1, which is lower than that generally required to induce TGSCC in Type
316NG SS in similar environments. The strain rate at or below which SCC occurs is
the (upper bound) critical strain rate. Above this critical strain rate, purely mechanical failure dominates. In terms of this measure of resistance to SCC, Type 347 SS is some-what
superior to Type 316NG SS.
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Table 5.

Heat-to-Heat Variations in SCC Susceptibility of Type
316NG SSa.b

Heat No.

tif.
h

.
%

oma,,
MPa

P91756
467958
08056
59076
NDE-28
D440104
D472701
D442604

474.0
577.0
641.0
398.1
653.0
712.0
647.0
669.0

34.1
41.6
46.0
28.7
47.0
51.0
46.6
48.2

D450905

664.0

47.8

461
501
390
487
470
464
455
463
468

Avg. Crack Growth Rate

m. s-1

7.35 x
0
4.38 x
3.83 x
1.28 x
3.49x
2.97 x
0

10-10
10-10
10-Io
10-9
10-10
10-10

7.41 x 10-11

a All specimens were heat treated at 1050*C/0.5 h + 650"C/24 h.
bTests were conducted in water containing 0.25 ppm dissolved
oxygen with 0. 1 ppm sulfate at 289'C and a strain rate of
2 x 10-7 s-I.

Table 6.

Test No.

Heat-to-Heat Variations in SCC Susceptibility oflType 347 SS

Heat No.

i,

tf.

Omax.

S-l

h

MPa

aav.

SS Potential.

Failure

m- s-,

mV(SHE)

263

174100

10-6
10-7
10-7
10-7

432

Ductile

114.5
301.5
574.5

417
448
451

TGSCC
TGSCC
TGSCC

0
1.63 x I0-9
9
1.10 x 107.58 x 10-10

21

174100
174100
174100

1
5
2
1

65.5

274
272
275
301
305
310

170162
170162
170162

I x 10-6
5x l0-7
2 x 10-7

55.7
114.1
250.5

427
430
471

Ductile
Ductile
TGSCC

0
0
5.50 x 10-10

84
91
22

349
350

869962
869962

1 x 10-6
5 x 10-7

94.5
182.8

460
466

Ductile
TGSCC

0
3.80 x 10-10

22
34

348

869962

2 x 10-7

442.0

472

TGSCC

2.97 x 10-10

80

364
365
367

316642'
316642
316642

I x 10-6
5 x 10-7
2 x 10-7

100.0
198.0
487.0

438
444'
443

Ductile
Ductile
Ductile

382
380

LPN
LPN

93.8
174.8

452
459

Ductile
TGSCC

377

LPN

1 x 10-6
5 x 10-7
2 x 10-7

530.5

460

TGSCC

x
x
x
x

0
0
0
0
1.22 x 10-9
9.83 x 10-10

aThe tests were performed in water with 0.25 ppm dissolved oxygen and 0.1 sulfate at 289'C.
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94
-8
55

-1
3
-87
86
90
-54

Effect of Heat Treatment on Susceptibility of Type 347 SS to Stress Corrosion Cracking
Table 7 summarizes results on both base metal and weldment specimens from Ht
316642 of Type 347 SS. The base metal specimens, which are designated as K2-..., are
extremely resistant to SCC after heat treatment at 1050'C/0.5 h followed by 650'C/24 h.
The weldment specimens, which are designated as K2W-..., were tested both in the aswelded condition and after a subsequent 500'C/24-h heat treatment. No cracking was
observed in the weld specimens at strain rates of either I x 10-6 or 5 x 10-7 s- 1 , although
the strains-to-failure are lower by approximately 50% for the weldments, as expected.
However, at a strain rate of 2 x 10-7 s- 1 , cracking occurred in a weld specimen but not in
the base metal specimen tested at this strain rate. The crack was located in the base metal
relatively far from the weld. Additional tests were performed on material from Ht 316642
in the solution-annealed condition. These results also are given in Table 7. The material,
which was extremely resistant to TGSCC in the aged condition, is susceptible to TGSCC in
the solution-annealed condition as well as the as-welded state. The results suggest that
heat treatment and thermomechanical history have a significant effect on the susceptibility
of Type 347 SS to TGSCC.
To better understand the possible effects of heat treatment on susceptibility to SCC,
the precipitate size and morphology of specimens from three heats of Type 347 SS (Ht
174100, 170162 and 869962) were examined by SEM. All the heat-treated specimens
contain precipitates (Fig. 11) that were Nb-rich, as determined by energy-dispersive x-ray
analysis. The precipitates are less than a micron in diameter. The crack growth rates
appear to decrease with an increase in precipitate size. The increased resistance to crack
growth with an increase in precipitate size is consistent with the idea that precipitates
offer resistance to slip and hence can retard the film rupture process that is generally
involved in the crack growth process.
Fracture-Mechanics Crack-Growth-Rate Tests
Fracture-mechanics crack-growth-rate tests have been performed on two 0.7T compact-tension specimens, one of CF3M cast SS (Specimen CTC24-2) and the other of Type
316NG SS (Ht D440104, Specimen 104-2). The ferrite level of the cast material was 5%,
as determined by magnetic permeability measurements. The specimens were fatigue precracked in high-temperature water with 0.2-0.3 ppm oxygen and 0.1 ppm sulfate at 289 0 C
under a cyclic load with R = 0.25. Crack growth tests were then performed with a cyclic
load with R = 0.95 (sawtooth wave shape, 12-s rise and 1-s fall time). Crack lengths were
measured by dc electric potential and by compliance measurement techniques. Measurements by the two techniques were in good agreement. The crack lengths as a function
of time for the two specimens are shown in Figs. 12 and 13 for Type 316NG and CF3M SS,
respectively. Because the fatigue crack growth rate was higher in the cast specimen during precracking, the initial stress intensity factor K under the R = 0.95 loading was
1 2
-21 MPa-m 1 / 2 (19 Ksi-inl/ 2 ) in the Type 316NG SS specimen and -22 MPa-m /
(20 Ksi-inl/ 2 ) in the CF3M SS specimen. As Is shown in Fig. 12, for K<-22 MPa-mI/ 2
(20 Ksi.inl/ 2 ), sustained crack growth did not occur in the Type 316NG SS specimen. The
bursts of transient crack growth shown in the figure are associated with the compliance
measurements. To make the compliance measurement, the usual load history must be
interrupted by -10 cycles of relatively low R loading (R = 0.4). Apparently this change in
loading history is sufficient to initiate crack growth, which however, is not sustained. For K
> -20 Ksi-ln1/ 2 (22 MPa-ml/ 2 ), steady-state crack growth was achieved under R = 0.95
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Table 7.
Test
No.

Specimen
No.

s-1

364
365
367

K2-1b
K2-2
K2-3

I x 10-6
5 x 10-7
2 x 10-7

Effect of Heat Treatment on SCC Susceptibility of Type 347 SSa
t.ff,
I,
%

h

Heat treatment:
100
198
487

CU.

Gmax,

%

MPa

M/Ao.
%

SS Potential,
mV(SHE)

aav,
m. s-1

1050'C/0.5 h + 650'C/24 h (air cooled)

36.0
35.6
35.1

28.8
30.1
28.8

438
444
443

59
63
55

-1
3
-87

0
0
0

16

119

1.37 x 10-9

45
22

45
83

1.27 x 10-9
9.30 x 10-10

54
54
46
21

88
100
68
29

0
0
2.26 x 104
1.92 x 10-9

110

1.72 x 10-9

Heat treatment: 1050'C/0.5 h + 600'C/24 h
408

K2-7

2 x 10-7

320.0

23.0

Heat treatment:
(11I

399
398

K2-6
K2-5

2 x 10-7
I x 10-7

478.5
923.0

20.4

1050'C/0.5 h (water quenched

34.5
33.2
Heat treatment:

387
385
389
396

K2W-2c
K2W-1
K2W-3
K2W-4

1
5
2
2

x
x
x
x

10-6
10-7
10-7
10-7

50.5
126.9
184.0
210.0

18.2
22.8
13.2
15.1

32.0
30.5

K2W-5

2 x 10-7

307.0

22.1

444
446

As welded + 5000C/24 h
-11.5
17.3
10.4
13.2'
(e)

397

435

19.1

445,
455
455
454
Heat treatment:

As welded

456

aAll tests were performed In water containing 0.25 ppm dissolved oxygen with 0. 1 ppm sulfate at 2890C.
bSpecimens numbered K2-X: base metal.
c Specimens numbered K2W-X: weldment.

39

(a)

HT 174100
AW + 500rCI24 h
sy:1. 10 x I0-om-s- I

(b) HT 170162
AW+ 500*C/24 h
a.,

5.50 x 1I-°om.s1

(c) HT 869962
SA+650*C/24 h
2.97 x

-1°0

s-1

Figure 11. Precipitate Distributions in Type 347 SS and Corresponding Crack Growth
Rates.
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Figure 12.

1.0)
Crack Growth in a Type 316NG SS Specimen under R = 0.95 (0.25 wd
Leading in Water with -0.25 ppm Dissolved Oxygen and 0.1 ppm SO 4 .
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Figure 13. Crack Growth in a CF3M SS Specimen under R = 0.95 (0.35 and 1.0) Loading in
Water with -0.25 ppm Dissolved Oxygen and 0.1 ppm S04-.
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loading. Although compliance measurements were still made, no transient behavior was
observed, presumably because the steady-state rate under these conditions was relatively
high. This suggests that -22 MPa-ml/ 2 (20 Ksi-in 1 / 2 ) represents a threshold stress intensity for growth of SCC in this material under this loading condition. The stress intensity of
the cast specimen was always Ž>20 Ksi-inI/ 2 (22 MPa-m 1/ 2 ) because of the longer precrack
produced by the initial fatigue loading. In this case steady-state crack growth occurred
under the R - 0.95 loading, but there was a significant decrease in the crack growth rate
under constant load, R = 1. The effect is related to environmental crack growth and is not
simply due to a change in mechanical fatigue crack growth; under hydrogen water chemistry conditions, no measurable crack growth has been observed under R = 0.95 loading.
Effects of Cuprous Ion and Ethylene-diamine-tetraacetate Salts on Stress Corrosion Cracking
In plants with admiralty brass, aluminum brass, or copper-nickel condenser tubes
and/or feedwater heaters, copper is one of the metallic impurities present in reactor
coolant water. Previous work indicated that the minimum concentration of Cu 2 + required
for severe IGSCC of sensitized Type 304 SS decreased from -1.0 ppm at 289'C to -0.1 ppm
at 150'C. These concentrations are higher than those typically encountered in the reactor
coolant water in BWRs and in secondary system water of recirculating or once-through
steam generators in PWRs. However, since the thermodynamic stability regime of Cu+
increases relative to that of Cu 2 + as the temperature of the water increases, Cu+ and Cu 0 are
the most likely copper species to be present at the potential-pH conditions in BWR and
PWRs, and tests were performed to determine the minimum concentration of Cu÷ needed
to promote SCC of sensitized Type 304 SS.
The feedwater chemistries, ECP values, and test results are summarized in Table 8. As
in the case of CuCl 2 , the time-to-failure of the specimens exhibits an abrupt change over a
narrow Cu+ concentration range, as is shown in Fig. 14, and the fracture mode changes from
predominantly ductile fracture to IGSCC. The dependence of the crack growth rate on Cu+
concentration is shown in Fig. 15. For the most part, the data lie along a line of slope -1,
which is consistent with the hypothesis that the cathodic-reduction partial process is Cu+ +
e- = Cu 0 and the heuristic result that the crack growth rate is proportional to 1/le-] when
2
the process is controlled by the rate of cathodic reduction 17, 81. Previous tests on Cu +
indicated that the crack growth rate increased as the 1/2 power of the Cu 2 + concentration,
which is consistent with the reduction of Cu 2 + to Cu 0 , which consumes two electrons 191.
The temperature dependence of the crack growth rate of the steel in low-oxygen water
(<5 ppb) containing -1-2 ppm Cu+ is shown in Fig. 16. The broad maximum in the crack
growth rate between -170 and 250 0 C and the decrease in IGSCC susceptibility at both
lower and higher temperatures is similar to the behavior observed in water containing
0.2 ppm dissolved oxygen with and without sulfate additions [10, 111. The crack growth
rate of the steel at -200°Cin water with -- 1-2 ppm Cu+ is higher by factors of 10 and 3 than
it is in high-purity water with 0.2 ppm dissolved oxygen and in similarly oxygenated water
with 1 ppm sulfate, respectively.
The effect of pH on SCC behavior in Cu+ solutions was also investigated. Hydrochloric
acid and NH 4 0H additions were used to obtain pH25oc values ranging from 3.6 to 8.7. Tests
were also conducted in solutions containing only HCI for comparison with the results in
solutions containing Cu+. At a pH25oC of -4.7 (e.g., -1.0 ppm HCI), the crack growth rates in
water containing 0.1 and 1.0 ppm Cu+ are larger by factors of -7 and 45, respectively,

0

Table 8.

Influence of Temperature on the SCC Susceptibility of Sensitized Type 304 SS Specimensa in Water Containing CuCl at a Low (<5 ppb)
Dissolved-Oxygen Concentration
Feedwater Chemistry

CERT Parameters

Potential

Cation Concentration
Anion
Cone.,
ppm

Cond.
at 25°C,
gS/cm

%

%

SCC Growth
Ratec
m- s-1

406

24

45

8.2 x 10,9

264

154
150
66
77

520
_. 534
432
420

55
54
24
28

81
81
47
34

-

9.6 x 10,9
8.9 x 10-9

229
208
305
278

146
89
36

504
440
310

53
32
13

81
45
21

7.2 x 10,9
3.2 x 10-8

141
301

81
91
63e
89
85
95
39

430
483
504
476
447
476
297

30
33
52
32
31
34
14

45
41
76
41
54
60
31

5.2 x 10,9
3.4 x 10-9
10-9
10,1
10-9
10-8

130
53
83
116
22
116
219

6.00
5.92
5.94

47
25
24

298
254
245

17
9
9

20
18
16

2.8 x 10-8
5.2 x 10-8
5.1 x 10-8

193
220
246

7.50

6.31

33

256

12

10

3.5 x 10,8

87

3.50
7.90
20.0
38.0

5.87
5.86
5.98
6.23

147
.152
139
28

534
529
527
249

53
55
50
10

58
6541
11

1.1
1.1
6.0
4.7

pH at 25°C

Failure
Time.
h

Test
No.

Temp.,
1C -

Influent,
ppm

Effluent.b
ppm

237

135

2.0

1.53

1.10

7.60

5.90

67

228
220
229
232

150
150
150
150

0.1
0.3
0.8
2.0

0.09
0.22
0.66
1.23

0.06
0.17
0.45
1.10

0.68
1.41
3.30
7.60

6.20
6.14
6.07
6.26

243
238
234

170
170•
170

0.02
0.05
2.0

0.02
0.05
1.05

0.01
0.03
1.10

0.36
0.46
7.50

6.29
6.18
5.98

231
227
212
223
219
213
230

200
200
200
200
200
200
200

0.02
0.05
0.1
0.1
0.3
0.5
0.5

0.06
0.05
0.15
0.07
0.38
0.55
0.42

0.01
0.03
0.06
0.06
0.17
0.28
0.28

0.44
0.49
0.66
0.63
1.43
2.30
2.10

6.31
6.22
6.60
6.25
6.26
5.97
6.08

214
211
226

200
200
200

0.8
1.0
2.0

0.76
0.94
0.90

0.45
0.55
1.10

3.60
4.40
7.70

233

250

2.0

0.78

1.10

215
216
217
218

289
289
289
289

0.8
2.0
5.0
10.0

0.52
0.73
1.46
3.65

0.45
1.10
2.75
5.50

Maximum
Stress,
MPa

Total

Reduction

. Elong..in Area,

Type 304 SS.
mV(SHE)

-38

4.3
8.1
5.4
2.6

x
x
x
x

x
x
x
x

10-9
10-9
10-9
10-8

-403
-381
-296
-246

aLightly sensitized (EPR = 2 C/cm2) specimens (Heat No. 30956) were exposed to the environments for -20 h before being strained at a rate of I X 10-6 s-l.
bCopper concentration of the effluent water was determined by Inductively-coupled-plasma (ICP) spectrophotometry analyses.
CSCC growth rates are based on measurement of the depth of the longest crack in an enlarged mlcrograph of the fracture surface and the time period from the onset of
yield to the point of maximum load on the tensile curve.
eStrain rate was 2.3 x 10s-1.
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Effect of Temperature on the Crack Growth Rate of Lightly Sensitized (EPR = 2
C/cm2 ) Type 304 SS in Low-Oxygen (<5 ppb) Feedwater Containing -1-2 ppm
Cuprous Ion as CuCl.

compared to those in solutions without Cu÷. In a basic solution containing 0.1 ppm Cu+ and
NH 4 OH (pH25oc = 8.7), the effluent copper concentration was lower by a factor of 10 than in
the feedwater and no SCC occurred.
2
These results and similar results, obtained in water containing Cu ÷ and reported previously [11], demonstrate that cuprous and cupric ions at concentrations >0.1 ppm in hightemperature, low-oxygen water strongly promote IGSCC of sensitized stainless steel. These
species undergo cathodic reduction on the surface of the steel, which couples with anodic
dissolution at the crack tip and leads to rapid advance of the stress corrosion crack. Since
the crack growth rates are, in general, higher by a factor of 10 at a given strain rate and
temperature than for other species at similar concentrations (e.g., dissolved oxygen or various oxyanions), it appears that the kinetics of the cathodic reduction process for the
cuprous ions are faster than those associated with the other species.

As part of the investigation of the effects of organic contaminants on the SCC of sensitized Type 304 SS in oxygenated water, CERT tests were performed in water containing
0.2 ppm dissolved oxygen and four EDTA salts at an anion concentration of 1 ppm.
Although some transgranular cracking was observed, the crack growth rates, which are
given in Table 9, are very low compared to those observed in high-purity oxygenated water
1131. Since the dissolved-oxygen concentrations in the effluent were <5 ppb and the ECP
values of the steel and the platinum and copper electrodes were also quite negative [-510 to
-680 mV(SHE)], these substances apparently react with dissolved oxygen and thereby
decrease susceptibility to IGSCC. This contrasts with the behavior observed with for
carboxylic (acetic, formic, lactic, and oxalic) and short-chain aliphatic (propionic and
butyric) acids, which also decreased the crack growth rates significantly, but did not
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Table 9.

Influence of Several EDTA Saltsa in Feedwvater with 0.2 ppm Dissolved Oxygenb on the SCC Susceptibility
of Sensitized (EPR = 2 C/cm 2 ) Type 304 SS SpecimensC in 289'C Water

Test
No.
A162
A164
A165
A163

(ii

Speciesa
4Na-EDTA
Hydroxy-EDTA
Cu,2Na-EDTA
FeNa-EDTA

Potentialb

CERT Parameters

Feedwater Chemistry
Anion
Conc.,
ppm

Cond.
at 25°C,
4S/cm

pH at
25 0 C

Failure
Time,
h

1.0
1.0
1.0
1.0

1.71
1.95
0.91
0.62

7.55
5.41
6.17
6.16

239
243
277
295

Maximum
Stress,
MPa
522
526
534
532

Total
Elong.,
%

Reduction
in Area,
%

45
46
52
55

48
44
57
74

SCC Growth
Rate,d
m. s1.6
1.6
3.1
3.1

x
x
x
x

Type 304 SS
mv(SHE)

l0"9
10-9
10-10
10-10

aEthylenediaminetetraacetate (EDTA) salts in the experiments were as follows: 4Na- EDTA. 3H 2 0; N-(2-Hydroxyethyl). EDTA
acid; Cu,2Na. EDTA. 2H 2 0; and FeNa. EDTA. 2H 2 0.
bEffluent dissolved-oxygen concentration determined by Chemetrics analyses was <5 ppb.
cLightly sensitized (EPR = 2 C/cm 2) specimens (Heat No. 309561 were exposed to the environments for -20 h before being
strained at a rate of 5.2 x 10-7 s-1.
dSCC growth rates are based on measurement of the depth of the longest crack in an enlarged micrograph of the fracture surface
and the time period from the onset of yield to the point of maximum load on the tensile curve.

-682
-612
-518
-586

decrease dissolved oxygen or ECP values [13]. Fracture-mechanics crack-growth-rate tests
are in progress to confirm the relatively innocuous (or even potentially beneficial) effects of
several of these organic acids. Initial results indicate that the addition of 1 ppm of
propionic acid to the feedwater decreased the crack growth rate of a sensitized Type 304
SS specimen by an order of magnitude compared to that observed in high-purity water;
however, the crack growth rate of a Type 316NG SS specimen was unaffected by the
change.
2.2 Fatigue of Type 316NG SS
in LWR primary piping, low-cycle fatigue is potentially a significant degradation mechanism
which must be considered to justify extended operation of the plants [141. Current fatigue
design is based on the ASME Section III fatigue design curves, which do not explicitly
consider environmental effects. Instead, the design curves are obtained by introducing a
factor of 2 on the strain range, or 20 on the cycles from the mean life curve, whichever is
more conservative. It has been shown that the effect of the standard BWR environment on
the fatigue life of A106-GrB, and A333-Gr6 steels can completely erode the "2 or 20" margin in the Code design curve 115]. Tests on Types 304 and 304L SS in the Dresden I reactor 1161 showed that the BWR environment had a significant effect both on sensitized materials and on as-received materials, at least under some loading conditions, even in relatively
high plastic strain ranges. It is possible that environmental degradation would be even
more significant at lower strain ranges. Although the current data for Type 316NG SS 117]
are above the ASME Section III design curve, it appears that the environment eliminates a
substantial portion of the safety margins built into the Code. The objective of the current
work is to provide additional information on the effects of operating temperature and
environment on the fatigue behavior of Type 316NG SS.
Specimens were fabricated from a Type 316NG SS 22-in.-diam pipe, manufactured by
Sumitomo, with no additional heat treatment. Baseline in-air tests were performed under
strain control with a triangular wave form and a strain rate of 5 x i0-3 s-I with the same
specimen design and loading systems that were to be used for the tests in the environment.
The results of the in-air tests are summarized in Table 10. Figure 17 compares these
results with the design curve for austenitic stainless steels in ASME Section III and the
ASME mean data curve. The lives at 320 and 2880 C are somewhat shorter (22-35%) than
those observed at room temperature, but the differences are not large. The relatively small
difference in temperature between the 320'C and the 2880 C tests has little effect on fatigue
life in air. However, in an aqueous environment, somewhat larger differences may be
observed. In stress corrosion tests on sensitized Type 304 SS, susceptibility to cracking
can decrease quite markedly as the temperature increases over this range.
The results are in good agreement with the mean data curve for fairly short lives corresponding to plastic strain ranges of greater than 0.5%, but they fall below the mean data
curve at longer lives. However, this does not necessarily indicate that the fatigue strength
of the Type 316NG SS is less than that of Type 304 SS. The mean data curve is based
almost entirely on tests with lives of less than 105 cycles [181; the portion of the curve for
lower linear stress amplitudes was obtained by extrapolation. The results for Type 316NG
SS are close to the actual data for Type 304 SS. The departure from the mean data curve
occurs only for the portion of the curve that is extrapolated beyond the range of the supporting data.

Table 10.

Cycles to Failure as a
Function of Strain Range
for Strain-Cont rolled
Fatigue Tests on Type
316NG SS

Test
Number

Strain Range
%

1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400

0.75
1.0
0.5
0.4
1.5
0.35
0.75
0.30
0.27
0.25
0.25

Cycles
to Failure

251C
25.736
13.561
60.741
127.386
4,649
183.979
30.000
347,991
-666.000
-1.775,000

320'C
1404
1405
1406

0.5
0.75
0.4

47,011
20.425
82,691

288°C
1407
1408
1409

0.4
0.75
0.5

82,691
21.548
54.144

aThe test failed at -1.900.000 due to an
equipment malfunction.

2.3 Stress Corrosion Cracking of Ferritic Steels
CERT tests were continued on specimens fabricated from several ferritic steels (A333,
A106, A155, A516. and A533B). The tests were performed in oxygenated water at 289°C
with and without 0.01 and 0.1 ppm sulfate (as H 2 SO 4 ) at strain rates of 1.0 x 10-6 and
2.5 x 10-7 s-1.
The dissolved-oxygen concentrations were -0.2-0.3 ppm.
The results of the tests are summarized in Table 11. Except for one specimen of
A533B (Ht A5401 Specimen W7-3), all materials showed transgranular cracking on the
fracture surfaces. The average crack growth rates varied widely (1 x 10-10 to 3 x 10-8
m-s-1), even for same heat of material. The addition of 0.1 ppm sulfate did not seem to have
an appreciable effect on crack growth rates in these materials. Presumably, crack
tip impurity levels from the inclusions overwhelm the contributions from the bulk water
chemistry.
As expected from related work on the fatigue crack growth of ferritic steels in reactor
environments [19, 20], there appears to be a strong correlation between the sulfur content
of the steel (particularly the presence of sulfide inclusions) and susceptibility to SCC. Figure
18 shows TGSCC on the fracture surface of Specimen 30C-1 (A106B Ht DP2-30). Figure 19
shows ductile fracture of Specimen W7-3 (A533B, Ht No. A5401). Micrographs of the cross
section of Specimens 30C-1 and W7-3, are shown in Figs. 20 and 21, respectively. There
are far fewer inclusions in the less susceptible A533B steel than in the more susceptible
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Figure 17.

Comparison of Current Results on Fatigue of Type 316NG SS in Air with the
ASME Section III Design and Mean Data Curves.

Figure 18.- Transgranular Cracking on the Fracture Surface of A1O6B Ferritic Steel.
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Table 11.

Results of CERT Tests for Ferritic Steels in Oxygenated Water at 289°C

Material
Heat No.

Specimen
ID

Strain Rate.
sý-

A533B
A5401
A533B
XES-M
A516 GR70
DP2-F34
A155-CK70
DP2-F26

W7-2

1 x 10-6

Max. Load
MPa

Tf
h'

RA.
%

Elong.
%

Crack Growth
ms-

ECP.
mV(SHE)

High-Purity Water with 0.2-0.3 ppm Oxygen

A106B
DP2-F29
A106B
DP2-F30

657

63.7

72.5

22.0

1.4 x 10-10

-40

5M-2

614

55.6

71.7

23.5

6.4 x 10-9.

+40

34-2A

507

95.9

78.8

40.4

1.5 x 10-10

26-2

527

82.6

49.8

28.3

1.2 x 10-9

29B-2

570

75.2

57.6

28.5

1.4 x 10-10

30C-3

640

76.7

29.8

28.4

30C- I

626

47.4

16.5

17.6

3 x 10-8

+50

39.3
29.2
632
291.7
2.5 x 1O-7
High-Purity Water with 0.5 ppm Oxygen

3 x 10-9

-20

30C-2

AIO6B
DI'2-F30

30C-4

I x 10-6

A106B
DP2-F'29
A106B
DP2-F30

29B-6

I x 10-6

627

68.0

15.5

27.4

4.6 x 10-9

2.8 x 10-

9

-40
0

-20

+110

Water with 0.01 ppm Sulfate and 0.2-0.3 ppm Oxygen

30C-6

554

81.3

42.0

28.4

619

70.5

46.3

22.5

-75
4.2 x 10-9

-110

- 170

Water with 0. 1 ppm Sulfate and 0.2-0.3 ppm Oxygen
A106 B
DP2-F29
A106 B
DP2-F30
A533 B
A5401
A533 B
XES-M
A155-CK70
DP2-F26

1 x 10-6

472

68.7

41.6

34.5

3.9 x 10-9

29B-7
30C-7

554
624

60.9
66.8

29.9
63.2

21.9
25.8

5.9 x 10-9

30C-8
W7-3

620
646

71.1
61.2

39.1
85.9

24.8
25.8

7.2 x 10-9
Ductile

- 188
- 68

5M-3

593

43.5

42.3

. 20.9

1.0 x 10-8

- 70

26-3

514

64.4

38.8

26.4

6.0 x 10-9

- 63

29B-5

6.2 x 10-9

Only Ductile Failure.
of A533B Ferritic Steel Showing
Figure 19. FractureSurface
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2
Figure 21.

00g~m

Longitudinal Cross Section of A533B FerriticSteel (Heat No. A5401, Specimen
W7-3) Showing Distribution of Inclusions.
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Abstract
Charpy-impact and J-R curve data for thermally aged cast
stainless steel are presented.
The effects of material variables
on the embrittlement of cast materials are evaluated.
The chemical
composition and ferrite
morphology have a strong effect on the
kinetics and extent of embrittlement.
The procedure and correlations for predicting the impact strength and fracture toughness of
cast components during reactor service are described.
1.

Introduction

A program is being conducted to investigate the significance of lowtemperature embrittlement of cast duplex stainless steels under LWR operating
conditions and to evaluate possible remedies to the embrittlement problem for
existing and future plants.
The scope of the investigation includes the
following goals:
(1) characterize and correlate the microstructure of
in-service reactor components and laboratory7aged material with loss of
fracture toughness in order to establish the mechanism of aging and validate
the simulation of in-reactor degradation by accelerated aging, (2) establish
the effects of key compositional and metallurgical variables on the kinetics
and extent of embrittlement, and (3) obtain fracture toughness data on longterm-aged materials to predict the degree of toughness loss suffered by cast
stainless steel components during normal and extended service life
of
reactors.
Microstructural and mechanical properties data are being obtained on
19 experimental heats (static-cast
keel blocks) and six commercial heats
(centrifugally cast pipes and a static-cast
pump impeller and pump casing
ring) as well as reactor-aged material of CF-3, CF-8, and CF-8M grades of cast
stainless
steel.
Six of the experimental heats are also in the form of 7 6-mmthick slabs.
The reactor-aged material is from the recirculating cover plate
assembly of the KRB reactor, which was in service for -12 yrs (-8 yr at
service temperature of 284%C).
Fractured impact test
bars from five heats of
aged cast stainless steel were obtained from Georg Fischer Co. (GF),
Switzerland, for microstructural characterization.
The materials are from a
previous study of long-term aging behavior of cast stainless steel. 1 The data
on chemical composition, ferrite
content, hardness, ferrite
morphology, and
grain structure of the experimental and commercial heats have been reported
earlier. 2-6
The chemical composition, hardness, and ferrite
content and
distribution
of some of the cast materials are given in Table 1. Specimen
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TABLE I.

Heat

I..rl.

Product

Grade

Product
Form

Keel

Form,

Size

Chemical Analysis,

(mm)

Hardness,

and Ferrite Morphology

C

N

Mn

Composition (wt
Si
Ni

of Various Heats of Cast

%)
Cr

Mo

Hardness
RB

Stainless Steel

Ferrite
Content (%)
Calc.
Meas.

Ferrite
Intercept
(I'm)

59

CF-8

0.062

0.045

0.60

1.08

9.34

20.33

0.32

83.2

8.8

13.5

75

61

CF-8

0.054

0.080

0.65

1.01

8.86

20.65

0.32

85.2

10.0

13.1

82

60

CF-8

0.064

0.058

0.67

0.95

8.34

21.05

0.31

86.7

15.1

21.1

63

47

CF-3

0.018

0.028

0.60

1. 06

10.63

19.81

0.59

79.6

8.4

16.3

68

52

CF-3

0.009

0.052

0.57

0.92

9.40

19.49

0.35

81.6

10.3

13.5

69

51

CF-3

0.010

0.058

0.63

0.86

9.06

20. 13

0.32

83.8

14.2

18.0

52

63

CF-8M

0.055

0.031

0.61

0.58

11.85

19.37

2. 57

81.5

6.4

10.4

81

65

CF-8M

0.049

0.064

0.50

0.48

9.63

20.78

2.57

89.9

20.9

23.4

43

64

CF-8M

0.038

0.038

0.60

0.63

9.40

20. 76

2.46

89.7

28.9

28.4

35

P1

CF-8

Pipe

890 OD 63 wall

0.036

0.056

0.59

1.12

8. 10

20.49

0.04

84.9

17.7

24.1

90

P2

CF-3

Pipe

930 OD 73 wall

0.019

0.040

0.74

0.94

9.38

20.20

0.16

83.8

12.4

15.6

69

I

CF-3

Impeller

930 OD 73 wall

0.019

0.032

0.47

0.83

8.65

20.14

0.45

81.0

20.9

17.1

65

P4

CF-8M

Pipe

580 OD.32 wall

0.040

0.151

1.07

1.02

10.00

19.64

2.05

83.1

5.9

10.4

182

68

CF-8

Slab

610 x 610 x 76

0.060

0.062

0.62

1.03

8.04

20.53

0.28

84.6

14.8

23.4

87

69

CF-3

Slab

610 x 610 x 76

0.021

0.027

0.62

1.10

8.54

20.14

0.31

83.7

21.4

23.6

35

74

CF-8M

Slab

610 x 610 x 76

0.064

0.048

0.54

0.73

9.03

19.11

2.51

85.8

15.5

18.4

90

75

CF-8M

Slab

610 x 610 x 76

0.063

0.056

0.47

0.61

8.88

20.76

2.30

89.5

23.7

27.8

73

CF-8

Pump Cover Plate

0.062

0.038

0.31

1.'17

8.03

21.99

0. 17

KRB

B.

180 x 120 x 30-90

27.7

are being aged at 290,
blanks for Charpy-impact, tensile, and J-R curve tests
This paper presents an
320, 350, 400, and 450°C for times up to 50,000 h.
analysis of the mechanical property data for several heats of cast stainless
steel aged for up to 30,000 h.
2.

Charpy-Impact

Tests

were conducted on standard Charpy V-notch specimens machined
Impact tests
from the aged and unaged materials according to ASTM specification E 23.
A Dynatup Model 8000A drop-weight impact machine with an instrumented tup and
The data for room temperature
data readout system was used for the tests.
impact energy were analyzed to determine the kinetics and extent of embrittlement.
The Charpy-impact energy, KCV, is expressed as
KCV = Km + M{l -

tanh

[(P

-

O)/a]}

,

(1)

where P is the aging parameter, Km is the minimum impact energy reached after
half
long-term aging, 5 is half the maximum decrease in impact energy (i.e.,
and minimum impact energy), 0 is the log of the
the difference between initial
time to achieve S reduction in impact energy, and a is a shape factor repreand end of the decrease in impact energy.
senting the time between the start
The time, t, at different aging temperatures is expressed by the Arrhenius
relationship
t

= lop exp [

Ta

673

(2)

where Q is the activation energy, R the gas constant, and T the absolute
The aging parameter, P, represents the degree of aging reached
temperature.
after
l0P h at 400 0 C.
The values of the constants in Eqs. (1) and (2). for various heats of cast
curves for some of the
stainless steel are given in Table II and the best fit
The Charpy-impact data are plotted as a
1-3.
heats are shown in Figs.
The actual time and temperature
function of the aging parameter in Figs. 4-6.
The service time,
of aging are shown on five separate axes below the figures.
in years, at the hot-leg temperature of LWRs is shown at the top of the
figure.
in upper-shelf
The effect of aging temperature and time on the shifts
temperature of the three grades of cast material
energy (USE) and transition
The impact energy data were analyzed with the
are shown in Figs. 7 and 8.
hyperbolic tangent function given by
KCV = K

+ B{1 + tanh [(T-C)/D]}

,

(3)

where Ko is the lower-shelf energy, T is the test temperature, B is half the
distance between upper- and lower-shelf energy, C is the mid-shelf transition
The
temperature in 'C, and D is the half width of the transition region.
values of B, C, and D change with aging time whereas K is assumed to be
curves for the different heats and aging
The best-fit
unaffected by aging.
conditions are shown in Figs. 7 and 8 and the values of the constants are
given in Table III.
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TABLE II.

Values of the Constants Representing the Kinetics
of Embrittlement for Cast Stainless Steel

Constants
Heat

Km 2
(J/cm2)

(J/cm2)

47
51
56
59
60
63
64
65
66

163.6
153.0
100.4
91.2
64.7
140.2
53.3
54.3
94.9

38.5
31.0
51.3
63.5
63.9
58.4
73.9
78.9
74.9

Activation

2.89
3.06
4.22
3.26
2.82
2.43
2.47
2.84
2.72

a

Energy
(kcal/mole)

1.11
0.58
1.05
1.55
0.63
0.92
0.66
1.07
1.73

21.90
44.06
56.05
46.94
47.51
24.30
34.06
36.39
30.23

The results indicate that thermal aging decreases the impact energy and
shifts
the ductile-to-brittle
transition curves to higher temperatures.
However, different heats exhibit different degrees of embrittlement.
In
general, the low-carbon CF-3 grades of cast materials are the most resistant,
and the molybdenum-containing CF-8M grades are least resistant
to embrittlement.
For all
grades of cast materials, the extent of embrittlement increases
with an increase in ferrite
content.
The significant results are summarized
below.
(a)
High-carbon CF-8 stainless steels exhibit low lower-shelf energy
and high mid-shelf transition temperature relative to the low-carbon CF-3
steels.
The lower impact energy for CF-8 steels is attributed to M2 3 C 6
carbides which form at the ferrite/austenite
phase boundaries during production heat treatment of the casting.
The presence of large carbides weakens
the phase boundaries, and the fracture mode in the lower-shelf or transition
regime is gredominantly phase boundary separation and cleavage of the
ferrite.7
In contrast, the CF-3 steels show a dimpled ductile failure at
all
test
temperatures.
(b)
The mid-shelf transition
temperature of unaged CF-8M steels is lower
than that of unaged CF-8 steels.
The difference is due to the absence of
phase boundary carbides in the as-cast material.
Fracture by phase boundary
separation is observed in only a few heats of CF-8M steel, depending on
whether or not the material contained phase boundary carbides.
(c)
Additional precipitation of phase boundary carbides and/or growth of
existing carbides occurs in the high-carbon steels during aging at 450 or
4000C.8
The fracture mode of Charpy-impact specimens aged at 450%C and tested
at low temperatures, i.e.,
below the transition
temperature, was predominantly
phase boundary separation.
Although phase boundary carbides are not present
,in the as-cast CF-8M material, they form during aging.

-522-

00

2

o>

200-2

00
0~0
WLL100-

0 400 °C S0A

<•

0 .320 °C

0

UNAGED

,•

0
10 4

10 3

102

101

100

106

105

AGING TIME (Hours)

m

A30

CF-8 HEAT 59

0~
0O200

05

6o4

ccc

0 320 'C
0 UNAGED
0 ]
10 0

i

i

10 1

i

[ f

l

I

10 2

i

]

]

i

i

i

i

10 3

•

'

[

'

I

10 4

'

,

I

" I TIi
,-

10 5

T

T T

II771F-

10 6

AGING TIME (Hours)
Fig.

1.

Effect of Aging Time and Temperature on the Room Temperature
Impact Energy of CF-8 Cast Stainless Steel.

_5Z -3-

E

o.)007.-00
o

•o

w
z

28450C

100'

,

320
•

~UNAGED0

0

10

30-.A5

10

C

10

010

10

10

HEAT 65

0
2°0101

0200e

0

)0

10

AGING TIME (Hours)

~CF-8M
I.I100

[

0

00C

10

g]\

oo

(!J

6=23%

w 100

0 400 'C

0

00
0 320 'C
S UNAGED

010
10

Fig.

2.

12

10

100

10

3

4

16

AGING TIME (Hours)

Effect of Aging Time and Temperature on the Room Temperature
Impact Energy of CF-8M Cast Stainless Steel.

-- O gi/+--

80

E

0

F?
n0

0200

0

00

6=18%
W

0 450 °C

z 10 0
IW
-

0 400°C

0

3A50 0 C

0

CL

0 320 'C

0 UNAGED

0-T0

1 2

1

10

300-

3

10
10
(Hours)
AGING TIME

1010

4

5

10

6

''

3

0

Eo

0

CF-3 HEAT 47

0

>

•

00

0200-1

06=16%
-

WLl

10

l 100

[]
0zo450 C
0 400°C

A350

0

OC

320 °C

® UNAGED
0 O

10

1

10

2

10

3

10

4

10

5

7 = ,,

10

6r-,-

10

AGING TIME (Hours)
Fig.

3.

Effect of Aging Time and Temperature on the Room Temperature
Impact Energy of CF-3 Cas Stainless Steel.

-525-

TIME AT 3200C (Years)

TIME AT 3200C (Years)

100

10

1

1

10

100

400

-200

E 200-

E

Z.

200

-100

0

ii
z

-80

460

100-

0 S80
cil

-100

80

0
cc
-40 Z
- LU

80

00

100

4o >cc

,,= 80
C,
w
z 60

40

Lu
Z

40
I.-

0.40

0.

40

-20-

20H
p= 0
0

1

2

3

4

10

106

107

5

6

ý20

20
P= 0

1

2

3

0450-Tr~
:400
3 50

320
w 290-.-

AGING TIME (Hours)
Fig.

4.

Influence of Thermal Aging on the Room Temperature
Impact Energy of CF-8 Cast Stainless Steel.

4

5

-

TIME AT 3200C (Years)
aXX

S I.

I

,I,,,

,

1

10

l,,

I

,,lu

,II I

I

TIME AT 3200C (Years)
1
10
100

100
inA

I IIII
E 200

iT

Ii

IIi

I

I

1II

CF-8M HEAT 64

II

E

200

80

zwu. 60
4-

40

- 450

0

t

i

C

40

O 400 °C
350

-_

_0 320

F

290

0
0
0

C

C

-20

w
Z

w

n-

wU
0

0. 40-

450
0

'

10

100

104
G

C,9

l I.
.

. . .
I..

0

C

350 C
320 °C

7

290

I-

w

--

0

0

-

-40 uJ
Z

-

0

0•

i i ! i ýi t

i i

I i
• 1
I I i i i

C

I

UNAGED

I I I II I

fI

3
10 2

4

5

10 3

v

i

10(

AGING TIME (Hours)
Fig.

5.

10

I JI

i

i

.400
a. 350
320
I.l 290
I-

!

i

III

i

.

1
100

460-

10TM

i

0

p

104

. 350
320
290
A

I

36.39 KCAL/MOLE

400

10

400

-A

/MOLE
/MOLE

2

1

1 I

-0 450 C

-

-0

I0

I I

0

z

z u

p=0

6=23%

-

80-

-0.

1 34.06
1 1 ,1 KCAL

.

r0- [
c,

20.

C

II Iii i
20

80
-so

" 60

6=28%

00

1

100

so

w

o•

01d

-

>- 100

t-

HEAT 65

,[CF-8M

i

I

0

cc

- 200

2
10

"'

3
102

U
105

104

10

.

.

4

10 3

10a

AGING TIME (Hours)

Influence of Thermal Aging on the Room Temperature
Impact Energy of CF-8M Cast Stainless Steel.

.

.

.

5
104

10/

.

.

.

.

6

&W~

TIME AT 3200C (Years)
I

10

TIME AT 3200C (Years)
100

1

ld

UU . . . . . .
4.vw

.1 l

4UU

Il l l
I

II

E- 200

liii

-100

1111

4.

-100ý

so

-60

10080
6o

I-

0
0.

- 6=18%

-

-0

-

450 °C

-O

400 °C

-6

350

0

C

-

I I

I

I I I I I I

111111111111

I I I I

100-

I I

-40

i 11111111

Z
LU.

LU.

z

-

O 320 C
7 290

0

0.L

C

40

20

UNAGED

450 0 C

-O

400

-_

350 °C

0
100

450

400
350

<0 320
V 290

-0

4

1O0

102

•'
mm

0
0

I IT

C

-40

320
290

6
104

'

I~'*'

'y
I''''

I''''

10e

10 7

10'

6

IMITO

0

C

20-

UNAGED

7

I

Ic

0

p

1

100

C. 450
0
400
350
3.

yI

I

•",,,'

J J
. .- I I -.

3

2

101
'

102
' '

4
103

" ''

"'

6

a
104

''I

1o,
F

.

.

320
10

1104

10'

AGING TIME (Hours)
Fig.

6.

290

i ,

"
102

.......

' ''10 ,)
(H'ur
10AGI ''NG
10s0 1 1 10 aI
AGING TIME (Hours)

Influence of Thermal Aging on the Room Temperature
Impact Energy of CF-3 Cast Stainless Steel.

zL
LU.

C

r ! I !I I I
S

AA

3

2
101

0

I21.90
II I1KCAL/MOLE

44.06 KCA -/ MOLE
I I I I
I I I I I I I

20

P=

•

6=16%

-0

F-

i111111

&

I
-.

0

40 -

-0

0

-200

-80

0

r.j

I 111111111

C,'

200

w

100

CF-3 HEAT 47

CE4

z

10

r

200

-CF-3 HEAT 51

CC

..........

I

I L,,,I1107

1

TEMP. (OF)
-500
450-

.

. .

-250

CF-8

S400-

HEAT 68 6 = 23%

400

E

U30-350

.

UNAGED

"200

A 320% 10000 H
0 350'C 10000 H

300-

>

700

500

300

100

-100

-300

0

>

0

400*C 10000 H

-150

250rX
J

200

z
LIl

150-

I--

IN
0

1 0<

4

0

o0
A100

•

U
z
UJ
-

0

0

05

100

0~0
200

100

0

-100

-200

300

400

TEMP. (0C)

TEMP. (OF)
-500
400

350-

* UNAGED
A 320%C 10000 H

300

0 350'C 10000 H
[ 0 400 *C10000 H

i
>
-

-250

CF-8M
HEAT 75 6= 28%

E
.2

700

500

300

100

-100

-300

-200
=
150

250-

o

LU

UJ
15 ..
z
Lu

100-

I.4

100

-

50

- 100Z J,

50

-200

-100

0

100

200

300

<1.

400

TEMP. (00)

TEMP. (OF)
-500

-300

-100

100

300

500

700

450-

-250

CF-3

-~400

HEAT 69 6-24%

E
-0

350-

0 UNAGED
AZ 320*C 10000 H

o>

300-

0 350*C 10000 H

-

250-

J_
2

>200
0
U

E 400*C 10000 H
-150

CC 200-

iiU

2u

01

610

WU 150I-

•

-100•

0A

I-

0

0

A00

50

o

-200

z

-100

0

0

100

200

300

400

TEMP. (00)

Fig.

7.

Effect of Aging Temperature on the Ductile-to-Brittle Transition
Curves for CF-8, CF-8M, and CF-3 Grades of Cast Stainless Steel.

-529-

TEMP. (OF)
300

100

-100

500

700

E
200
0

()
150
a-

iD
w
100 z

ILl

I'-

"Z
I-,IL

0

a..

50

2

-500
450
'.

4-

TEMP. (OF)
100

-100

-300

300

500

700

-2250

CF-8M
HEAT 75 6 = 28%

400-

E

.0,

0 UNAGE-

350-

200 •

A 400'C 2570 H
0

0

0 400*C 10000 H

300250200-

150

,-

5O

0

cc
w

ILl

zUJ
150.

I-

I100-

0

4E

500

0
-200

400

300

200

100

0

-100

TEMP. (°C)

TEMP. (OF)
cc
4
0.

700

500

300

100

-100

-300

-500

450-

CF-3

-25,0

HEAT 69 6 = 24%

400-

.0

350-

*

0

300-

o 400*C 10000 H

E

250-

UNAOED
A 400'C 2570 H
.

0
-15

200ISO-

z
IL

10
'0
1

0

150-S

w
Lu

w.
-5

100-

0

500

0

..
-200

Fig.

8.

-100

T

100

TEMP. (°C)

200

300

400

Effect of Aging Time on the Ductile-to-Brittle Transition Curves
for CF-8, CF-8M, and CF-3 Grades of Cast Stainless Steel.

-530-

TABLE III.

Heat

69

I

68

74

75

KRB

Values of the Constants in Eq. (3)
for Ductile-to-Brittle
Transition Curve for Cast Stainless Steels

Aging Condition
Temp. (*C)
Time (h)

Unaged
320
350
400
400
450

K
(J/Tm2)

Unaged
320
350
400
400
450

10,000
10,000
2,570
10,000
2,570

Unaged
320
350
400
400
450

10,000
10,000
2,570
10,000
2,570

Unaged
320
350
400
400
450

10,000
10,000
2,570
10,000
2,570
68,000

284

130.34
78.56
74.32
54.29
55.53
48.49

-186.74
-191.22
-17.43
-45.79
-1.05
-107.84

222.03
5.33
41.07
51.20
87.47
104.34

50

62.71
48.96
47.04

-328.09
-117.63
-78.09

182.38
7.58
84.96

15

133.94.
97.36
98.30
70.38
65.46
51.49

-61.47
-40.89
29.64
34.65
57.54
34.28

110.48
45.97
64.12
70.83
75.62
41.04

15

89.54
91.07
71.40
61.55
65.58
39.19

-177.55
-94.95
-39.79
-37.18
19.20
-46.99

119.54
65.49
77.57
49.59
123.65
63.52

15

90.22
90.36
72.63
52.29
64.64
33.46

-158.27
-16.13
102.56
47.19
129.44
16.80

42.33
37.90
113.50
73.84
123.04
93.04

8

119.70
161.89

36.81
-16.54

83.22
87.20

2,570
10,000
2,570

9,980
9,980

Reannealed

D
(°C)

40
10,000
10,000

Unaged
350
400

Constants
B
C
(J/cm2 )
(°C)

(d)
Phase boundary carbides have a strong influence on the transition
temperature, but have little
or no effect on USE, e.g., transition curves for
heats 68 and 69 in Fig. 7.
The presence of carbides at the phase boundaries
leads to phase boundary separation and/or initiation
of cleavage of the
ferrite
at low temperatures, while ductile fracture at high temperatures, by
void formation and growth, is not influenced by the phase boundary carbides.
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(e)
The results suggest a "saturation effect" for USE after
aging.
For
example, the values of USE decrease significantly after
aging for 2600 h at
400%C and do not change for longer aging times, Fig. 8.
This behavior is
observed for all
grades of material.
(f)
Thermal aging leads to a decrease in the ferrite
content of all
grades of cast stainless steel, Fig. 9; particularly after aging at 450'C.
The decrease in ferrite
content is significantly greater for CF-8M steels
than for the other grades.
Microstructural studies 9 ' 1 0 indicate that aging of
cast stainless steels at temperatures below 500'C leads to the formation of
G phase, and Y2 austenite in
chromium-rich a' phase, nickel- and silicon-rich
the ferrite
and M2 3 C 6 carbides at the phase boundaries.
The ferrite
phase
typically contains -26% Cr and 5% Ni.
The formation-of a' or carbides
depletes the matrix of chromium, which leads to the transformation of ferrite
to austenite.
The larger decrease in the ferrite
content for CF-8M steels and
during 450%C aging may be attributed to the formation and/or growth of phase
boundary carbides.
The migration of phase boundaries is often observed in
aged CF-8M steels.
(g)
Charpy-impact data for CF-3 and some CF-8M steels indicate an
inversion in impact energy at temperatures in the transition
region, i.e.,
the
impact energy of samples aged at 450°C is higher than that of samples aged for
equivalent times at 400 or 350'C., For example, the mid-shelf' transition
temperature (constant C in Table III)
for heats 69 and 75, aged for 2570 h at
450'C, is lower than that after aging at 400°C for the same time.
Further-.
more, the room temperature impact energies of heats 52, 47, 51, and P2, aged
for 10,000 h at 450°C, were 10 to 15% higher than after aging for 10,000 h at
400'C.
This behavior was observed for cast materials which contain no phase
boundary carbides and have a very low mid-shelf transition
temperature in the
unaged condition, i.e.,
for most of the low-carbon CF-3 grades and some CF-8M
grades of cast stainless steel.
(h)
The kinetics of embrittlement vary significantly for the various
heats of cast stainless steel;
the activation energies range between 20 and
56 kcal/mole.
The activation energy is lower for the molybdenum-containing
CF-8M steels or for steels with higher nickel content.
The values obtained
study
are
significantly
higher than
activation
energy
in
the
present
for
those observed in the GF study,1 e.g., activation energies between 17 and
25 kcal/mole.
(i)
The shape of the impact energy vs aging time curves -also varies
considerably for the various heats, e.g., shape factor a varies between -0.6
and 1.7.
These results indicate that the kinetics and extent of embrittlement are
controlled by several mechanisms that depend on material parameters and aging
temperature.
Data obtained at 450%C aging are not representative of reactor
operating conditions; materials aged at 450°C show significant precipitation
and growth of phase boundary carbides and a large decrease in ferrite
content
of the material.
Consequently, extrapolation of the 450°C data to predict the
extent of embrittlement at reactor temperatures may. not be valid.
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The results also indicate that the published correlations for estimating
the kinetics of embrittlement are not accurate.
The activation energy for the
process of embrittlement is currently described as a function of the chemical
composition of the cast material, II and is given by the equation
Q(kcal/mole)

= -43.64 + 4.76(% Si)

+ 2.65(% Cr)

+ 3.44(% Mo).

(3)

The activation energy from Eq.
(3) ranges between 15 and 25 kcal/mole for the
various grades of cast stainless steels.
These values are significantly lower
than those observed in the present study.
Consequently, the predictions based
on Eq.
(3) will be conservative for most heats of cast stainless steel.
For
example, extrapolation of a 40 yr reactor lifetime at 320°C, based on an
activation energy of 20 or 45 kcal/mole, is equivalent to 47,000 or 3700 h at
400°C, respectively.
Figures 5 and 6 show that for the CF-8 and CF-3 steels,
the minimum impact energy is not reached during the reactor lifetime.
However, Eq. (3) may be nonconservative for some heats of cast stainless steel
since it does not include the effects of other elements, such as nickel,
carbon, and nitrogen, on the kinetics of embrittlement.
3.

Kinetics

of Embrittlement

The kinetics data from FRA, 1 1 GF, 1 and the present study were analyzed to
develop a correlation between the activation energy for embrittlement and the
chemical composition of the cast material.
Initially,
all
major elements and
carbon and nitrogen were included in the correlation.
Elements with poor
coefficients of correlation were then excluded.
The analyses yielded two
separate correlations:
one for the Argonne and FRA data, given by
Q(kcal/mole)

= 21.64 + 2.30 Cr - 1.94 Ni - 1.8 Mo
+ 4.92 Si - 29.40 Mn + 75.93 N

and the other for the GF data,
Q(kcal/mole)

(4)

given by

= -15.93 + 1.65 Cr - 1.30 Ni + 1.93 Mo
+ 4.10 Si + 10.54 Mn + 71.00 N.

(5)

The observed and predicted activation energies for the two data sets are
plotted in Fig. 10.
The coefficients for chromium, nickel, silicon, and
nitrogen show the same behavior in the two correlations, however, the
constants and the coefficients for molybdenum and manganese have opposite
sign.
Equation (4) represents a wide range of material composition and was
used to predict the activation energy for embrittlement of two heats of cast
material not used in obtaining the correlation.
The impact energies for the
heats are plotted as a function of the aging parameter in Fig. 11.
The data
obtained for different aging temperatures follow a single curve.
The results
indicate that for both heats, the minimum values of impact energy will be
reached within the reactor lifetime of 40 yr.
The different effects of constituent elements in the two correlations
are not clearly understood.
In binary Fe-Cr alloys, an increase in chromium
content is known to decrease thelime for a' formation. 12 Nitrogen also
enhances chromium clustering.
,
The positive sign of the coefficients for
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chromium and nitrogen indicates that such effects are greater at high temperatures.
These elements also influence the precipitation of carbides,
nitrides,
or carbonitrides.
Precipitation of carbides or nitrides
occurs
primarily at 450 or 400'C and is extremely slow at lower temperatures.
Consequently, the formation of phase boundary carbides would increase the
activation energy for embrittlement.
The influence of other elements, most likely, is on the precipitation of
G phase, a multicomponent phase consisting of nickel, silicon, chromium,
molybdenum, iron, and some manganese and carbon.
Microstructural studies9,10
indicate that G-phase precipitation decreases the activation energy for
embrittlement.
However, the effect of constituent elements on G-phase
precipitation is not known.
Limited data 1 5 ,16 suggest that the composition of
G phase may change with aging temperature.
For example, the G phase observed
in two similar heats of CF-8M steels aged at 400 and 450%C consisted of -25%
nickel and -14% molybdenum, but the silicon and chromium contents were 14 and
25% at 450°C and 28 and 12% at 400'C.
The effect of material composition on
G-phase precipitation must be established to better understand and develop a
single correlation for the kinetics of embrittlement.
4.

Extent of Embrittlement

The Charpy-impact data were analyzed to obtain a correlation between the
extent of embrittlement (i.e.,
minimum impact energy, Km, achieved after longterm aging) and material variables.
The minimum impact energy is plotted in
Fig. 12 as a function of a material parameter consisting of the measured
ferrite
content (6S in %); chromium, molybdenum, silicon, carbon, and nitrogen
content (in %) of the steel;
and the mean ferrite
spacing (T in pm).
The
results for all
heats for which the material variables were known are shown in
the figure.
The data show a good correlation with the material parameter.
2
The results indicate that the impact energy will be less than 50 J/cm
(-30 ft'lb)
for those cast stainless
is greater than -60.

steels for which the material

parameter

For cast stainless steels containing >10% ferrite,
the mean ferrite
spacing is in the range of 40 to 200 pm; Cr + Mo + Si concentration is -22%
for CF-8 or CF-3 and -24% for CF-8M; and nitrogen content is typically 0.04%.
Thus, for cast materials with 0.06% C and 100 pm ferrite
spacing, the impact
energy will be below 50 J/cm2 when the ferrite
content is above 20%.
Cast
materials with 10 or 15% ferrite'
can also reach very low impact strength when
the ferrite
spacing or the nitrogen content is high.
For all
cast stainless steels in service, the variables in the material
parameter are readily available.
The composition is known, ferrite
content
can be calculated from the composition or measured with a ferrite
scope, and
the ferrite
spacing can be determined by a surface replica technique.
Thus,
Fig. 12 can be used to estimate the extent of embrittlement for any cast
stainless
steel
component.
5.

J-R Curves

The results of the J-R curve tests17 indicate that thermal aging
decreases JIC and the tearing modulus of cast stainless steel at room temperature as well as at 290'C.
The reduction in toughness is greater for
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materials aged at 400 or 450'C than for those aged at 350*C for similar
lengths of time.
The fracture toughness of the high-carbon CF-8 steels is
lower than for the low-carbon CF-3 steels.
After aging for 9980 h at 400'C,
the J C value for heat P1 (CF-8 grade) at room temperature decreased from 2171
to 254 kJ/m2 , and the tearing modulus decreased from 546 to 200.
The fracture toughness results are consistent with the Charpy-impact
data, i.e.,
unaged and aged materials that show low impact strength also
exhibit lower fracture toughness.
The JIC values and Charpy V-notch impact
energies obtained at room temperature and at 290'C are plotted in Fig. 13.
Results from the studies at Westinghouse (WH), 1 9 Electric Power Research
Institute
(EPRI), 1 8 and Framatome (FRA) 1 1 are also shown.
The dashed lines
represent the lower-bound values.
Thermal aging decreases the JIC values, and
the relative reductions in JIC are similar to the relative decreases in impact
energy.
Figure 12 shows that the minimum impact energy can be as low as
2
20 J/cm
for some heats of cast stainless steel.
The corresponding JIC value
from the lower band curve in Fig. 13a would be -40 kJ/m 2 .
Thus, the correlations in Figs. 12 and 13 can be used to predict the minimum JIC values for any
heat of cast stainless steel aged for a long time.
The tearing modulus also decreases with thermal aging.
The tearing
modulus and JIC value for various heats and aging conditions are shown in
Fig. 14.
At both test
temperatures, the tearing modulus decreases with a
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,

decrease in J 1 C"
Fracture toughness data for other aging conditions as well
as other heats are being obtained to better establish the correlation between
JIC' tearing modulus, and Charpy-impact energy.
6.

Preliminary Assessment

of Embrittlement under LWR Conditions

The embrittlement of any cast stainless
steel component during reactor
service can be estimated from Fig. 12 and Eqs. (1),
(2), and (4).
The
material information needed for the assessment is the chemical composition,
ferrite
content and spacing, and initial
impact strength of the cast
material.
When the material parameter is known, the minimum room temperature
impact energy, Km, is determined from Fig. 12.
The constant S is obtained
from the difference between the initial
and minimum values of impact energy,
and the activation energy, Q, is determined from Eq. (4).
The average values
of the constants 0 and a in Eq. (1) are 2.8 and 1.0, respectively.
The
decrease in impact energy during service at reactor temperature is determined
from Eqs. (1) and (2).
Examples of the predicted embrittlement behavior of heats susceptible to
embrittlement (A and C) and typical heats (B and D) of CF-8M and CF-8 cast
stainless
steel are shown in Fig. 15.
The theoretical chemical composition
and the ferrite
content and spacing of the heats are given in Table IV.
All
compositions are within ASTM specifications.
The compositions of heats A and
C are selected to give high ferrite
content and fast kinetics of embrittlement
i.e.,
low activation energy.
The mean ferrite
spacing for most cast stainless
steels with >10% ferrite
varies between 40 and 200 pm.
A large value of the
ferrite
spacing is selected for heats A and C to get a conservative estimate
of the extent of embrittlement.
The results show that the impact energy of heats A and C will decrease to
below 40 J/cm
(-20 ft'lb)
after
4 or 5 yr of service at 320 0 C.
Heats B and
D, with lower ferrite
content (15%),
exhibit much less embrittlement, i.e.,
the impact energy will not decrease below 90 J/cm
even after long-time
service.
The kinetics of embrittlement are also slower for these heats; the
activation energy is >40 kcal/mole, compared to 18 kcal/mole for heats A and
C.
The results also show that the minimum impact energy is the important
factor in estimating the embrittlement behavior.
Slow kinetics of embrittlement, i.e.,
high activation energy, delay the decrease in impact strength,
but the material reaches the lowest value of impact strength near the end of
reactor lifetime.
This behavior is seen for heat E which has the same
material parameters as heat C, but the activation energy was arbitrarily
assumed to be 45 kcal/mole rather than the calculated value of 18 kcal/mole to
illustrate
the effect of slower kinetics.
Even with very slow kinetics, the
impact energy decreases to -40 J/cm2 after
40 yr of service.
The decrease in fracture toughness, i.e.,
values of JIC and tearing
modulus, during reactor service can be estimated from the room temperature
2
For example, an impact energy of 25 J/cm
impact energy and Figs. 13 and 14.
corresponds to a lower bound value of 70 kJ/m 2 for JIC"
The tearing modulus
can be estimated from Fig. 14; however, the correlations between JIC and
tearing modulus are not well established at present.
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15.
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Behavior of CF-8M and CF-8

Anneal

The low-temperature embrittlement of cast stainless steel can be reversed
by annealing at 550'C for I h and water quenching.8
The ductile-to-brittle
transition curves for the KRB pump cover plate material, after reactor service
and after reannealing for -1 h at 550°C, are shown in Fig. 16.
The results
show that the USE of the material increases from 247 to 330 J/cm2 after
reannealing and the mid-shelf transition temperature decreases from 37 to
-16'C.
Microstructural characterization of the reactor-aged material.showed
a"'and G phases in the ferrite
matrix and large carbides at the phase
boundaries.9'10
The a' phase is unstable at 550'C and thus dissolves after
annealing.
The reannealed material showed no a';
however, the size and
distribution of the G phase were essentially the same as in the reactor-aged
material. 9,10 These results indicate that the primary mechanism for embrittlement is the formation of a' phase.
The annealed material was aged at 320, 350, and 400'C to investigate
reembrittling behavior.
The results are shown in Fig. 17.
The material
reembrittles in a relatively short time.
For example, aging for 100 h at
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TABLE IV.

Theoretical Chemical Composition and Ferrite Morphology
of Cast Stainless Steel used for Predicting the Extent of
Embrittlement under LWR Conditions

Ferrite
Composition (wt %)
Mn Si
Ni
Cr

Contenta

interceptb

(%)
mb

(0m)

K d

Qr
(kcal/mole)

(j/0 2)

180

18

20

15

80

40

90

0.4

24

200

18

30

20.5

0.4

15

80

45

90

21.0

0.4

24

200

45

30

Heat

Grade

C

N

A

CF-8M

0.05

0.02

1.2

1.2

10.0

21.0

2.6

28

B

CF-SM

0.05

0.05

0.5

1.0

9.0

19.5

2.0

C

CF-8

0.04

0.02

1.3

0.5

8.4

21.0

D

CF-8

0.05

0.05

0.5

1.0

8.5

E

CF-8

0.04

0.02

1.3

0.5

8.4

aCalculated from chenical composition with Hull's equivalent factor.
b~s suned values.
CCaloulated from Eq. (4), value for heat E uas arbitrarily assumed.
dDeterrined from Fig. 12.
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400*C or 3000 h at 320°C decreased the impact energy to the value observed
after reactor service.
After 3000 h of aging at 400 0 C, the impact energy
2
decreased to -20 J/cm , a value close to the lower-shelf energy for the
material.
It is not clear at present whether this behavior is typical of all
reannealed cast stainless steels or is unique to this material.
Recovery
annealed material from other heats and grades of cast stainless steel are
being aged to better establish the reembrittlement behavior.
8.

Conclusions

Charpy-impact and J-R curve data for thermally aged cast stainless steel
are presented.
The effects of material variables on the embrittlement of cast
materials are evaluated.
The results show that the material composition and
the ferrite
content and spacing are important parameters in controlling the
kinetics and extent of embrittlement.
The ferrite
morphology has a strong
effect on the extent of embrittlement while the material composition
influences the kinetics of embrittlement.
The results indicate that the
kinetics of embrittlement. can vary significantly with the composition of the
cast material.
Mechanical property results from the present study and data from other
investigations were analyzed to develop the procedure and. correlations for
predicting the kinetics and extent of embrittlement, under reactor operating
conditions, from the material parameters.
The method and examples of
estimating the room temperature impact strength and fracture toughness of cast
components during reactor service are described.
Correlations for predicting
the toughness loss at reactor temperatures are also being developed.
Mechanical tests are in progress on long-term laboratory-aged material and reactoraged material to validate and/or modify the correlations.
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Abstract
This paper describes the materials obtained from the primary- and
secondary- coolant systems and the neutron shield tank of the Shippingport
reactor and the initial work done to characterize the materials. The samples
from the primary- and secondary-coolant systems include primary coolant
system valves, sections of a coolant pipe, a main steam pipe, a feedwater pipe,
an instrument pipe, a purification pipe, and a fuel pool pipe; and two cast pump
volutes. Eleven samples, approximately 6 in. in diameter were obtained from
the inner wall of the shield tank along with the corresponding samples from
the very slightly irradiated outer wall. Test plans and initial Charpy-impact test
data for the shield tank material are presented. Although large uncertainties
exist at present, the preliminary results suggest that the changes in transition
temperature are not as severe as might be expected on the basis of the changes
observed in HFIR. However, the actual value of the transition temperature is
high, and the toughness at service temperature is low, even when compared
with the HFIR data. The chemical composition, hardness, and the amount and
distribution of ferrite for the cast materials obtained from Shippingport are
described. All materials are CF-8-grade cast stainless steel. Examination of
specimens from the valves by transmission electron microscopy (TEM) showed
very finely scaled mottle images (-1-2 nm) in the ferrite, which are known to
be characteristic of (x' prime formation by spinodal decomposition. G phase
was also observed in the ferrite. These observations are consistent with studies
on laboratory-aged materials.

Introduction
The objective of this program is to develop an understanding of the metallurgical phenomena that may occur in nuclear reactor structural materials as a consequence of
extended service at operating temperatures within and outside of the radiation environment and to assess the impact of these phenomena on structural integrity.
Although many aging phenomena such as the embrittlement of cast stainless steel, lowtemperature sensitization of austenitic stainless steels, and radiation embrittlement of
pressure vessel steels have been studied in the laboratory, most of the studies have been
based on simulation of actual reactor conditions. The Shippingport reactor offers a unique
opportunity to validate and benchmark the laboratory studies, and thereby, provide a sound
basis for evaluating the integrity of structural components near the end of the projected life
of a plant. Additional work will be undertaken to identify possible new mechanisms of
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component degradation. As the opportunity arises, additional materials will be procured
from other reactors, and the extent of degradation In these materials will be evaluated and
compared with results from the Shippingport components.

2

Summary of Technical Progress

2.1 Primary and Secondary-Coolant System Materials
Samples of all materials from the primary- and secondary-coolant systems at Ship-

pingport that were likely to have undergone metallurgical changes during aging have been
obtained. They include primary coolant system valves, sections of a coolant pipe, a main
steam pipe, a feedwater pipe, an instrument pipe, a purification pipe, and a fuel pool pipe;
and two cast pump volutes. One volute had never seen service; the other was in use over
the entire life of the plant. The components and materials obtained from. the primary- and
secondary-coolant systems are listed in Table 1.
In most cases the valve-to-pipe weldments were obtained with the valves. The actual
time at temperature for the cast components was -13 years at -281 0 C (5380 F) for the hotleg components and -264'C. (507'F) for the cold-leg components. The components were
at a hot stand-by condition >2040 C (4000 F) for an additional time of ~2 years.
The chemical composition, hardness, and the amount and distribution of ferrite for the
check valves and the spare pump volute are given in Table 2. All materials are CF-8-grade
cast stainless steel. The hardness of the materials increases with an increase in ferrite
content. For some of the materials an effect of orientation was observed; the hardness and
ferrite content of the axial cross sections was higher than that of the circumferential cross
sections.

Table 1.

Primary- and Secondary-Coolant System Materials
Obtained from the Shippingport Reactor
Cast Stainless Steel
Hot-Leg Valves

Loops A. B, C

Cold-Leg Valves

Loops A, B. C

Check Valves

Loops A, B. C, D

Pump Volutes

Loop A. spare

Miscellaneous Materials
Primary coolant piping and weldment (wrought)
Feedwater pipe
Main steam pipe
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Table 2.

ANL
Designation
CA7
CA4
CB7
CC4

2

MA1
MA9
MB2

cIl

Chemical Composition and Ferrite Content of Cast Components
Composition,

Valve_____
C

N

Si

Mn

P

1

Ferrite, %

wt%
S

Ni

ID

Loop

05-H7-1
05-H7-1
05-H7-2
05-H7-3

A
A
B
C

0.058
0.056
0.052
0.056

0.041
0.041
0.053
0.067

1.43
1.45
1.36
1.42

1.09
1.10
1.07
1.11

0.018
0.018
0.018
0.018

0.009
0.009
0.011
0.012

05-H6-2
05-H6-2
05-H6-4

A
A
B

0.052

0.049

0.038

0.051
0.073

0.22
0.24
0.51

0.72

0.052
0.042

0.72
0.73

0.041
0.042

0.01210.51
0.01110.54
0.01710.77

-

0.046

0.049

1.14

0.50

0.027

0.017

8.72
8.84
8.85
9.64

Cr

Mo

CaIc.

Meas.

Ra

I, pWn

20.22
20.26
19.12
20.12

0.01
0.01
0.02
0.01

10.9
10.8
5.9
5.3

10.0
10.9
3.2
6.0

78.6±1.5
79.8±2.3
75.0±2.8
77.0±2.1

148
157
296
211

20.75

0.24

5.2

9.5

76.9±3.0

20.81
19.74

0.24
0.19

5.2
2.6

10.0
1.9

77.6±1.7
74.2±2.7

217
245
620

20.79

0.04

9.8

16.2

82.9±1.7

181

-.0

VR

Volute

9.56

1 Duplicate analyses illustrate variability observed in different regions of the valve body.
2 In the Argonne designation, the first letter indicates the type of valve (C, check valve; M, manually operated hot-leg stop valve); the second letter indicates
3

the loop, and the number is a number designating the segment from the component from which the sample was taken.
Mean ferrite spacing.

All the valve materials have a radially oriented columnar grain structure. Typical examples of the grain structure for the check valves and manual isolation valves are shown in
Figs. 1 and 2, respectively. Figure 1 also shows the weld between the valve and piping. All
the valves also contained repair welds; an example is shown in Fig. 2. The pump volute has
a mixed grain structure. i.e., columnar and equiaxed, Fig. 3.
The ferrite morphology of the different materials is shown in Figs. 4 and .5. The materials contain lacy ferrite with a mean ferrite spacing, L, In the range of 150 to 300 4m. The
check valve materials show that a significant amount of ferrite has been transformed into
austenite. Most of the ferrite/austenite phase boundaries have migrated. The original phase
boundaries are decorated with carbides, which most likely have formed during the production heat treatment of the material (Fig. 6a). The new phase boundaries are also decorated
with carbides. Transformed islands of austenite are also seen within the ferrite regions.
Recent Investigations suggest that embrittlement of the ferrite phase in cast duplex
stainless steel may occur after 10 to 20 years at reactor operating temperatures. Such
embrittlement could influence the mechanical response and integrity of pressure boundary
components [1-31. Laboratory studies have identified a number of metallurgical processes
that produce embrittlement in accelerated (higher temperature) aging tests. These processes include: (1) spinodal decomposition Involving segregation of Fe, Cr, and Ni;
(2) nucleation and growth of the a' phase out of the spinodal structure; (3) precipitation of
Ni- and Si-rich G phase; (4) growth of small spherical M 2 3 C 6 carbides; and (5)
precipitation of y2 austenite within the ferrite 131. The primary embrittling process appears
to be the spinodal decomposition, with carbide precipitation on austenite-ferrite
boundaries as the secondary embrittling process. The components from Shippingport are
being examined to determine if corresponding changes can be observed in reactor-aged
materials.
Examination of specimens from the valves by transmission electron microscopy (TEM)
showed very finely scaled mottle images (-1-2 nm) in the ferrite, which are known to be
characteristic of W prime formation by spinodal decomposition. Atom probe field ion
microscopy is needed to provide conclusive evidence of spinodal decomposition. G phase
was also observed in the ferrite. The G-phase precipitates are -5-15 nm in diameter, with
a particle density of -102 1/m 3 . These observations are consistent with studies on lowtemperature (-300'C). laboratory-aged materials. An unexpected microstructural feature, a
new phase that precipitated on slip bands and stacking faults, was observed (Fig. 6b) in the
austenite phase. It has been tentatively identified as a phase, which precipitated on stacking faults in the austenite. Microhardness measurements, made directly on the ferrite and
austenite, are summarized in Table 3.
Tensile and Charpy V-notch impact specimens have been fabricated from materials
containing >6% ferrite, but the tests have not yet been performed. The microhardness levels observed in the ferrite are consistent with those observed in aged cast stainless steels
that have shown significant loss of toughness. Because of the relatively low ferrite levels in
the Shippingport components, the actual loss of toughness is expected to be relatively
modest. However, the microstructural changes in the ferrite are consistent with a much
larger toughness decrease in materials with higher ferrite levels and more continuous distributions.
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Figure 1.

Microstructure along an Axial Section of the Loop A Check Valve. (a) Valve body
and (b) weld.

Figure 2.

Microstructure along an Axial Section of the Loop B Manual Isolation Valve. A
repair weld is also seen on the outer diameter of the valve.

Figure 3.

Microstructure along an Axial Section of the Spare Volute.
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&

Figure 4.

...

WI

.0

1 09

FerriteMorphology of Cast Materials from (a) Loop A, (b) Loop B, and (c) Loop C
Cold-Leg Check Valves.
Table 3.

Microhardness Measurements on Aged Components
from Shippingport
Ferrite
Vickers Hardness

Austenite
Vickers Hardness

ANL
Designation

Valve
ID

Loop

CA7
CA4
CB7
CC4

05-H7-1
05-H7--1
05-H7-2
05-H7-3

A
A
B
C

243
252
230
234

165
167
142
159

MAI
MA9
MB2

05-H6-2
05-H6-2
05-H6-4

A
A
B

310
286

176
178

-

260

199

VR

Volute

2.2 Neutron Shield Tank Material
The embrittlement suffered by the HFIR vessel at Oak Ridge National Laboratory has
raised the issue of whether low-temperature, low-flux irradiation can produce an unexpectedly high degree of embrittlement of reactor support structures. To help resolve this
question, samples were obtained from the neutron shield tank of the Shippingport reactor.
This sampling effort was sponsored jointly by the NRC and the DOE Plant Life Extension
Program (PLEX) at Sandia National Laboratory. The actual sampling was performed by
Pacific Northwest Laboratory under subcontract to Argonne and Sandia. The samples are
approximately 6 in. in diameter and were obtained from the inner wall of the shield tank
along with the corresponding samples from the very slightly irradiated outer wall. The
locations of the samples from the outer and inner shell of the shield tank are shown in Figs.
7 and 8. The material from the Shippingport neutron shield tank is an A212 Gr-B steel
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Ferrite Morphology of Cast Materialsfrom loop A (a) and (b) loop B (c). and loop
C (d) Hot-Leg Manual Isolation Valves.
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Figure 6.

(a) Morphologies of M 2 3 C 6 Carbides on the Austenite-FerriteBoundaries; (b)
Sigma Phase Formed on Slip Bands in Austentite of Cold-Leg Check Valves.
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similar to the material used for the HFIR reactor. The shield tank was fabricated by the
Pittsburgh and Des Moines Steel Company, As indicated in Figs. 7 and 8, the vessel is composed of a number of plates welded together. The available records are not adequate to
determine whether all the plates are from the same heat of steel. However preliminary
chemical analyses of samples taken from each of the plates 'strongly suggest that both the
inner and outer shells of the vessel were fabricated from a single heat. Additional analyses
and metallographic studies are being performed to confirm this conclusion. A typical
chemical analysis of specimens taken from the vessel is given in Table 4.
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Sample Locations on the Outer Shell of the Shippingport Shield Tank. Also
shown are locations of additional samples obtained by the General Electric
Company, which is the contractorfor the Shippingport Decommissioning Project.

Charpy-impact, tensile, and:JR curve tests will be conducted on material in two orientations
(rolling and transverse direction) and at three fluence levels. Tests will be performed on
material from the outer shell to obtain baseline mechanical property data. Charpy-impact
and tensile tests will also be conducted on weld metal specimens from the inner and outer
shells to characterize the embrittlement behavior of welds at two fluence levels. A cutting
diagram for a typical base metal sample is shown in Fig. 9. Some preliminary Charpy tests
have already been performed. The results from these tests are summarized in Table 5.
Estimates of the fluence and flux levels for the most highly irradiated samples are' given in
Table 6.
The available results for the shield tank are summarized in Fig. 10, along with data
from the HFIR reactor [41 and data on another heat of unirradiated A212 Gr-B steel 151.
Data obtained on A212 Gr-B steel at ORNL in the 1960s show that this material exhibits a
very wide range of transition temperatures and upper shelf toughness for nominally similar
compositions and heat treatments 161. The low toughness observed at room temperature
for the specimens from the outer shell indicates that, even in the unirradiated condition,
the transition temperature of this material is on the high end of the distribution observed
in the early ORNL tests. The data at 55°C (131'F) demonstrate that irradiation has lowered
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Sample Locations on the Inner Shell of the Shippingport Shield Tank.
Table 4.

Typical Composition of A2 12 Gr-B Plate from the
Neutron Shield Tank
Element

Level (wt.%)

C
Mn
P

0.23
0.78
0.02

S
Si
C ,

00
0.20
0.05

Nt

0.04

Cr
0
N
Ta
Mo, Ca. Ti, Al
B, Se, Sn
V. Zn, Zr

0.04
0.01
0.004
0.03
<0.01
<0.01
<0.005

the toughness of the material. The increases in the NDT temperature obtained from the
HFIR surveillance specimens and corresponding changes, in A2 12 Gr-B steel irradiated in a
high flux research reactor are shown in Fig. 11 141. The current data from the shield tank
permits only rough estimates of the changes in transition temperature under irradiation,
and there is considerable uncertainty in the actual irradiation conditions. Estimates of the
change in transition temperature based on the limited testing to date, are shown in Fig. 10
for comparison with the data from the HFIR reactor. Although large uncertainties exist at
present, these preliminary results suggest that the changes In transition temperature are
not as severe as might be expected on the basis of the changes observed in HFIR However,
the actual value of the transition temperature Is high, and the toughness at service

temperature is low, even when compared with the HFIR data.
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Rolling Direction

Third Cut

Note: Diagram based on an assumed diameter of 5.75 in
All Dimensions in inches.

Figure 9.

3

Cutting Diagram for Base Metal Samples from the Inner Shell of the Neutron
Shield Tank.

Future Plans

An attempt is being made to organize a cooperative effort to obtain samples from the
Shippingport pressure vessel. Expressions of interest in the endeavor have been obtained
from DOE, EPRI, the B&W Owners Group. Yankee Atomic, Electricit6 de France, and Bettis
Atomic Power Laboratory. Although the materials and operating conditions of the Shippingport reactor are not exactly prototypical of modem PWRs, valuable information can be
obtained on several important issues such as the throughwall variation of toughness, comparisons among different types of specimens (CT, Charpy, EPRI miniature specimen
designs) used in surveillance studies, and activation and radioactive product studies for
decommissioning. The actual sampling operation would be performed after shipment of
the pressure vessel to the Hanford site in Washington, which is currently scheduled for the
second quarter of FY 1989.
Characterization and mechanical testing of the material from the neutron shield tank is
the highest priority task during FY 1989. Activation analyses are currently in progress to
try to get a better understanding of the actual irradiation conditions. Microstructural analyses will be performed to determine the actual mechanisms of embrittlement.
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Table 5

Charpy Toughness Values of Samples from the Inner and Outer Halves of the
Shield Tank Inner and Outer Shells

Sample
Number/Shell
9/I
9/I
8/I
8/1
3/I
3/I
2/I
2/I
9/0
9/0
3/0
3/0
2/0
2/0
6/0
6/0
12/0
12/0

Location/Plate
Top North

Top South

Top

Bottom

Table 6.

0

Cv Outer Half

C, Inner Half

Temperature

2

C

°F

joules/cm

ft. lb

joules/cm 2

ft. lb

25
55
25
55
25
55
25
55
25
55
25
55
25
55
25
55
25
55

77
131
77
131
77
131
77
131
77
131
77
131
77
131
77
131
77
131

8.1
39.0
10.3
43.5
10.9
45.5
13.5
52.8
43.2
85.7
35.1
94.8
29.4
114.3
24.0
89.1
84.0

4.7
22.5
6.0
24.9
6.3
26.1
7.8
30.6
25.0
49.5
20.3
54.9
17.0
66.2
13.9
51.6
48.6

11.3
48.5
12.8
53.5
14.5
61.0
11.6
68.6
46.4
87.7
48.0
98.3
48.0
92.0
42.5
93.1
49.4
96.5

6.52
28.1
7.4
31
8.1
35.3
6.7
39.7
26.9
50.8
27.8
56.9
27.8
53.3
24.6
53.9
28.6
55.9

Estimated Fluence Levels for the Inner Shell of the Shield
Tank

Sample

9
3
2
8

Fluence
(neutrons/cm2 , > IMeV]
8 x
8x
5 x
5x

10
10
10
10

17

Flux
(neutrons/cm2 . s, > 1MeV)
4
4
3
3

17
17
17
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Mechanical testing of the cast stainless steel materials will be performed to determine
whether the losses in toughness are consistent with those predicted by correlations developed from the laboratory database. Stress corrosion and corrosion fatigue tests will be
performed to investigate relative susceptibility to environmentally assisted cracking.
Selected materials will be thermally aged further at temperatures between 290 and 4000 C
in the laboratory to obtain additional information and to Identify possible artifacts introduced during laboratory studies. Thermal aging will also be carried out on material which
has been annealed for I h at 550'C to recover toughness.
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