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PREFACE

This report contains summaries of papers on reactor safety research to be
presented at the 17th Water Reactor Safety Information Meeting at the Holiday
Inn Crowne Plaza in Rockville, Maryland, October 23-25, 1989. The sumnaries
briefly describe the programs and results of nuclear safety research sponsored
by the Office of Nuclear Regulatory Research, USNRC, Summaries of invited papers
concerning nuclear safety fssues from tho electric utilities, the Electric Power
Research Institute (EPR1), the nuclesr industry, an. from the goverrments and
Industry in Europe and Japan are also included. The summaries have been compiled
in one report to provide a basis for meaningful discussion and information

exchange during the course of the meeting, and are given in the order of their
presentation In each session,

Speakers who did not submit summaries for inclusion in this report are
indicated by an asterisk (%) in place of a page number in the Table of Contents.

A summary of \he agenda is printed on the inside of the back cover.
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17th WATER REACTOR SAFETY INFORMATION MEETING
OCTOBFR 22-25, 1989

PREFACE .
Mondsy, October 23, 1989

SESSION 1
Accident Management
Chairman: N. Lauben

GERMAN ACCIDENT MANAGEMENT STRATEGIES
E. Kersting (GRS)

ASSESSMENT OF GENERIC ACCIDENT MANAGEMENT STRATECIES
CONSIDERLD FOR NEAR TERM IMPLEMENTATION . . . :
J. Lehner, W. Luckas, J. Vandenkieboom (INL)

RESPONDING TO EMERGENCIES:. HOW ORGANIZATION & MANAGEMENT
MAKE A DIFFERENCE . . . . ‘ ‘
D. Metlay, §. Habcr w Luckal (BNL)

FRAMEWORK FOR ACCIDENT MANAGEMENT .
D. Hanson, et al. (INEL)

EVALUATION OF STPATECIES FOR SEVERE ACCIDENT PREVENTION &
MITIGATION e Tl B :
R. Tokarz (PNL)

RECRITICALITY IN A BOILING WATER REACTOR FOLLOWING
A CORE DAMAGE ACCIDENT . . ‘. 4 ‘ : '
R. Tokarz, R. Libby (PNL)

MITICATION OF DIRECT CONTAINMENT HEATING BY INTENTIONAL
REACTOR COOLANT SYSTEM DEPRESSURIZATION . . . . . . .
D. Golden, J. Millesr (INEL), F. Odar, (NRC)

REACTIVITY ACCIDENTS: A REASSESSMENT OF THE DESICN-BASIS EVENTS .

D. Diamond, C. Hsu, R. Fitzpatrick (BNL)

U.S. NUCLEAR INDUSTRY ACCIDENT MANAGEMENT GUIDELINES
D. Modeen (NUMARC), R. Oehlberg (EPKI)
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SESSION 2
Primary System Integrity
Chairman: C. Serpan

HEAVY -SECTION STEEL TECHRNROLOGY PROGRAM-FRACTURE 1SSUES
W. Pennell (ORNL)

HEAVY-SECTION STEEL IRRADIATION PROGRAM SUMMARY .
W. Corwin (ORNL)

USE OF J/Jy-R CURVES IN ASSESSING THE FRACTURE BEHAVIOR OF
LOW UPPER SHELF TOUGHNESS MATERIALS . . .
E. Haclkett (DTRC), J. Joyce (USKA)

POWVER REACTOR EMBRITTLEMENT DATA BASE . .
F. Kam, F. Stallmann, J. Wang (ORNL)

RESOLUTION OF THE GUNDREMINGEN REACIOR VESSEL ANOMALY BY
ACCELERATED 1RRADIATION TEST OF VESSEL TREPAN MATERIAL .
J. Hawthorne (MEA)

EMBRITTLUMENT OF THE SHIPPINGPORT REACTOR SHIELD TANK .
0. Chopra, W. Shack (ANL)

SESSION 3
Plant Performance, Testing & Analysis
Chairman: D. Bessette

FUTURE PIANS FOR NRC THERMAL-HYDRAULIC RESEARCH .
L. Shotkin (NRC)

THE U.K. CONTRIBUTION TO IMPROVEMENTS IN TRAC AND RELAPS
1. Brittain (AFATec, CEGB), M, Coney (NPTec, CECB)

CODE IMPROVEMENTS BASED ON RESULTS FROM THE 2D/3D & ICAP ACTIVITIES .

Y. Murao (JAER1)

UPTF EXPERIMENTS: 'ULL-SCALE TESTS ON LARCE BREAK LOCA
THERMAL-HYDRAULIC SCENRARIOS IN PWR; STATUS & FINDINGS .
P. Welss (SIEMENS)

INVESTIGATION OF PWR ACCIDENT TRANSIENTS WITH THE BETHSY FACILITY .
R. Deruaz et al. (CEN)

SUMMARY OF ROSA 1V/LSTF FIRST PHASE TEST PROCRAM & STATION BLACKOUT
(TMLB') TEST RESULTS . . . b g e il oy T e A R
K. Tasaka, Y. Kukita, Y. Anoda (JAEPI)
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SESSION 3 (Cont'd.)

EPR] RESEARCH ON WATER MAMMER PREVENTION, MITIGATION & ACCOMMODATION
M. Merile (EPRI), D. VanDuyne (Stone Webster), H. Safwat (Bechtel)

MIST PROGRAM: RISK DOMINANT TRANSIENT TESTING
G. Geissler, T. Moskal (B&W)

UMCP MIST COUNTERPART TEST .
M. diMarzo (U. of MD)

SESSION &
Piping & NDE
Chairman: C. Serpan

NDE RELIABILITY & ADVANCED NDE TECHNOLOGY VALIDATION
$ Doctor et al,(PNL)

UT MODELING FOR SURFACE FINISH EFFECTS
B. Thompson (Awes)

IMPROVED EDDY CURRENT INSPECTION FOR STEAM GENERATOR TUBING .

C. Dodd, J. Pate (ORNL)

HYDROGEN WATER CHEMISTRY FOR BWRS: A REVIEW OF THE
EPRI DEVELOPMENT PROGRAM . i e e
R. Jones, J. Nelson (EPRI)

INSPECTION PRIORITIES USINC PROBABILISTIC FRACTURE MECHANICS
G. Holman (LINL)

CAST STAINLESS STEEL AGING; MECHANISMS & PREDICTIONS
0. Chopra, M. Chung (ANL)

ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT WATER REACTORS .
V. Shack et 21, (ANL)

SESSION §
Equipment Qualification of Valves
Chairman: G. Veldenhamer

IMPROVING CHECK VALVE RELIABILITY THROUGH RESEARCH REGARDING

DEGRADATION OF INTERNALS A .
M. Kalsi, T. Horst, J. Wang (Kaloi)

EVALUATION OF CHECK VALVE MONITORING METHODS
H. Haynes (ORNL)
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SESSION 5 (Cont'd.)

RESULTS OF GATE VALVE FLOW INTERRUPTION TESTS IN THE
RWCU LINE ENVIRONMENT . . . ® ‘
K. DeWall (INEL)

VALVE TESTING FOR UK PWR SAFETY APPLICATIONS
P. George, §. Bryant (CEGB-UK)

OVERVIEW & STATUS OF EPR1 MOV TEST PROGRAM . "
J. Hosler (EPR1), P. Damerell, M. Albers (KPI)

A SYSTEMS ENCINEERED APPROACH TOWARDS IMPROVED SAFETY & PERFORMANCE

OF MOTOR OPERATED VALVES

¥. Knoedler, M. Schaidt, E. Varfield (Bechtel-KWU Alliance)

Tuesday, October 24, 1989

SESSION 6

Plant Aging
Chairman: W. Farmer

SAFETY & THE AGING COMMERCIAL PASSENGER FLEET .
C. Kizer (ATA)

GOOD PRACTICES FOR EFFECTIVE MAINTENANCE TO MANAGE AGING AT NFPS
W. Scott, W. Enderlin, 1. Levy (PNL)

AGING RISK ASSESSMENT METHODOLOGY: DEMONSTRATION STUDY ON A PWR AFWS .

A. Wolford, C. Atwood, W. Roesener (INEL)

LOSS -OF - COOLANT ACCIDENT (LOCA) TESTING OF AGED CABLES FOR
NUCLEAR PLANT LIFE EXTENSION . ’ : )
M. Jacobus (SNL)

LIFE ASSESSMENT PROCEDURES FOR MAJOR LWR COMPONENTS .

V. Shah, P. MacDonald (INEL), A. Turner (Doninion): S, Juko (BCD).

G. Weldenhamer (NRC)

COMPREHENSIVE AGING ASSESSMENT GF CIRCUIT BREAKERS & RELAYS
FOR NPAR PROGRAM PHASE 11 . - ° .
J. Gleason (VWyle)

SESSION 7
Generic Safety Issues Resolution
Chairman: K. Kniel

BEYOND DESIGN BAS1S ACCIDENTS IN SPENT FUEL POOLS, GI 82
E. Throm (NRC)
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SESSION 7 (Cont'd.)

PIPING & USE OF HIGHLY COMBUSTIBLE GASES IN VITAL AREAS, GS1 106
C. Graves (NRC)

EFFECTS OF FIRE PROTECTION SYSTEM ACTUATION ON SAFETY-RELATED
EQUIPMENT, GI 57 . . . :
D. Basdekas (NRC)

RESOLUTION OF Gi 115, ENHANCEMENT OF THE RELIABILITY OF
WESTINGHOUSE SOLID STATE PROTECTION SYSTEM . . -
D. Basdekas (NRC), D. Reny, D. Mackowiak (INEL)

RESOLUTION OF GS1 B-56, EMERGENCY DIESEL GENERATOR RELIABILITY
A. Serkiz (NRC)

G1 113, DYNAMIC QUALIFICATION & TESTING OF LARGE BORE
HYDRAULIC SNUBBERS . . d A
A. Ware et al (INEL). J Pu;o (NRC)

IMPROVING THE RELIABILITY OF SERVICE-WATER SYSTEMS AT
NUCLEAR POWER PLANTS . . e
D. Neitzel, K, Johnoon P Dalin; (PNL) T. Chang (NRC)

PRELIMINARY OBSERVATIONS OF UPCOMING PHASE 11 GATE VALVE FLOW
INTERRUPTION TESTS . . i ¥ ‘ v A O
R. Steele (INEL)

IN SITU TESTING OF MOTOR-OPERATED VALVES IN NUCLEAR POWER PLANTS
0. Rothberg (NRC)

SESSION 8
Human/Systems Interface & Personnel Research
Chairman: J. Persensky

OVERVIEW OF NRC'S HUMAN FACTORS REGULATORY RESEARCH PROGRAM .
F. Coffman Jr. (NRC)

IMPROVING SAFETY THROUGH AN INTEGRATED APPROACH FOR ADVANCED
CONTROL ROOM DEVELOPMENT . . . X A .
K. Haugset, et al., (Nalden Norvay)

HUMAN FACTORS SURVEY OF ADVANCED INSTRUMENTATION & CONTROLS .
R. Carter (ORNL)

YHE EFFECTS OF LOCAL CONTROL STATION DESIGN VARIATION ON PLANT RISK .

J. O'Hara (BNL)
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SESSION 8 (Cont'd.)

EMPIRICAL EVALUATION OF THE EFFECTS OF POWER PLANT LIGHTING ON
HUMAN PERFORMANCE . . . . L) B I 8.9
E. Silverman, R. uoru (AID). J O'Drton (!Pll)

AN APPROACH TOWARD ESTIMALING THE SAFETY SIGNIFICANCE OF
NORMAL AND ABNORMAL OPERATING PROCEDURES IN NPPS . . . . . . . . . . 811
T, Grant, M. Harris (Battelle)

PROCEDURE VIOLATIONS IN U.S., NUCLEAR POWER PLANTS . . . . . . . . . . . 8-13
V. Barnes, J. Olson (Battelle)

OPERATOR ALERTNESS AND PERFORMANCE ON 8-HOUR AND 12-HOUF
WORK SHIFYS . . . "B P . I8 el e e 8-15
T. Baker, et ll (HAIC)

SESSION 9
Plant Aging
Chairman: J. Vora

AGING ASSESSMENT OF AUXILIARY FEEDWATER SYSTEMS . . . . . . . . . . . 9.1
D. Casada (ORNL)

INSTRUMENT AIR SYSTEM-AGING IMPACT ON SYSTEM AVAILABILITY . . . . . . . 9.3
M. Villaran, M. Subudhi (BNL)

AGING EFFECTS IN COMPONENT FAILURE & DOWNTIME DATA & IMPACTS
ON PLANT RISK . . . 6. LRk a A r a4 & 9.5
W. Vesely (SAXC)

THE USE OF NPAR RESULTS IN PLANT INSPECTION ACTIVITIES . . . . . . . . 9-7
W. CGunther, J. Taylor (BNL)

NPAR APPROACH TO MANAGING AGING IN NUCLEAR POWER PLANTS . . . . . . . . 9.9
J. Christensen (PNL)

NDE RESEAKCH AT NASA LANGLEY RESEARCH CENTER . . . . . . . . . . . .. 9-11
J. Heyman (NASR)

SESSION 10
Organization & Reliability Research
Chairman: T. Ryan

A METHOD TO INTEGRATE HUMAN FACTORS EXPERTISE INTO THE PRA PROCESS . . 10-1
J. Wells, W. Banks (LLNL)




SESSION 10 (Cont'd.)

THE COGNITIVE ENVIRONMERT SIMULATION AS A TOOL POR MODELING
HUMAY, PERFORMANCE AND RELIABILITY . . . . . . . . . . . .,
D. Woods (Ohio SU), N. Pople, Jr. (U, of Pitts.)

ORGANIZATIONAL LEARNING IN COMMERCIAL NUCLEAR POWER PLANT SAFETY:
AN EMPIRICAL ANALYSIS . . . . 2 b
A. Marcus, P. Bromiley, M. Ntcholn (U of Nlnn )

GENFRALIZING HUMAN ERROR RATES: A TAXONOMIC APPROACH . .
L. Buffardi, E. Fleishman, J. Allen (CGeo Mason U.)

SAFETY SYSTEM FUNCTION TREND INDICATOR: THEORY & TEST APPLICATION .
M. Azarm, J. Carbonaro, J. Boccio (BNL), W Vesely (SAIC)

RISK-BASED CONFIGURATION CONTROL SYSTEM:
ANALYS1S & APPROACHES . . |
P. Samanta, 1. Kim (lNL). U Vouoly. l Lof;rcn (SA!L)

DEVELOPMENT & INTEGRATION OF PROCRAMMATIC PERFORMANCE INDICATORS
J. Wreathall, P. Appignani (SAIC), M. Modarres (U. of Md.)

EXTENDING THE EVALUATION OF MAPPS: RESULTS OF USER PARTICIPATION . .
P. Gertman (INEL), F. Kopstelr (FKA Assoc.), R. Endicott (PSE&G)

Vednesday, October 25, 1989

SESSION 11
Severe Accident Research
Chairman: F. Costanzi

REVISED SEVERE ACCIDENT RESEARCH PROGRAM
F. Costanzi (NRC)

SEVERE ACCIDENT ZIRCALOY OXIDATION/HYDROGEN GENERATION BEMAVIOR
NOTED FROM IN-PILE TEST DATA . . . . .
A. Cronenberg (ESA), R. Gauntt (SNL). D O-otuk (LATA).
F. Panisko (PNL)

HYDROGEN MIXING EXPFRIMENTS IN THE HDR-FACILITY . . . .
L. Wolf (Battelle-Frankfurt), L. Valencia (KfK)

MULTI - COMPARTMENT HYDROGEN DEFLAGRATION EXPERIMENTS IN THE
BATTELLE - FRANKFURT MODEL CONTAINMENT SHEC X s o
T. Kanzleiter (Battelle-Frankfurt)

TM1-2 REACTOR VESSEL METALLURGICAL SAMPLING PROJECT .
N. Cole, B. Lipford, T. Fridericks (MPR)
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SESSION 11 (Cont'd.)

BOTTOM HEAD FAILURE PROGRAM PLAN
R. Meyer (NRC)

DETAILS OF DCH EXPERIMENT
M. Pilch (SNL)

SCALING CONSIDERATIONS OF DCh
N. Zuber (NRC)

SESSION 12
Earth Sclences
Chairman: R. McMullen

OVERVIEVW OF NRC EARTH SCIENCE RESEARCH . . .
R. McMullen, E. Zurflueh, A. Murphy (NRC)

THE 1886 CHARLESTON EARTHQUAKE - AN OVERVIEW OF GEOLOGICAL STUDIES
R. Veems, $. Obermeier (USGCS)

PALEOLIQUEFACTION INVESTIGATIONS ALONG THE ATLANTIC SEABOARD -
IMPLICATIONS FOR LONG-TERM SEISMIC HAZARD . $1lh ;
D. Amick et al. (EBASCO)

PALEOSEISMIC HISTORY OF THE MEERS FAULT, SOUTHWESTERM OKLAHOMA &
ITS Zarvivat!ONS TO EVALUATION OF EARTHQUAKE HAZARDS IN THE

CENTRAL & EASTERN UNITED STATES . . .
F. Swan, K. Kelson, K. Copporultth (GBOHATIIX)

THE POTENTIAL FOR GREAT EARTHQUAKES IN THE CASCADIA SUBDUCTION

ASSESSMENT . . .
A. Nelson, 8 Pornonlun (USGS)

SEISMIC HAZARD ESTIMATES . . .
L. Seeber, et al. (Lamont- Dohor'v)

A NATIONAL SEISMOGRAPHIC NETWORK FOR ASSESSING SEISMIC HAZARDS
R. Masse, A, Murphy (NRC)

SESSICN 13
Probabilistic Risk Assessment
Chairman: C. Ryder

OVERVIEW OF NUREG-1150, SEVERE ACCIDENT RISKS: AN ASSESSMENT FOR

FIVE U.§. NUCLEAR POWER PLANTS . .
M. Cunningham, J. Murphy (NkC)
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ZONE, COASTAL PACIFIC NORTHWEST - EVALUATION OF GEOLOGIC METHODS OF

THE NOVEMBER 25, 1988 SAGUERAY, QUEBEC EARTNQUAK! & 1TS IMPACT FOR
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SESSION 13 (Cont'd.)

USE OF EXPERT JUDGEMENT IN NUREG-1150 . . . .
T. Wheeler, F. Harper, N. Ortiz (SNL)

EXTERNAL EVENTS ANALYSIS METHODS . .
M. Bohn, J. Lambright (SNL)

UIELITY UBR OFP PO . . o . i o s
M. Bonaca (N.E. Utilities)

LOV POVER RISK ANALYSIS |
D. Bley (PLG)

MAIN RESULTS OF THE GERMAN RISK STUDY, PHASE B
F. Heuser (GRS)

RISK SENSITIVITY DUE TO THE CONSEQUENCE PARAMETER UNCERTAINTIES .
E. Cazzoli, et al., (BNL)

SESSION 14
Selsmic & Structural Engineering
Chairmen: J. Costello

NRC PERSPECTIVES AND OVERVIEW .
L. Shao (NRC)

PERFORMANCE OF CONTAINMENT PENETRATIONS UNDER SEVERE ACCIDENT LOADINGS.

M. Parks. D. Clauss (SNL)

SIZEWELL 'B' CONTAINMENT MODEL TEST . . . .
D. Horschel (SNL), P. George (CEGB)

ASSESSMENT OF EFFECTS OF STRUCTURAL RESPONSE ON PLANT RISK
M. Bohn, E. Klamerus (SNL), J. Johnson, M. Mraz (EQE)

THE HIGH LEVEL VIBRATION TEST PROGRAM . . . . . . . .
C. Hofmayer et al. (BNL), $. Kawakami (NUPEC)

RELAY TEBTEN0 AT DML . .« . « & ¢ 4 o % 4 s
K. Bandyopadhyay, C. Hofmayer (BNL)

SEISMIC MARGIN ASSESSMENT OF HATCH NUCLEAR POWER PLANT
D. Moore, K. VWooten (SCS Inc.), R. Kassavara (EPRI)
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SESSION 15
Severe Accident Research
Chairman: F. Costanzi
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STUDIES OF CORE DEBR1S INTERACTIONS VITH CONCRETE . . v 8 & BRBeY

F. Eltawila (NRC), D, Bradley et al. (SNL), C. Groono (INL),
C. Alexander (BCL)

MELT ATTACK AND COOLABILITY ;xrumms (MACE) PROGRAM ELEMENTS
AND THE SCOPING TEST . . . .\ i) RO | L
B. Sehgal, F. Rahn (U‘R!). l Sponeot (ANL)
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CONTAINMENTS . . i« wowow o SRl
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ASSESSMENT OF GENERIC ACCIDENT MANAGEMENT STRATEGIES
CONSIDERED FOR NEAR TERM IMPLEMENTATION

J.R. Lehner, W.J. Luckas and J.J. Vandenkieboom

Department of Nuclear Energy
Brookhaven National Laboratory
Upton, NY 11973

The U.S. Nuclear Ro?ulatory Commission (NRC) and the industry are both
participating in the identification of measures that can prevent the progression
of a severe accident or mitigate its consequences. Information important for
evaluating these accident management strategies for specific plants is expected
to result from the ongoing Individual Plant Evaluation (IPE) program. However,
NRC staff have identified a number of generic strategies which may not have to
await the results of the IPE program and therefore can be considered for earlier
implementation.

The NRC requested two of its contractors, Brookhaven National Laboratory
(BNL) and Battelle Pacific Northwest Laboratories (PNL) to evaluate these
strategies. The twenty one candidate strategies fall under three broad “global
strategies:" 1) Conserving and Replenishing Limited Resources, 22 Use of
Systems/Components in Innovative Applications, and 3) Defeating Interlocks and
Component Protective Trips in Emergencies. Some strategies apply to BWRs or PWRs
only, others apply to both types of plants.

This paper describes the evaluation of the strategies performed by Brook-
haven National Laboratory. Battelle Pacific Northwest Laboratories will report
separately on their evaluation.

Brookhaven National Laboratory assessed the proposed strategies by first
detailing the objective of the strategy and listing the actions involved in the
implementation. A description of the plant systems associated with the strategy
was given, Next, the applicability of existing rules or plant procedures to a
particular strategy was investigated. This was accomplished by a fairly de-
tailed, but by no means exhaustive review of the emergency operating procedures
of several planis, as well as utility and NRC reports related to accident
management. This review indicated that many of the strategies were considered,
at least in part, by existing procedures in particular plants. There appears
to be considerable variation in the degree to which severe accident management
has been addressed in the half-dozen plants for which emergency procedures were
reviewed.

The proposed strategies were evaluated for their feasibility of implementa-
tion, their likely effectiveness in accomplishing their objective, and for any

*This work was performed under the auspices of the U.S. Nuclear Regulatory
Commission. This paper does not necessarily express the opinion of the USNRC.
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adverse effects that could be associated with their implementation. Hardware
changes, other than very minor ones, were considered to be a negative influence.

Results of the evaluations are presented.



Responding to Emergencies: How Organization and Management Make a Difference

Daniel §. Metlay, Sonja B. Maber, and William J. Luckas
Engineering Technology Division
Brookhaven National Laboratory
Upton, New York 11973

There is an observable and definable process that occurs during the course
of responding to an abnormal event at a nuclear power plant (NPP). Each of the
elements that comprise that process involves collective action and, consequently,
is influenced by the character and effectiveness of organizational and managerial
arrangements. Factors which affect each element Include overt ones like the
allocetion of suthority and responsibility and the skill of the persornel, as
well as covert factors like the methods used to resolve uncertainty. The purpose
of this research project is to examine the process of response that occurs to
an abnormal event at a NPP and where possible, to identify the organizational
and managerial factors that influence that process.

The first task in this project involved the review and analysis of an
extensive volume of documentation, primarily Nuclear Regulatory Commission (NRC)
documents. Preliminary insights were developed for evaluating the dynamic
behavior of organization and management factors during an accident situation.
The evaluation of these factors was made relative to earlier work done at
Brookhaven on the influence of organizational and management behavior on
performance reliability during normal operations (FIN A-3956). The “Nuclear
Organization and Management Analysis Concept® (NOMAC) (Haber, O'Brien, and Ryan,
1988) describes the functional and process-oriented structure of a NPP with a
discussion of the work processes important for safety performance. In this work
a NPP has been classified as a "machine-like bureaucracy" (Mintzberg, 1979) with
its organization and management routinized in an extensive set of administrative,
testing, maintenance, and operating procedures.

Given the extensive use of training and procedures under normal operating
conditions, there has been an inclination to adopt the same organizational
philesophy for dealing with accident and emergency conditions at a NPP. By their
very nature, however, accidents and emergencies carry with them varying degrees
of uncertainty and ur.xpected events, It is this necessity to deal with
ambiguity that must be factored in to any discussion of the influence of
organization and management on performance in the accident situation. The
dilemmas posed for a machine bureaucracy in dealing with uncertainty, typically
by ad ho¢ responses, are significant, and the conflict between conformance to
procedures and the ability to improvise can result in dysfunctional behavior.

Based on the documentation reviewed during the first task of this project,
it is possible to specify an observable and definable process for response to
accident and emergency situations in a NPP. The process can be described by
eight major e.ements; the initiating transient, information about plant behavior,
diagnosing the problem, availability of emergency procedures, adequacy of
emergency procedures, implementing emergency procedures, developing an ad hoc
response, evaluating an ad hog response and implementing an ad hoc response.



Importantly, the process to be described is an iterative one. Procedures and
improvised responses are executed sequentially and the tesults of action are
assessed and additional steps are taken if necessary.

Each of the eight elements in the process involves, to varying degrees,
group decisions. Initially, there is a team of operators vho are likely to make
choices only after considering the situation among themselves. Once the
Technical Support Center is activated, collaboration becomes more complicated
and structured. Similarly, decision-making in the Emergency Operations Facility
is often a team activity, Consequently, organizational, rather than individual
or technological, factors will affect decision-making under accident and
emergency conditions. To the extent that those factors can be controlled and
channeled, organizational and management behaviors can improve their performance.
Factors to be considered are overt behaviors such as communication flows,
specificity of organizational goals, techniques for exercising authority,
managerial attention and covert behaviors, most significantly, those invelved
in resolving uncertainty.

References

1) Haber, $.B., O'Brien, J.N., and Ryan, T.C., "Model Development for the
Determination of the Influence of Management on Plant Risk," in

, New York,
1EEE, 1988, pp. 349-352.

2) Mintzberg, H., "The Structuring of Organizetions," New Jersey: Prentice:
Hall, 1979.




FRAMEWORK FOR ACCIDENT MANAGEMENT®

Duane J. Hanson Leonard W. Ward
Orville R, Meyer Harold S. Blackman

Idaho National Engineering Laboratory
Idaho Falls, 1D 83415

Accident management is an essential element of the Nuclear Regulatory
Commission (NRC) Integration Plan for the closure of severe accident
issues. This element will consolidate the results from other key
elements; such as the Individual Plant Examination (IPE), the Containment
Performance Improvement, and the Severe Accident Research Programs, in a
form that can be used to enhance the safety programs for nuclear power
plants. The NRC {s currently conducting an Accident Management Program
that is intended Lo aid in defining the scope and attributes of an
accident uanagenent program for nuclear power plants. The fundamental
objective of the Program is:

"€ach NRC 1icensee shall implement for each nuclear plant an ‘Accident
Management Plan’ which provides a framework for evaluating information
on severe accidents, including that developed through conduct of the
individual Plant Examinations (IPEs), for preparing and implementing
severe accident operating procedures, and for training operators and
managers in these procedures."”

The accident nana?emont plan will ensure that a plant specific program is
developed and implemented to promote the most effective use of available
utility resources (people and hardware) to prevent and mitigate severe
accidents. Hardware changes or other plant modifications to reduce the
frequency of severe accidents are not a central aim of this program

To accomplish the outlined objectives, the NRC has developed an

accident management framework that is comprised of five elements:

(1) Accident Management Strategies, (2) Training, (3) Guidance and
Computational Aids, (4) Instrumentation, and (5? Delineation of Decision
Making Responsibilities. A process for the development of an accident
management program has been identified using these NRC framework
:1??ents. A brief description of each of the six steps in this process
ollows:

Step 1 Assemble and Integrate Severe Accident Information

The existing, relevant severe accident information should be assembled
and integrated into a data base to provide a foundation that will
enable personnel involved in accident management to understand the
tharacteristics of important severe accidents and the plant specific
needs and capabilities for strategies to prevent or mitigate these
accidents. The intent is to rely on information from existing
sources, for example the Individual Plant Evaluation (IPE), and not to
develop extensive new severe accident information.

*  Work supported by the U. S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under DOE Contract No. DE-AC07-761D01570



Step 2 Determine General Accident Management Program Needs

The objective of this step is to determine the general accident
management needs for each of the five NRC framework elements. General
needs would be those that are associated with a broad spectrum of
fssues and are not specific to an individual strategy. For example,
assessment of the general necds for 'he strategy framework element
would address the capability of existing strategies to prevent or
mitigate severe accidents, identify whether there is a need for
strategies in addition to those already existing, and cetermine the
necessary capabilities for any additional strategies.

Step 3 ldentify Strategy Specific Development Needs

The objective of this step is to identify the specific needs for
strategies that were identified in Step 2 as being needed for the
prevention or mitigation of severe accidents. The process would:

(1) provide a means for identifying and selecting potential strategies
to meet the general needs identitied, (2) develcp preliminary
guidance to carry out the strategy, (3) perform an evaluation to
determine the capabilities of the selected strategies, and (4) select
strategies for implementation based on a set of criteria that includes
both feasibility and effectiveness.

Step 4 Develop and Implement Accident Management Program

The objective of this step is to implement the general and strategy
specific needs from Steps 2 and 3 into a severe accident marnagement
program that is inte?rated and coordinated with the plantes existing
safety program, Included would be the development of any
computational aids, guidance, procedures, engineered methods,
instrumentation, delineation of decision making responsibilities, and
training that were identified as necessary.

Step 5 Perforn Program Valication

The objective of the fifth step is to provide a validation of the
accident management program to ensure that it will provide the desired
level of performance for the proaram. This objective is similar to
the validation tasks identified for implementation of the symptom
based Emergency Operating Procedures (EOPs).

Step 6 Incorporation of New Information

The objective of the final step is to provide a means o ensuring that
new research information for severe accidents and utility experiences
from operations, training, drills, and exercises can be incorporated
into the accident management program. This step is important to
ensure that the program is based on an up-to-date understanding of
severe accidents and recent operating experiences.

The detailed processes necessary for each of the six steps are
currently being identified. These processes provide the basis for
development of guidance on the necessary and acceptable attributes of an
accident management program,



EVALUATION OF STRATEGIES FOR
SEVERE mm'gmv?wr. ‘UFTNDQWT) GATION(2)

Project Manager R. Tokarz

Pacific Northwest Laboratory

The NRC is planning to establish regulatory oversight on severe accident
management capability in the U. S. nuciear reactor industry. Accident
management includes certain preparatory and recover{ measures thot can be
taken by the plant «,erating and technical personnel to prevent or mitigate
the consequences of a severe accident. Following an initiating event,
accident management strategies include measures to 1) prevent core damage,

2) arrest the core damage if it begins and retain the core ins i the vessel,
3) maintain containment integrity if che vessel is breached, and 4) minimize
offsite releases. Objectives of the NRC Severe Accident Management Program
are to assure that technically sound strategies are identified and guidance
to implement these strategies is provided to utilities.

This pajer will describe work performed to date by Pacific Northwest
Laboratory (PNL) and Battelle Memorial Institute (BMI) relative to severe
eccident strategy evaluation, as well as work to be performed and expected
results. Working with Brooknaven National Laboratory, PNL evaluated a series
of NRC suggested ac_ident management strategies. The evaluation of these
strate‘ies was divided between PNL and Brookhaven National Laboratory and

a similar paper wiil be presentec by Brookhaven regarding their strategy
evaluatior

Work performed to date includes the following:

* a preliminary evaluation of the feasibility of developing selected
emergency operating procedures for management of accidents that
exceed a plant's design basis.

* evaluation of these strategies in terms of plant-specific
procedures.

* evaluation of the feasibilitzwand potential for risk reduction of
similar procedures for both PWRs and BWRs where applicable.

* we'huds development research on means of identifying nuclear plant
vuinerabilities to severe accidents and accommodating them with
candidate strategies.

(a, Prepared for the U.S. Nuclear Regulatory Comnission under
Contract DE-ACO6-76RLO 1830, NRC FIN 2930.



This work is being performed under the PNL, Accident Management Guidance
project which consists of five tasks. Tasks 1 & 2 constitute the short-
term portion of a larger set of NRC proposed strategies directed at a more
conglc%o evaluation of accident prevei.tion and mitigation., The tasks are
as fo'lows:

e Task 1: Evaluate a set of Candidate Strategies for accident
management, including development of guidelines for accident
management procedures and evaluation of the procedures according
to six specific criceria.

e Task 2: Review of Candidate Procedures, including review against
existin? plant-specific emergency operating procedures,
probabilistic risk assessment studies (PRAs), and other available
documents and evaluate the usefulness of candidate procedures
for prevention and mitigation of accidents.

* Task 3: Identify and develop additional Accident Management
Strategies, review the impact on existing PRAs, and evaluate the
proposed strategies by the same criteria as was used for the NRC
strategies.

This paper will stress the overall safetg issues related to the ressarch
and omghasizc the strategies that are applicable to major safety issues.
The relationship of these research activities to other projects is discussed,
asdwellkas planning for future changes in the direction of work to be
undertaken.



RECRITICALITY IN A BOILING WATER REACTOR FOLLOWING A CORE DAMAGE ACCIDENT(a)

Project Manager R. Tokarz
Principal Investigator R. Libby

Facific Northwest Laboratory

This paper will address the potential for a recriticalit{ following core

damage after a h{Rothetical loss-of-coolant accident in a boi in? water

reactor (BWR). e domain of conditions under which a recriticality is

g?ssiblea as well as the consequences of a recriticality accident, will be
scussed.

The core damage accident scenario is assumed to consist of the following
events: 1) loss of coolant, 2) dry-out of core, 3) heat-up of fuel and
control blade material, 4) melting and removal from core region of control
blade material, and 5) eventual reflood of the core with water. The reflood
could occur either before or after significant damage to the fuel occurs.

It is possible for a BWR to experience a recriticality following such
a core damage accident. In the dry state, the core cannot be made critical,
since criticality for dry uranium systems is possible only with fuel
enrichments greater than 5 wt% 235U, When the core is reflooded, however,
criticality is possible. In the event that only unborated water is
accessible (or is the first available water supply), it is important that
reactor operators know the conditions under which recriticality is possible
and the consequences of such a recriticality.

The fuel pins in a BWR have a fixed geometry that determines the core
reactivity. In a core damage accident, however, fuel particles that are more
reactive than the normal fuel pellet could be formed. The formation of both
smaller particles (through fue shattering) and larger particles (throu?h
meltin? and ag?lomeration) is possible. The reactivity is thus a function
of fuel particle size, water-to-fuel ratio, and the concentration of boren
in the reflood water.

Accident consequences will primarily be functions of the total ener?{
release and the peak pressure pulse obtained during the event. These will,
in turn, be functions of the system reactivity and the positive reactivity
insertion rate. The system reactivity will depend on the fuel pellet
(particle) size and moderation (water-to-fuel ratio), while the reactivity
insertion rate will depend on the mechanical effects triggering the
recriticality. These mechanical effects could include coolant reflood rates
and/or the rate of the core collapse or fuel melting. Energy released
through metal-water reactions will also contribute to the severity of the
accident,

(a) Prepared for the U.S. Nuclear Regulatory Commission under
Contract DE-AC06-76RLO 1830, NRC FIN 2930.



To bound the accident consequences, a worst-case scenario was developed
which consists of a standing core without control blades. This configuration
allows for the maximum poss?ble reflood rate (hence reactivity insertion
rate) anc¢ hioh ‘nitial reactiviti. Although the standing core reactivity
is slightly . ss than that for the optimum combination of fuel particle
size and water-to-fuel ratio, the rate of reflood is at the highest rate
possible. In addition, no fuel neltin? and dispersal scenarios are required
to achieve this configuration. The only requirements are that the control
blades melt and that the core is reflooded prior te onset of significant
fuel damage.

Although a modest core collapse could increase the veactivity compared
to an intact core, the reactivity inserticn rate upon reflooding is less.
Because of the restricted flow path caused by the collapse, the collapsed
core debris would have much more resistance to the incoming flow of coolant
than would a core consisting of standing fuel pins. This would result in
a lower reflood rate and, hence, a lower reactivity insertion rate than is
possible for a standing core. A substantial collapse would actually decrease
the gore reactivity, because a lower than optimal water-to-fuel ratio would
result.

The paper will provide estimates of the energy release and peak power
resulting from analysis of the bounding case. The power levels obtained will
be compared to full power reactor operation. Potential accident management
strategies such as lower coolant addition rates and alternate means for
boration of emergency water will be discussed. Comments will also be made
on future work relating to recriticality and the resulting energy releases
from specific accident sequences.



MItigeTion @Direct Containment Heating by Intentional Reactor Coolant
System Depressurization
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An investigation of intentional depressurization of the reactor coolant system (RCS) as a
means to mitigate direct containment heating (DCH) is presented. A DCH event could occur
as the result o: the dispersal of molten corium into the containment caused by a high pressure
core melt eiection. The resulting containment pressure increase might be sufficient to cause
containmen- failure. The probability of occurrence for a DCH event is a function of the
driving rressure for the core melt ejection, the quantity of molten core ejected and the
composition of the core melt Although the latter two parameters are important, the RCS .
pressure is monitored and can be controlled to some extent by the plant operators during a
severe accident. Possible strutegies to mitigate DCH include (a) prevent core melting, (b)
depressurize the RCS, or (¢) tuhe no action. Primary and secondary feed-and-bleed strategies
are considered as basic options 1o prevent core damage. For a station blackout, where the ac
power is lost, there is no satety injection.  For a TMLB' transient, the additional failure of
the auxiliary feedwater is assumed. For this transient, a primary or secondary fee<-and-bleed
strategy using existing systems is not possible because of unavailability of the safety injection
and auxiliary feedwater. The operators can take action to depressurize the pnmary system
using the pressurizer power-operated relief valves (PORVs), take no action, or find an
emergency source of water independent of ac power to perform a feed-and-bleed operation.
The last option may require some minor plant system modifications.

Analyses for depressurization of the Surry Nuclear Power Plant are being performed
using the SCDAP/RELAPS code for a hypothetical TMLB' sequence. Two cases with
different times for the initiation of depressurization are considered. In the first case, the
depressurization is initiated at the time of steam generator dryout. This case is called garly
depressurization. In the second case, the depressurization is initiated at the nme of core
uncovery. This case is called Jate depressurization. Both calculations show that the system
can be depressurized to a level where DCH may be minimized. In the early depressurization,
the surge line may also fail, leading 10 rapid depressurization of the primarv, In the late
depressurization, surge line fuilure 1s not predicted.

In Figure 1, the three depressurization strategies are compared, showing the effect on RCS
pressure for each strategy. For early depressurization the RCS is rapidly depressurized to the
accumulator setpoint. The accumulator flow into the RCS is calculated to be insufficient to

* Work supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear
Regulatory Research, under DOE Contract No. DE-ACO07-761D01570.



prevent core heatup.! The ecarly depressurization calculations estimate that the RCS pressure
can be reduces-io-dene than 1.5 MPa (220 psia) at the time of reactor pressure Vessel breach
(~10 hr). For the case of late depressurization we calculate that the accumulator inflow is
sufficient to terminate core heatup and control cladding temperatures until the accumulators
are empty. This ~3 hr delay in the core heatup provides the operators additional time to
recover ac power and other plant systems that could provide means to establish long term core
cooling. Calculations for no operator action® predict RCS depressurization, caused by surge
line creep rupture, prior to the time at which the core heatup is calculated to resume in the fate
depressurization calculation, Surge line failure also results in accurnulator injection,
quenching. and refiooding of the core. However, this occurs only after significant core heatup
(peak cladding temperature calculated to be ~2000 K) has tuken place.

Modeling uncertainties in these calculations are large, and include (but are not limited to)
the calculated core damage progression, inflow from the accumulators, and surge line creep
rupture. The different strategies are evaluated based on engineering judgment. These
strategies, in the order of preference, are: (a) perform feed-and-bleed operation if the ac

wer is recoverad within a certain period of time; (b) establish an emergency source of
eedwater independent of the ac power for a feed-and-bleed operation; (¢) depressurize the
primary system if an emergency source of feedwater is not available; and (d) take no action.

20 ! T T T

—— Early depressurization

T R e ~=- Late depressurization
15 P= 7 \ s No action "

RCS Pressure (MPa)

5 - —
surge line
failure —*
0 1
0 100 200 300 400 500

Time (min)

Figure 1. Calculated pressure for the three depressurization strategies.
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Relctivitg Accidents:
A Reassessment of the Design-Basis Events

D. J. Diamond
C. J. Hsu
R. Fitzpatrick

Brockhaven National Laboratory
Department of Nuclear Energy
Upton, New York 11973

The required safety analysis for light water reactors includes various
reactivity events which must be shown to result in acceptable consequences in
order for plants to be licensed. Although it is possible to hypothesize
reactivity events that might lead to unacceptable consequences, in the past such
unanalyzed events were eilher precluded by specific design features or required
combinations of causative events which were Judged too improbable to be of
concern. The objective of this study was to develop as complete a list as
?Ossible of hypothetical reactivity events and then to screen these events in

ight of current knowledge to determine if any might require detailed analysis.
The goal of the study was to either reconfirm or bring into question prr *ious
Judgements on the adequacy of the reactivity events required for analysis. The
screening was done by performing probabilistic and/or deterministic ca culations
and, where available using the research of others.

The focus of the study was influenced by the accident at Chernobyl. That
event provided the incentive for this study to concentrate on accidents with
relatively large reactivity insertions that could cause rapid fuel damage. In
order to focus the study even more, the pressurized water reactor (PWR) analysis
concentrated on a Westinghouse plant of four-loop design and the boiling water
reactor (BWR) analysis on a BWR/4 design. However, reference is made to other
designs throughout the report as the goal was to reach general conclusions that
would be applicable to all PWRs or BWRs.

The primary results from the study are:

. Many sequences were studied in 16 broad categories. A1l but two of
the sequences that have the potential to cause rapid fuel damage were
estimated to have a frequency of occurrence too low to warrant
further consideration at this time.

. Of the two sequences that have estimated frequencies in the range
of interest for severe accidents, the most important is a refueling
accident in a BWR. This is caused by the loading of fuel surrounding
two or more positions where contrcl blades have been removed and are



inoperative. The NRC is studying this event and related sequences
in a follow-on study so that it wiil be able to act in a t‘mel{
manner on any corrective actions (such as changes in Technica
Specifications) which may be deemed necessary.

The other sequence with a significant estimated frequency of
occurrence is the result of the flushing of boron during a BWR
anticipated transient without scram (ATWS) because of an uncontrolled
depressurization and injection of unborated water from fow pressure
cooling systems. Deterministic calculations are being done in a
follow-up study in order to make a fully informed decision on the
disposition of this sequence.

Several sequences were identified during shutdown conditions that
would not lead to rapid fuel damage but would lead to core melt.
Although they have low estimated frequencies of occurrence, they may
require further study to improve NRC's assessment of overall risk
from shutdown.

Several PWR sequences included the injection into the vessel of water
with a relatively low boron concentration. These events were assumed
in the study to lead to rapid fuel damage but no detailed
calculations exist to verify this. Although the sequences have very
low estimated frequencies of occurrence, calculations to better
understand the system response, and determine whether rapid fuel
damage is really possible, should be considered.

To provide full closure to the issue of design-basis reactivity
events, analyses being sponsored by the NRC as well as other nations
need to be followed and the extrapolation of the results of this
study to plants of different design (i.e. non-Westinghouse PWRs and
non-BWR/4 BWRs) needs to be examined more fully.



SUMMARY
U. S. NUCLEAR INDUSTRY ACCIDENT MARAGEMENT GUIDELINES
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---------------------------------------------------------------------------

The Nuclear Management and Resources Council (NUMARC) serves as the
United States nuclear power industry’s principal wechanism for conveying
industry views, concerns, and policies regarding industry-wide regulatory
issues to the Nuclear Regulatory Commission (NRC) and other government agencies
as appropriate. In particular, NUMARC is responsible for coordinating the
combined efforts of utilities holding NRC operating licenses or construction
permits for nuclear power plants on all regulatory aspects of operational
and technical safety issues affecting the industry.

NUMARC and the Electric Power Research Institute (EPRI), in support of
the NUMARC Severe Accident Working Group’s (SAWG’'s) efforts with regard to
accident management, has developed a framework for evaluation of plant-specific
accident manazement capabilities. The purpose of this paper is to describe
this framework and its objectives.

ACCIDENT MANAGEMENT OBJECTIVE

PROVIDE FOR SYSTEMATIC IMPLEMENTATION OF CERTAIN INSIGHTS AND
RESULTS FROM AN INDIVIDUAL PLANT EXAMINATION (IPE) AND OTHER RELEVANT
INFORMATION REGARDING SEVERE ACCIDENTS FOR THE PURPOSE OF ENHANCING
A UTILITY'S CAPABILITIES DURING AN ACCIDENT TO TAKE MITIGATIVE
ACTIONS IN AN EFFICIENT AND COST EFFECTIVE MANNER.

DEFINITIONS

are those beyond the design basis that result in catastrophic
fuel rod failure, core degradation, and fission product release into the
reactor vessel, the containment or the environment.

Accident Management refers to actions taken during the course of an accident
by the plant operating and technical staff to: (1) prevent the accident

from progressing to core damage; (2) to terminate core damage if it begins:
(3) to maintain containment integrity for as long as possible once the reactor
system is breached; and (4) to minimize the effects of offsite releases.

Guidelines for Evaluating Accident Management Capabilities provides an
industry-wide standard approach to plant-specific assessment of current

=17



accident management capabilities, and a 1isting and schedule for implementing
plant-specific enhancements to that capability.

Wﬂg@m&mﬁﬂm are those enhancement items
fdentified and scheduled for implementation as an outcome of a utility-specific

evaluation of accident management capabilities.
BACKGROUND

In order to implement an accident management program it is necessary to
address: (1) personnel resources (organization, training, communications);
(2) systems and equipment (restoration and repair, instrumentation, use of
alternatives); and (3) information resources (procedures and guidance,
technical information, process information).

While the SECY 89-012 eartitioning of a severe accident into four phases
does not provide a practical framework to organize and plan for plant-specific
accident management, it does provide a useful independent perspective for the
regulator to understand and view plant-specific accident management
capabilities. Nevertheless, each of the four phases focutes on different
success goals and responses. As such, it is worth discussing the relationship
of each accident phase to the industry approach toward accident management.

NUMARC ACCIDENT MANAGEMENT GUIDANCE

Under the direction of the NUMARC SAWG, EPRI, with technical advice
from the Institute of Nuclear Power Operations and Vendor Owners Groups, has
developed generic "Guidelines for Evaluating Accident Management Capabilities".
The intent of the guidelines is to focus industry use of certain IPE results
and other severe accident insights, provide a framework for evaluating them
in a plant-specific context and identify the type of possible changes that
can be taken to enhance plant accident management capability. The five major
steps outlined are:

Step 1: Identify cateaories of severe accident sequences for the
plant.

Step 2: Review the severe accident sequence categories to identify
potential enhancements to accident management capabilities.

Step 3: Organize and integrate candidate enhancements for accident
management capability.

Step 4: Test candidate enhancements against specifics of sequences.

Step 5: Select and plan enhancements for implementation.
CONCLUSION

The integrated evaluation and application of insights from prior
probabilistic risk assessments, plant-specific analysis, such as the IPE,
and other programs provide a means of improving a plant’s integrated capability

to efficiently and cost-effectively handle severe accidents. The guidelines
provide a syscematic basis for assessing and applying those insights.

i-1®



Heavy-Section Steel Technology Program - Fracture lssues
W. E. Pennell

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

ABSTRACT

Fracture prevention technology for steel reactor vessels in commercial
nuclear power plants licensed by the Nuclear Regulatory Commission is
assembled in national consensus Codes and Standards, the Code of Federal
Regulation., and Regulatory Guides governing their design, construction,
in-service inspection and evaluation., Further national consensus standards
govern the testing required to generate the materials fracture toughness
data base essential to the evaluation of fracture prevention margins. A
primary mission of the Heavy-Section Steel Technology (HSST) Program at
Oak Ridge National Leboratory (ORNL ) has been to support the formulation
and validation of the rules and evaluation procedures embodied in these
Codes, Standards, Regulations and Regulatory Guides and generction of the
required materials fracture toughness data. The HSST program continues to
be heavily involved in the ongoing development of these regulatory
documents.

Experience with the operation of commercial nuclear power plants, including
data from reactor vessel surveillance programs, has identified areas in
which the fracture prevention technology embodied in the present generation
of national consensus Codes and Standards requires extension and/or
refinement. Surveillance program data indicate that the Charpy upper-shelf
fracture energy for a number of operating reactor vessels with high-copper
welds will fall below the 50 ft 1b. lower bound acceptance limit set by
Appendix G to 10 CFR 50 before the plants reach the end of their current
licensing period. This development generates a need for an extension of
existing fracture prevention criteria, and the supporting fracture
mechanics technology. to determine if, and under what circumstances, these
plants could be permitted to operate beyond the currently defined licensing
limite. Surveillance and research reactor data from the High-Flux Isotope
Reactor (HFIR) at ORNL have indicated accelerated irradiation embrittlement
under conditions which raise concerns relative to the long term
structural integrity of some reactor vessel supports. Upcoming plant life-
extension actions further emphasize the need to upgrade fracture prevention
technology and the associated regulatory Codes and Standards to fully
reflect current understanding of the long term effects of irradiation
embrittlement. Understanding of the full range of fracture issues and
limitations associated with potential pressurized-thermal-shock (PTS)events
continues to evolve with respect to fracture modes, models, and data-range
requirements. Development and validation of the fracture prevention
technology advances required to meet these needs is the major thrust of the
ongoing HSST program at ORNL.
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Heavy-Section Steel Irradiation Program Summary
William R. Corwin

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

ABSTRACT

Maintaining the integrity of the reactor pressure vessel (RPV) in a light-water-
cooled nuclear power plant is crucial in preventing and controlling severe
accidents which have the potential for major contamination release. The RPV is
the only major safety-related component of the plant for wiuch a duplicate or
redundant backup system does not exist. It is therefore imperative to
understand and be able to predict the capabilities and limitations of the integrity
inherent in the RPV. In particular, it is vital to fully understand the degree of
irradiation-induced degradation of the RPV's fracture resistance which occurs
during service, since without that radiation damage it is virtually impossible to
postulate a realistic scenario which would result in RPV failure.

For this reason, the Heavy-Section Steel Irradiation (HSSI) program has been
established with its primary goal to provide a thorough, quantitative assessment
of the effects of neutron irradiation on the material behavior, and in particular
the fracture toughness properties, of typical pressure vessel steels as they
relate to light-water reactor pressure-vessel integrity. The program includes the
direct continuation of irradiation studies previously conducted within the
Heavy-Section Steel Technology program augmented by enhanced
examinations of the accompanying microstructural changes. Effects of
specimen size, material chemistry, product form and microstructure, irradiation
fluence, flux, temperature and spactrum, and post-irradiation annealing are
being examined on a wide range of fracture properties including fracture
toughness (Kjc and Ji¢), crack arrest toughness (Kja), ductile tearing resistance
(dJ/da), Charpy-V-notch (CVN) impact energy, dropweight NDT, and tensile
properties. Observations of radiation-induced microstructural changes using
the atom probe field ion microscope and the high resolution transmission
electron microscope provide a firmer basis for extrapolating the measured
changes in fracture properties to wider ranges of irradiation conditions. The
principal materials examined within the HSSI Program are high-copper welds
since their post-irradiationn properties are most frequently limiting in the
continued safe operation of commercial RPVs. In addition, a !imited eftort will
focus or stainless steel weld overlay cladding, typical of that used on the inner
surface of RPVs, since its post-irradiation fracture properties have the potential
for strongly affacting the extonsion of small surface flaws during overcooling
transients.



The current investigations of high-copper weldments fall into two major
categories: first, the amount of the irradiation-induced shifts and any
accompanying changes in shape of both the ASME K. and K|R curves in welds
which maintain relatively high resistance to ductile fracture, and second, the
determination of the overall degree of post-irradiation embrittlement for low
upper-shalf (LUS) welds in which the resistance to ductile tearing falls to
particularly low levels following irradiation. The Fifth and Sixth Irradiation
Series, addressing the shifts in the K. and K|R curves, respectively, are both
examining two identical high-copper, high upper-shelf weldments. The results
of the Fifth Series, which is virtually complete, have shown that the shape of the
irradiated K)e curve can change such that its actual shift is slightly greater than
‘hat predicted by small specimens. Testing of the irradiated crack arrest
specimens from the Sixth Series, exposed under the same conditions as the
fracture toughness specimens in the Fifth, will be completed this year. The
Tenth Irradiation Series will begin an extensive evaluation of irradiation-
induced embrittlement in LUS welds by examining the beltline fabrication weld
from the Midland Unit Mo. 1 RPV which was abandoned prior to start up. The
submerged arc weld, made by Babcock and Wilcox using Linde 80 flux and
copper-coated welding wire, is typical of many LUS welds actually in service.
The series will include an extensive initial unirradiated characterization of
chemistry and fracture properties and a full range of post-irradiation fracture
tests on specimens up to at least 2 inches thick in both the transition and upper
shelf regimes, including an assessment of irradiation-rate and saturation effects.
Further examinations of LUS material are planned for subsequent irradiation
series including detailed evaluations of the shifts in their Kj; and KjR curves and
the degree of recovery and rate of re-embrittiement of their fracture toughness
associated with post-irradiation annealing.

Results from the HMSSI studies will be integrated to aid in resolving major
regulatory issues facing the U.S. Nuclear Regulatory Commission which involve
RPV irradiation embrittlement such as pressurized-thermal shock, operating
pressure-temperature limits, low-temperature overpressurization, and the
specialized problems associated with low upper-shelf welds. Taken together
the results of these studies also provide guidance and bases for evaluating both
the aging behavior and the potential for plant life extension of light-water reactor
pressure vessels.

‘Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory
Commission under Interagency Agreement 1886-8011 881 with the U.S. Department of Energy under
Contract DE -AC05-840R21400 with Martin Manetta Energy Systems, Inc.

The submitted manuscript has been authored by a contractor of the U. . Government under
Contract DE-AC05-840R21400. Accordingly, the U. S. Government retains a nonexclusive, royalty-free
license to publish or reproduce the published form of this contribution, or allow others 1o do so, for U S
Government purposes
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USE OF J/Jy-R CURVES IN ASSESSING THE FRACTURE BEHAVIOR OF
LOW UPPER SHELF TOUGHNESS MATERIALS

By

E.M. Hackett
lavid Taylor Research Center
Annapolis, Maryland 21402

J.A. Joyce
United States Naval Academy
Annapolis, Maryland 21402

SUMMARY

The objectives of this investigation were to; (1) present
experimental results and development of experimental analys:s
which attempt to define the limits of the J/Jy controlled
region of crack extension in bend type laboratory fracture
mechanics specimens; (2) evaluate the fracture behavior of
low upper shelf toughness materials per the NRC-proposed Jg |
criterion, and (3) evaluate the effects of constraint on the
micromechanisms of fracture in a low upper shelf toughness
material. Current limitations on J-controlled crack growth as
described in ASTM E1152-87 are highly restrictive (crack
extension is required to be less than 10% of the initial
specimen remaining ligament). This is particularly limiting in
fracture analyses of nuclear plant structures which require
development of J-R curves with large amounts of crack extension
for use in instability analyses. A recent proposal by the NRC,
involving use of the value of J at 0.1 inches of crack
extension as a measure of a material's fracture resistance,
still involves extension of the J-R curve beyond the ASTM E1152
limits for 1/2T and 1T laboratory specimens.

The experimental test matrix included J-R curve tests on
1/2T, 1T and 2T compact [C(T)) and three-point-bend [SE(B))]
specimens of several medium to high strength steels (ASTM A710,
A516, Al06, A302 Gr B, and A533B steels and a high yield
strength, 3%¥Ni steel). The J-R curve tests were conducted in
accordance with ASTM E1152-87 with the exceptinn that crack
extensions on the order of 60% of the initial remaining
ligament were achieved. The data were analyzed both in terms
of the deformation theory J integral and the modified J
integral (Jy). For the A302 Gr B and the 3%Ni steel, the
effects of the micromechanisms of the fracture process on the
R-curve behavior were examined.



Results of the J-R curve tests indicate experimental support
for extension of the E1152 crack growth validity limits to
approximately 30% of the initial remaining ligament. An
analysis, based on the Paris-Hutchinson omega criterion was
shown to define a triangular region of J-R curve validity,
consistent with omega = 1. In the majority of the cases
examined, this analysis indicates loss of the controlling
singularity between 20% and 30% crack growth. A graphical
analysis for determining the acceptability of a flawed low
upper shelf toughness vessel, based on the J and Tearing
Modulus at 0.1 inches of crack extension (Jp 1 and Tg )) was
shown to simplify structural instability analyses.



POWER REACTOR EMBRITTLEMENT DATA BASEw
F. B. K. Kam, F. W, Stallmann, and J. A. Wang

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831

SUMMARY

Regulatory awu research evaluations of embrittlement prediction models and of
vessel integrity under load can be greatly expedited by the use of a well-
designed computerized embrittlement data base. The Power Reactor Embrittlement
Data Base (PR-EDB) is a comprehensive collection of data from surveillance
reports and other published reports of commercial nuclear reactors. The uses
of the data base require that as many different data as available are collected
from as many sources as possible with complete references and that subsets of
relevant data cen be easily retrieved and processed.

The objectives of this NRC-sponsored program are:

1. to compile and to verify the quality of the PR-EDB;

2. to provide user-friendly software to access and process the data;

3, to validate or confirm embrittlement prediction models; and

4. to interact with standards organizations to provide the technical bases for
voluntary consensus standards that can be used in regulatory guides, standard
review plans, and codes.

To achieve these goals, the data base architecture was designed after much

discussion and planning with prospective users, namely, material scientists and

members of the research staff.

The current compilation of the PR-EDB (Version 1) consists of 92 reactors 137

different base material points, and 82 different weld data points. Menu-driven
software programs have been written to facilitate maintenance, processing, and

*Research sponsored by the Office of Nuclear Regulatory Research, Division
of Engineering, U.S. Nuclear Regulatory Commission under interagency Agreement
DOE 1886B0415B with the U.S. Department of Energy under contract DE-ACOS5-
840R21400 with Martin Marietta Energy Systems, Inc.

The submitted manuscript has been authored by a contractor of the U.S.
Covernment wunder contract No. DE-AC05-840R21400, Accordingly, the U.S.
Government retains a nonexclusive, royalty-free license to publish or reproduce
the published form of this contribution, or allow others to do so, for U.S.
Government purposes. |



evaluations of the data. The time required to process and evaluate different
types of data in the PR-EDB has been drastically reduced from previous data
bases .

EPRI, reactor vendors, and utilities are in the process of providing back-up
quality assurance checks of PR-E B and will be supplementing the data base with
additional data and documentation. Also EPRI, the BWR-OG Supplemental Material
Surveillance Committee, and Ceneral Electric have agreed to release the boiling
water reactor data for insertion into the PR-EDB.

A vast amount of test reactor data from the MPC data base, the HSST program, the
PSF experiment, the NRL/MEA experiments, and the KFA experiments has been
collected and will be integrated with PR-EDB to form a larger Embrittlement Data
Base (EDB). This data base will be used to explore and test a variety of models
for irradiation damage mechanism and prediction.

The computerized PR-EDB and associated software have been successfully applied
to the following three evaluations:

1. Analysis of the A302B and A533B Standard Reference Materials in
Surveillance Capsules of Commercial Power Reactors;

2. Comparison of Surveillance Data in PR-EDB with "Trend Curves" in
Regulatory Guide 1.99, Revision 2; and

3. Comparison of the increase in the brittle-to-ductile transition
temperature and the reduction in the Charpy-V upper shelf energy for
specimens fabricated in the LT orientation with those in the TL
orientation. The data contain only pairs with the same fluence in the
same capsule.

This effort and coordination with the NRC research staff, EPRI, and industry
has led to the adoption of PR-EDB as the basis for an industry-wide data base
by the EPRI Reactor Vessel Embrittlement Management Project.



Resolution of the Cundremingen Reactor Vessel Anomaly by
Accelerated Irradiation Test of Vessel Trepan Material

J. R. Hawthorne
Materials Engineering Associates, Inc.
9700-B Martin Luther King, Jr. Highway
Lanham, MD 20706-1837

Initial mechanical properties tests of beltline material treparned from
the decommissioned KRB-A pressure vessel and archive material irradiated
in the UBR test reactor presented a major anomaly in relative radiation
embrittlement sensitivity. Poor correspondence of material behavior in
test vs. power reactor environments was described for the weak test
orientation (ASTM L-C), but a good correspondence was observed for the
strong orientation (ASTM C-L). Possible explanations for the unusual
directionality include a L..etofore unobserved fluence-rate-effect.

Grossly dissimilar radiation sensitivities between strong and weak
material test orientations in terms of Charpy-V (C,) 41-J transition
temperature elevation, have not been observed pro\lously in surveillance
program irradiations or test reactor irradiations of pressure vessel
steels. Differences in relative irradietion effect to the C, upper shelf
energy level have been observed on comparing data for L-C vs. C-L or TL
vs. LT test orientations. In general, the preirradiation difference is
reflected in the postirradiation upper shelf energy values wherein that
orientation havirg the greater value initially undergoes the larger
decrease by irradiation. NRC Regulatory Guide 1.99 reflects this in its
use of percentage change, rather than absolute change, in its prediction
formulation. In the present case, however. the trepan findings suggest
that the orientation having the lower value initially also underwent the
greater radiation-induced embrittlement, especially in upper shelf energy
reduction,

The KRB-A vessel was made of several ring forgings joined by
circumferential welding. The forging material is 20NiMoCr26 which is
similar to ACTM A 336 steel. The composition of the trepans included
0.71 Mn, 0.013 P, 0.75 Ni, 0.38 Cr, 0.62 Mo and 0,16 Cu (wt-% values) and
matched very closely, the composition of the archive material obtained
from the Ceneral Electric Company by the NRC. To resolve the cited
anomaly directly, C, specimens from an essentially-nil fluence togion of
the vessel were irradiated together with archive material at 279°C in the
UBR test reactor. Data for both orientations are compared to reveal the
source of the vessel trepan vs. archive material differences.

The significance to NRC Regulatory Guide 1.99 of the determination and
the impact on reactor vessel surveillance programs and PLEX planning are
discussed.
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EMBRITTLEMEN'T OF THE SHIPPINGPORT REACTOR SHIELD TANK
O. K. Chopra and W. J. Shack

Materials and Components Technology Division
ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

Surveillance specimens from the High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory showed an unexpectedly high degree of embrittlement
relative to the data obtained on similar materials in Materials Testing Reactors
(MTRs). The results suggest a possible negative flux effect and raise the issue of
embrittlement of the pressure vessel support structures of commercial light water
reactors. To help resolve this issue, a program was initiated to characterize the
irradiation embrittlement of the neutron shield tank (NST) from the
decommissioned Shippingport reactor. The Shippingport NST operated at 55°C
(130°F) and was rabricated from A212 Grade B steel, similar to the vessel material in
HFIR. The inner wall of the NST was exposed to a total maximum fluence of
~6x1017 n/em? (E>1 MeV) over a life of 9.25 effective full power years. This
corresponds to a fast flux of 2.1x10% n/em?s and is comparable to the conditions for
the HFIR surveillance specimens.

The 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 a group from Pacific Northwest Laboratory. Several samples of the
base metal and weldments were obtained from the inner wall of the NST along with
the corresponding samples from the very slightiy irradiated outer wall. The
irradiation embrittlement has been characterized by Charpy-impact and tensile tests
as well as hardness measurements. Specimens were obtained in LT and TL
orientations, and from three regions across the thickness of the NST wall. Material
from the outer wall, which was protected by ~3 ft. of water and hence had a fluence
~10-6 less than the inner wall, was used to obtain the unirradiated baseline data.

The results indicate that irradiatior: increases the 15 ft.lb Charpy transition
temperature (CTT) by ~25°C (45°F) and decreases the upper shelf energy. The shift in
CTT is not as severe as that observed in the HFIR surveilla:ice specimens and is
consistent with that expected from the TR data base. However, the actual value of
CTT is high, and the toughness at servic> temperature is low, even when compared
with the HFIR data. The increase in yield stress is ~50 MPa, which is comparable to
the HFIR data. The results also indicate a lower impact strength and higher
transition temperature for the TL orientation than that for the LT orientation.



Some effects of the location across the thickness of the wall are also observed for the

LT specimens; CTT is slightly greater for the specimens from the inner region of the
wall.

Annealing studies indicate a complete recovery of irradiation embrittlement
after a 2-h anneal at 400°C. The transition curve for the anneaied inner wall

specimens is virtually identical to that for the as-received outer wall. Annealing
had no effect on the transition curves for the outer wall.

Metallographic characterization indicates a hardness profile across the
thickness of the NST plate; the hardness of the inner and outer regions of the
wall are 10% higher than the wall center. The influence of hardness on the

Charpy-impact and tensile data are discussed. The results for weld specimens
from the inner and outer walls are also presented.



FUTURE PLANS FOR NRC THERMAL-HYDRAULIC RESEARCH

Louis M. Shotkin, Chief
Reactor And Plant Systems Branch
Division Of Systems Research
Ofrice of Nuclear Regulatory Research

Water Reactor Safety Information Meeting
October, 1989

NRC has been developing thermal-hydraulic Systems Codes for 15+
years. The codes have now reached an acceptable level of accuracy
and maturity for current generation LWRs. Further development is
not likely to produce major changes in our understanding of plant
performance or the consequences of initiating events. Thus,
NRC's objective is to bring the current thermal-hydraulic code
development program to a successful conclusion while, at the same
time, maintaining capability for thermal-hydraulic analysis at the
minimum level necessary to apply developed codes to reactor issues.

Within our overall plan are several specific elements that are
designed to achieve this overall objective. NRC intends to
maintain a cadre of experts (contractor and in-house) to perform
thermal-hydraulic analysis of LWRs such as those required for
operating reactor events (e.g., Davis-Besse, LaSalle), licensing
issues, and generic research (e.g., front-end of severe accident
sequences) .

NRC also plans to maintain code development/research at the minimum
level necessary to ensure codes are acceptable for advanced LWR and
CANDU analyses. It is also planned to continually review new
information to see if it invalidates our current understanding of
code accuracy.

It is anticipated that NRC will retain involvement in international
thermal~hydraulic activities provided the resource commitment is
minimized and there is substantial benefit to NRC.

Finally NRC expects to establish and maintain low-cost,
experimental capability at universities through construction and
operation of scaled loops representing major U.S. Reactor type:.

Implementation of these plans will provide the NRC with an expanded

applications capability to systematically assess reactor behavior
in operating LWRs, advanced LWRs, CANDU and PIUS reactors.
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The UK Contribution to Improvements in TRAC and RELAPS
by
| Brittain (AEA Technology, Winfrith, Dorset)
and

M Coney (National Power Technology & Environmental Centre, Leatherhead)

Sur mary

The re-urganization of the UK electricity industry continues to bring many changes not only
to the CEGB but also to the UK Atomic Energy Authority These chaiges are partially reflected
by the new affiliations of the two authors However, in spite of the changes, there has been
continuity within the UK with regard to the ICAP collaboration, which is viewed as an important
contributor to confidence and progress in the analysis of transient thermal-hydraulic
behaviour. Work has continued on both code assessment and code improvement and studies
have been performed with existing and new versions of RELAPS and TRAC PF1. As explained
in a paper to this meeting in 1088, il is intended that RELAPS will be used in the UK for the
formal assessment of licensing calculations concerning small break LOCA and pressurized
transients in the Sizewell B plant, while TRAC PF1 will be used for the assessment of large
break LOCA calculations. The licensing calculations themselves will be performed using
Westinghouse codes

The presenl paper focusses o the work that has been performed by UK stalf on the
development of the new versions, namely RELAPS/MOD3 and TRAC PF1/MOD2. As stated in
the 1988 paper, the UK contribution to the ICAP Code Improvement Plan is in three areas. The
first and largest of these, is the problen of post-CHF heat transfer and quenching in large
break LOCA. The UK effort has therefore been directed at the TRAC code for this case. The
second area is that of interphase drag under wet wall conditions, which is of particular interest
in small bieaks and intact circuit faults, where it is very important to provide an accurate
calculation of the mixture level in the core and in the steam-generators. The third area is the
implementation of an improved offftake model in order to make better predictions of the flow
and quality from a junction or a break in a horizontal pipe, such as the PWR hot leg, where
siratified conditions might exist. The interphase drag and offtake mode! improvements have
both been directed at the RELAPS code Although the UK developments have been aimed at
TRAC or RELAP in accordance with our planned usage of the codes, the broad intention was
tnat the improvements would be adopted for both codes

The present paper includes an outline of a new reflood model that has been developed for
TRAC PF1/MOD2 This consists of a reflood hydraulics model, which provides much closer
correspondence in terms of physical behaviour to that observed in separate effect refood
experiments In particular, a much less oscillatory flow of entrained liquid is predicted. Also
heat transfer correlations are selected which correspond o those measured both in transient
reflood experiments and in steady-state hot patch experiments  Another development, which
i1s implemented as an option, is an analytic model for quench progression, which is based on
axial conduction theory and on experimental data from a wide range of reflood and other
quench experiments. This model should provide a more accurate prediction of quench
behaviour without requiring the extremely fine numerical mesh to represent the cladding
temperatures in the quench fron! region

The paper also contains a description of a mode! to represent the external thermocouples,
which has also been implemented in TRAC PF1/MOD2 This should allow the direct use of the
important LOFT large break data in code validation, without having to make separate (and
controversial) judgements on the effects of the external thermocouples in particular transients

The new interphase drag model which has been implemented in RELAPS/MOD3 is described
and an outline is given of the significant amount of assessment that has been carried out on
this model over the last year. This shows a clear improvement, but with some remaining
differences from experimental data obta‘ned during fast transients. The offftake model, which
has also been implemented in RELAP5/MOD32, has previously been described and assessed
in the coniext of a special version of RELAPS/MCD2. so there is little discussion of this work
in the presen! paper
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Summary of ROSA-IV/LSTF First Phase Test Program
and Btation Blackout (TMLB') Test Results

K. Tasaka, Y. Kukita and Y. Anods

Japan Atomic Energy Research Institute
Tokai-Mure, Ibaraki-Ken, 319~11 Japan

This paper sumnarizes major test results obtained at the ROSA-IV
Large Scale Test Facility (LSTF) during the first phase of the test
program. The results from a station blackout (TMLB') test
conducted at the end of this phase are described in some detail.

The LSTF 1s an integral test facility being operated by the Japan
Atomic Energy Research “astitute for simulation of PWR
thermal-hydraulic responses during small-break loss~of-coolant
accidents (SBLOTAs) and operational/aebnormal transients. It is a
1/48 volumetricaily-scaled, full-height, full-pressure simulator
of a Westinghouse-type UL-loop (3423 MWt) PWR. Testing on this
facility started in May 1985, and the first phase test program ended
in July 1988, conducting forty-two test runs. The second phase
program started in March 1989, after replacement of the simulated
core fuel-rod assembly.

The primary objective of the first-phase progrem vas to define
the fundamental plant responses during SBLOCAs and trensients.
Most of the tests vere performed with assumed component/operator
failure(s) which tended to simplify the system thermal~hydraulic
responses. These assumptions included feilure of the high pressure
injection system (HPI) and auxiliary feedwater (AFW) system, as
vell as no operator actions teken until core heatups began.
Attempts were made in several SBLOCA test, after core heatups were
detected, to simulate the plant recovery procedures as well as
candidate acclident management measures for prevention of
high-pressure core melt situation.

The forty-two first-phase tests included twenty-nine SBLOCA tests,
three abnormel transient tests and ten steady-state natural
circulation tests. The BBLOCA tests encompassed eleven different
break locations including: cold leg (leg pipe top, bottom and side),
hot leg (top, bottom and side) cross-over leg, pressurizer top,
steam generator U-tube, vessel upper and lower heads. The test
results indicated significant break-location dependency of the
break flowv rate.

The cold-leg break tests focused on the steam generator 1liguid
holdup effects on the core ligquid level depression during loop seal
clearing. One of these tests (Run SB-CL-18) has been chosen by
the OECD-NEA Committee on the Bafety of Nuclear Installations
(C8NI) for 1ts International Standard Problem No. 26 (18P-26). This
ISP 1s open to participation from non-OECD countries. The
calculation submission deadline is the end of December 1989.

The steady-state natural circulation tests studied the loop flow
rate dependency on core power and coolant inventory, S8SG heat
transfer under degraded secondary cooling conditions, primary
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coolant inventory distribution including counter-current flow
11aiting (CCFL) phenomena at the hot leg and U-tube inlet, and
paralle!~channel non-uniform behavior of U-tubes.

The transient test conducted at the end of first-phase precgrem,
Run TR-LF-03, simulated the well-known TMLB' sequence. Since the
system response for this scenario is sensitive to amhient heat
losses and fluid leakage, the LSTF facility scale, largest among
the currently-operating full-pressure PWR simulators, vas a strong
advantage in simulating this scenario.

This test was initiated by closing the feedvater and steam valves,
initiating the core power decay, and initiating the pump coastdown,
all at the same time. The transient responses during this test
are summarized in Fig. 1. Since the emergency a.c. powver and
turbine-driven AFW were assumed unavailable, the core decay power,
transferred to 80s by single-phase natural circulation, boiled off
the SC secondary inventory through the 8C safety valves that opened
cyclicaily. The primery pressure increase, due to SG heat transfer
degradation, 1lifted the pressurizer safety valve intermittently
after 4200 s, causing coolant inventory loss as well as liquid
holdup in the pressurizer. The naturel circulation stopped as soon
as the hot leg fluid saturated, at 7800 s, as vapor plugs formed
st the U-tube tops. The vessel liquid level continued to drop,
and core uncovering started eventually at 9600 s. The test was
terminated at 11000 s when the core maximum temperature reached
to 920 K.
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EPRI RESEARCH ON WATER HAMMER PREVENTION,
MITIGATION,AND ACCOMMODATION

by

Mati Murilo, EPRI
D.A.Van Duyne, Stone & Webster
H. H. Safwat, Bechiel

Water hammer events occurring in nuclear power plants, occasionally result
in equipment damage which can affect plant operation. To eliminate, or
significantly reduce the impact of such events, EPRI has established a
research program to investigate physical phenomena, design methods, and
procedures aimed at prevention, mitigation, and a~commodation of water
hammer,

The initial tasks of this project focussed ot compilazion of nuclear plant
waterhammer events, and root cause analyses examining the individual
systems which have proven to be most susceptible to waterhammer.

Seven specific mechanisms which can lead to severe waterhammer have
been identified. Four of these result from condersation of steam, whereas the
others involve steam propelled water slugs, filling of voided lines, and rapid
valve actuation. Examples of initiating events resulting in some of these
mechanisms, which have occurred in plant systems are discussed, along with
corrective measures taken to prevent them.

Finally, a brief description of available codes, and their performance in
analyzing some specific problems relevant to waterhammer are discussed.



MIST Program: Risk Dominant Transient Testing

G O, Geissler
Babcock & Wilcox, Nuclear Po.sr Division

Lynchinrg, Virginia
and

T. E. Moskal
Babcock & Wilcox, Research & Development Division
Alliance, Ohio

Abstract

The Multi-Loop Integral System Test (MIST) Facility is a scaled
rysical model of a Babcock & Wilcox lowered loop, nuclear steam system,
MIST was part of a multi-phase pro?tn to address small-break loss-of-
‘oolant accidents (SBLOCAS) specific to the Babcock & Wilcox~designed
plants. Data from MIST are used to benchmark the odoquocy of systenm
codes, such &s RELAPS and TRAC, for predicting abnormal plant transients.

Toward the end of the test program, a series of tests were performed
to explore operating grocodutn for mitigating various accident conditions
and investigate possible alternative strategies. This included three
tests referred to as Risk Dominant Transients, in which a small-break loss-
of-coolant accident was accompanied the lack of particular auxiliary
equipment or control systems that would normally be employed to mitigate
the accident condition,

Two of these tests examined SBLOCA transients without the benefit of
the high-pressure injection (MPI) system. The first of these utilized
standard abnormal transient operating guideline (ATOG) control schemes,
and the second employed ' .ore aggressive steam generator pressure control
strategy to cool the plant. The third Risk Dominant Transient was a
station blackout test, This transient is characterized as an SBLOCA
accompanied by the loss of all AC power, which disables some emergen
equipment, reduces the capacity of others, and makes the operator reliant
on .tation ocatteries to provide power to the plant’'s critical instruments.
The results wnd observations from these tests cre summarized in the
publication,



UMCP MIST COUNTERPART TEST
M. di Marzo, K. Almenas, Y. Y. Hsu, G. Pertmer

University of Maryland at College Park

Two Small Break LOCA transients are compared to il'ustrate a
scaling methodology for reduced pressure integral facilities.
Mapping test 3004 is conducted in the MIST full pressure,
full height facility. The counter-part test MIS0317 is
scaled and performed in the reduced height, reduced pressure
UMCP facility. Inventory is used as the chronological scale
and pressure, normalized with the initial and system
saturation pressures, is used as characteristic parameter to
describe the syctem behavior.

The appropriately normalized results conclusively demonstrate
that: a) the same phenomena are observed in the twe
facilities; b, the seguence of events is analogous and ¢) the
trends described by the normalized pressure versus inventory
traces are in good quantitative agreement, Each energy
transport mode tr. . rsed by the two facilities is compared
and the phenomena present are described in detail. The
differences between the high and reduced pressure tests are
outlined,

The findings clearly indicate that pressure and height can
be scaled for transient where limited boundary conditions are
applied (Auxiliary Feed Water only) and where the break is
subcooled. A statement on sensitivity to the initial
conditions is also included to define the limitatione of the
guantitative results.



NDE RELIABILITY AND ADVANCED NDE TECHNOLOGY VALIDATION(2)

S. R, Doctor, J. D, Deffenbaugh, M. S. Good, E. R. Green,
P. G. Heasler, P, H. Kutton, L. D. Reid, F. A, Simonen,
J. C. Spanner, 1. V. Vo

Pacific Northwest Laboratory
Operated b{ Battelle Menorial Institute
Richland, Washington 99352

SUMMARY

This paper reports on progress for three pro?rﬁmsz (1) Evaluation and
Improvement in Nondestructive Examination Reliability for Inservice Inspection
of Light Water Reactors (LWR) (NDE acliabilit{ Program), (2) Field validation,
Acceptance, and Training for Advanced NDE Technology, &nd (3) Evaluation of
Computer-basec NDE Techniques and Re?ional Support of Inspection Activities.
Activities for each of the programs s summarized below.

The NDE Reliability Program objectives are to quantify the reliability of
inservice inspection techniques for LWR primary system components through
independent research and establish means for obtaining improvements in the
reliability of inservice inspections, The areas of significant progress will
be described concornin? ASME Code activities, re-analysis of the PISC-11 data,
}?e equipment interaction matrix study, new inspection criteria, and PI1SC-

1.

One of the emphases of the past five years on this program has been the
development of requirements for NDE/ISI qualifications for perscnnel,
equipment, and procedures., This work has achieved a major milestone since the
requirements in Section XI Appendices VII and VIII have passed the formal
acceptance process of ASME Code. Some work remains in that supplements for
several inspection applications are still under deve'opment,

A re-analysis of the PISC-11 round robin test data was made to apply
commonly employed statistical analysis procedures to the data and to relate
the data to parameters commonly used in the USA. The analysis showed some
important trends and confirmed the importance of performing an effective, near
surface examination,

The equipment interaction matrix is a study to develop a technical basis
for permissible variation in equipment operational parameters for ultrasonic
test systems. The work this past year focused on the development of worst case
flaws that would cause the maximum adverse vuriation in equipment response.
Once these were found, they were used to perform sensitivity studies to
determine the amount of variation they caused in system response for a given
variation in this parameter. In general, for bandwidth variations of up to
10%, the output was always limited to less that 1C%. For narrow band systems,

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



it was found that for small changos in center frequency, the system response
could change radically--up to 40%. New requirements are in preparation for
narrow band center frequency requirements,

The new inspection criteria task is developing methodologies and criteria
for improved 151 (type, extent, frequency) to mest goals of failure
vrobobilit¥. radiation releesses, or core melt probabilities. Work on the use
of probabilistic risk analysis (PRA) has been conducted on eight nuclear
plarts, and results have shown a significant trend in the data indicating
that PRAs can be used to look gener call{ at the ranking of reactor systems
and to set a prioritization for their reliability insofar as they affect the
stated goals. This work is occurring in conjunction with participation in an
ASME Task Force on Risk-Based Inspection Guidelines.

Work continues in addrtssin? the inspectability of coarse grained
materials, and a topical report is being written. A cooperative progran in
conjunction with the Center for NDE at lowa State University, under EPRI
funding, is being conducted to develop engineering tools for requirements of
surface specifications for ASME Code. Currently, Code has no UT surface
requirements, and the gonal of this work is to develop requirements to insure
that the surface conditions do not preclude an effective examination from
being conducted.

Participation continues in the PISC-111 Program to relate the work of this
international program to ~onditions and practices in the USA.

The objectives of the second program are to develop field procedures for
the AF and SAFT-UT techniques, perform field validation testing of these
techniques, provide training in the techniques for NRC headquarters and
regional staff, and work with the ASME Code for the use of these advanced
technologies. The focus of the work has been to use the SAF1 technology to
undergo blind testing at the EPRI NDE Center. This has involved tests with
the technology to detect and characterize defects in thick section plates and
passing the IGSCC sizing performance demonstration test. Plans are in place
to conduct further blind tests at the NDE Center and in the PISC-I1I1I Progrem.

The AE technolo?y is undergoing evaluation in an on-rcactor test to
monitor a recirculation inlet nozzle-to-safe end weld on the Limmerick Unit 1
Nuclear Power Station. This is a test to evaluate a condition detected by
ultrasonic examination after replacement of the recirculation system piping

and is being monitored tc assess, in an on-line continuous manner, the
condition of the component. Testing is currently in progress, and to date, the
results have shown no significant trends. A code case on the AE technology is
going through the formal process in Section XI,

The final program's objective is to evaluate the reliability and accuracy
of interpretation of results from computer-based ultrasonic inservice
inspection systems, and to develop guidelines for NRC staff to monitor and
evaluate the effectiveness of inservice inspections conducted on nuclear power
reactors., This program started in the last quarter of FY89, and the extent of
the program was to prepare a work plan for presentation to and approval from
a technical advisory group of NRC staff,



IMPROVED EDDY-CURRENT INSPECTION FOR STEAM GENERATOR TUBING'
C. V. Dodd and J. R, Pate

Oak Ridge National Laboratory
P.O. Box 2008, Oak Ridge, TN 37831-6158

A comparison was made of different types of probes and their performance under
different steam generator test conditions. The probe types include the
differential bobbin probe, the absolute bobbin probe, the pancake probe and the
reflection probe. The generator test conditions include tube supports, copper
deposity, magnetite deposits, denting, wastage, pitting, cracking and 1GA. The
study was based mostly on computed values, with the limited number of test
specimens available used to verify the computed results. The instrument readings
were computed for a complete matrix of the different test conditions, and then
the test conditions determined as a function of the readings in a least-squares
technique. A comparison was made in the errors in fit and instrument drift for
the different probe types.

Measurements and computations were also made of the effect of sanpling rate on
the accuracy of the defect depth measurement for the bobbin probe. For simple
defect signals, a relatively coarse sample rate is sufficient to determine the
defect depth. The frequency response of the signal produced as the coil is
scanned past the defect determines the desired response of the instrument
amplifiers.

The computations of the change in instrument reading due to the defects have led
to an "inversion" technique in which the defect properties can be computed from
the instrument readings. This has been done both experimentally and analytically
for eacl: of these probe types., Experimental measurements have been made for the
different probes, including the application of the reflection probe to IGA
standards. These reflection probe measurements were made on the tube outer
surface with a very sharply fecused probe to determine material properties, and
from the bore with our standard inspection probe to determine how well this
condition can be measured in the field.

“The suewned menuscrgn  hee  been
athoed by & comecir of te US
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" Research sponsored by the Office Nuclear Regulatory Research, Division of
Engineering, U. §. Nuclear Regulatory Cormmission unde» Inleragency Agreement
DOE 1886-8041-7B with the U. S. Depa~tment of Energy under Contract
DE-ACO5-840R21400 with Martin Marietta Energy Systems, Inc.



HYDROGEN WATER CHEMISTRY FOR BWRS: A REVIEW OF THE EPRI
DEVELOPMENT PROGRAM

Robin L. Jones and J. Lawrence Nelson

Electric Power Research Lanstitute, Palo Alw California, USA

Boiling water reactors (BWRs) in the United States have experienced extensive intergranular stress
corrosion cracking (IGSCC) in their austenitic stainless steel reactor coolant system piping,
resulting in serious adverse impacts on plant availability, O&M costs, and personnel radiation
exposures. A major research pregram o provide recuedies for BWR pipe cracking was cofunded
by EPRL GE, and the BWR Owners Group for I0SCC Research between 1979 and 1988,
Results fsom this program show that the likelihood of IGSCC depends on reactor water chemistry
(pardcularly on the concentrations of ionic impurities and oxidizing radiolysis products) as well as
on material condition and the level of tensile stress. Tests ha.+ demonstrated that the concentration
of oxidiging radiolysis products in the recirculating reactor water of 8 BWR can be reduced
substantitlly by injecting hydrogen into the feedwater. Recent plant data show that the use of
hydrogen injection can reduce the rate of IGSCC during power operation o insignificant Jevels if
the concentration of ionic impurities in the reactor water is kept sufficiently low. This approach to
the control of BWR pipe cracking is called hydrogen water chemistry (HWC). This paper presents
a brief summary of the results of EPRI's HWC development program from 1982 to the present. In
addition, ongoing and future work to investigate the feasibility of adaptating HWC 10 protect the
BWR vessel and major intemnals components from stress corrosion cracking damage is described.
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CAST STAINLESS STEEL AGING: MECHANISMS AND PREDICTIONS
O. K. Chopra and H M. Chung

Materials and Components Technology Division
ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, lllinois 60439

A program is being conducted to investigate the significance of low-tempera-
ture embrittlement of cast duplex stainiess steels under LWR operating conditions
and to evaluate possible remedies tc the embrittlement problem for existing and
future plants. The scope of the investigation includes the following goals: (1) estab-
lish the mechanism of embrittlement and validate the simulation of in-reactor
degradation by acceleraied aging, (2) evaluate the effects of key compositional and
metallurgical variables on embrittlement, and (3) obtain fracture toughness data 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 obtained on 25 experi-
mental heats (static-cast keel blocks and slabs) and six commercial neats (centri-
fugally cast pipes and 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. The
ferrite contents of the cast materials range between 3 and 30%. The ferrite morphol-
ogy for the castings containing >5% ferrite is either lacy or acicular. The centrifu-
gally cast pipe material has equiaxed or radially oriented columnar grains, while the
static cast keel blocks, slabs, and the pump impeller have a mixed grain structure.

Charpy-impact, tensile, and J-R curve tests were conducted on several experi-
mental and commercial heats of cast stainless steel that were thermally aged up to
30,000 h at temperatures between 290 and 450°C (~555 and 840°F). The results indi-
cate that aging at these temperatures leads to an increase in tensile strength, a
decrease in impaci energy, Jic, and tearing modulus of the material, and the ductile-
to-brittle transition curve shifts to higher temperatures. In general, the low-carbon
CF-3 grades of cast stainless steels are the most resistant and molybdenum-
containing high-carbon CF-8M grades are the most susceptible to low-temperature
embrittlement. The effects of material variables on the embrittlement of cast
stainless steels are evaluated. The ferrite morphology has a strong effect on the
degree or extent of embrittlement, while material composition influences the
kinetics of embrittlement. The kinetics of embrittlement can vary significantly with
small changes in the constituent elements of the cast material,



The mechanisms of embrittlement of cast duplex stainless steel have also been
established. Embrittlement is caused by brittle fracture associated with either
cleavage of ferrite or separation of ferrite/austenite phase boundaries. The forma-
ton of a' phase by spinodal decomposition of the ferrite, provides the strengthening
mechanism to raise the local tensile stress above the critical value for cleavage and,
thus, promotes brittle fracture. Precipitation and/or growth of phase-boundary
carbides or nitrides leads to a brittle failure by phase boundary separation and also
facilitates cleavage of the ferrite by particle cracking. Therefore, tive degree of brittle
fracture and, hence, the degree of embrittlement of a specific heat of cast stainless
steel depends strongly on the amount and spacing of the ferrite in the duplex
structure. Cast materials that are sensitive to embrittlement either have a
semi-continuous ferrite morphology or provide an easy fracture path via phase-
boundary separation. For some materials although a portion of the material may
fail in a brittle fashion, the surrounding austenite provides ductility and toughness,
e.g., cast materials with low ferrite content or the low-carbon grades of cast stainless
steels.

The kinetics of embrittlement are controlled by three processes, viz., spinodal
decomposition, precipitation and growth of phase boundary carbides, and precipita-
tion of G phase in ferrite. The kinetics of embrittlement for a specific cast stainless
steel depend on the relative contributions of carbide and G-phase precipitation; the
activation energies can range between 65 and 230 k]/mole. The influence of mate-
rial variables on the kinetics of the three processes is discussed.

The embrittlement of cast stainless steels can be recovered by a short-
time anneal for 1 h at 550°C and water quenching. However, preliminary
data show that the recovery annealed material reembrittles in a relatively
short time.

Mechanical property data have been analyzed to develop the procedure and
correlations for predicting the kinetics and extent of embrittlement of reactor com-
ponents from known material parameters. The method and examples of estimating
the impact strength and fracture toughness of cast components during reactor
service are described. The lower bound values of impact energy and fracture
toughness for cast stainless steels at LWR operating temperatures are defined.




Environmentaiy Assisted Cracking in Light Water Reactors
W.J. Shack, T. F. Kassner, P. § Maiya, J Y. Park, and W. E. Ruther

Materials and Components Technology Division
Argonne National | aboratory
Argonne, lllinols 60439

Environmentally assisted degradation problems that have been considered during this
year include (1) stress corrosion cracking (SCC) of austenitic stainless steels (SS), (2)
fatigue of Type 316NG 88, and (3) SCC of ferritic steels used in reactor piping, pressure
vessels, and steam generators.

Fractuce- mechanics crack growth-rate tests on compact tension (1TCT) specimens of
Types 304, 316NG, and 347 88 were performed to determine the effects of water
chemistry on the SCC. Because operating reactor. have made significant improvements in
coolant purity over the past several years, recent attention has focussed on quantifying the
effects of low ievels of organic impurities that are typically harder to detect and remove
with conventional water cleanup systems. The tests show that some organic substances
detected in reactor coolant systems at low concentrations actually inhibit SCC of sensitized
Type 304 S8 under simulated BWR water chemistries. The mechanism for this beneficial
effect has not been definitely established, but since the decrease in the crack growth rates
is not accompanied by a corresponding decrease in electrochemical potential (ECP) of the
steel, it appears thal the organic substances block sites on the specimen surface where
cathodic reduction of dissolved oxygen occurs; a process that couples with anodic
dissolution at the crack tip in a slip-dissolution mechanism of crack advance.

The data base on SCC of Types 304 and 316NG S8 developed at Argonne has been
correlated in terms of existing models for the crack tip strain rate and compared with the
comprehensive model developed by Ford and Andresen that attempts to account for the
effects of tmpurity concentration (i.e., water conductivity), ECP, degree of sensitization, and
loading history. Theoretical and empirical modcels for the crack tip strain rate provide a
better correlation of crack growth raies with loading history than more conventional
parameters such as the stress-intensity factor K or the change in stress intensity AK under
cyclic loading conditions. However, the existing models significantly underestimate the
effect of load rativ R at high R values. The trends of the crack-growth-rate data developed
at Argonne are in qualitative agreement with the model of Ford and Andresen, but the
model seems to overestimate the benefits of low coolant impurity levels and low levels of
sensitization of the steel, as measured by the clectrochemical potentiokinetic reactivation
(EPR) technique.

Fatigue tesis on Type 316NG SS were conducted in air and in a simulated BWR
environment at frequencies of 0.5, 0.05, and 0.005 Hz. Baseline tests were performed in
air under strain com ol during which the stroke histories were monitored. Comparison
tests were then conducted under variable stroke control that simulated the stroke histories
in the strain-control tests. This was not done on a cycle-by-cyc'e basis but instead, the
average stroke amplitude over a range of cycles was matched (e g.. for cycles 0-100, 100-



1,000, 1,000-10,000, etc.). The fatigue lives of the specimens under strain and stroke
control were in excellent agreement. A similar procedure was used in tests performed In
the simulaied BWR environment. Even at a relatively high frequency of 0.5 Hz the fatigue
lives in the environment were about one hall of those in air, and the reduction in life
increased as the frequency decreased.

SCC tests *re also conducted on 1TCT specimens prepared from a plate of AS33-Gr B
pressure vessel sceel containing 0.018% sulfur. In addi‘ion to conventional specimens,
composite 1TCT specimens of AS33-Gr B/Inconel-182/Inconel-600 were fabricated by
overlaying the ferritic steel with In-182 weld metal and then electron-beam welding In-
600 to the In-182. The specimen geometry is such that the crack will proceed from the
In-182 into the ferritic steel. A533-Gr B specimens and specimens of this material that
were plated with either nickel or gold to reduce contact between the surface of low-alloy
steel and the environment are also being tested. Comparison of the crack growth rates
from the bare and plated specimens under identical water chemistry and loading
conditions will provide insight into whether electron transfer through the oxide film on the
bulk surface cf the ferritic steel is important in the overall SCC process. Similarly, the
composite specimens were plated with nickel to simulate crack growth in a clad ferritic
sieel vessel, where only the crack surface of low-alloy steel is exposed to the environment.
The results will be compared with data obtained from bare low-alloy steel specimens to
establish whether data from the latter can be used to characierize the SCC behavior of a
clad ferritic vessel. In addition, the composite specimens will be used to determine
whether the threshold stress intensity factor for SCC in the ferritic material is influenced
by the nature of the starter crack, L.e, a SCC crack in the In-182 or a fatigue precrack in
the conventional specimens. These tests are being performed in high-purity water with
0.20.3 ppm dissolved oxygen at 289°C at a load ratio of 0.95 and a frequency of 0.08 Hz.



IMPROVING CHECK VALVE RELIABILITY
THROUGH RESEARCH REGARDING DEGRADATION OF INTERNALS

M. S, Kolsi, 7, Horst, J. K, Weng
Kalsi Engineering, Inc.
Sugar Land, Texas

Since the multiple check valve fatlures that occurred in 1985 at U.S. nuclear
o0ower plants, @ significant amount of research has been done toward ?redictine
the performance and degradation of check valves in operastion, ldeally, check
valves should be sized to provide full disc 1ift under norma) flow conditions,
and should be located sufficiently away from upstream flow disturbances to
echieve long-term, trouble-free operation. In practice, however, a vast
mejority of the check valves at power plznts do not fulfill these idea)
requirements, In spite of this apparent misapplicat’on, only a smal)
percentsge of these valves suffer from asccelerated degradation,

This paper will present the results from research undertaken to quantify the
effects of a number of types of upstream flow disturbances on the degradation
of su1ng check velve internals. Under the Phase | research program sponsored
by NRC/Sma11 Business Innovation Research (SBIR), over 2,000 tests were run on
instrumented swing check velves, The effects of upstream disturbance
proximity, flow conditions, and valve geometry were systematically varien
according to @ predefined matrix, Disc motion and impact force against the
backstop were measured in the tests. These measurements form the basis of
predictive fatigue and wear models bdeing developed under Phase 11 of a
continuing research program. The thecoretical wear models are being refined by
comparison against controlled wear tests using aluminum hinge pins to
sccelerate wear. Bending stress caused dy disc stud impact against the stop
15 2150 being measured by strain gages to refine the fatigue prediction model.

A summary of overall goals, results to date, and cumparisons against availaple
plant date will be presented in this paper.




EVALUATION OF CHECK VALVE MONITORING METHODS®

H. D. Haynes
Oak Ridge National laboratory

Summary

Check valves are uced extensively in nuclear plant safety systems and balance
of plant (BOP) systems. Catastrophic fallures of swing check valves have
occurred in several nuclear plants and have resulted in water hammer,
overpressurization of low-pressure systems and damage to flow system components.
These failures have largely been attributed to severe degradation of internal
parts (i.e. hinge pins, hinge arms, discs, and disc nut pins) resulting froa
instability (flutter) of check valve discs under normal plant operating
conditions. Present surveillance requirements for check valves have been
inadequate for timely detection and trending of such degradacion.

The NRC has had a continuing strong interest in resolving check valve problems.
In support of the NRC's Muclear Plant Aging Research (NPAR) Program, ORNL has
been carrying out an aging assessment of check valves A primary objective of
these studies is to identify, evaluate, and recommend methods for detecting check
valve degradation and incipient failure.

Several developmental or commercially available check valve diagnostic monitoring
methods developed by others are being evaluated by ORNL, including those using
acoustic emission, ultrasonic, and radiographic techniques. Two other potential
monitoring techniques identified by ORNL are also being studied; one based on
fluid pressure noise and one based on magnetic flux. The evaluations in each
case have fucussed on identifying capabilities to provide diagnostic information
useful in determining check valve aging and service wear effects (degradation)
and/or indication of undesirable operating modes (e.g., disc instability).

A description of each monitoring method is provided in this paper including
examples of teet data acquired under controlled laboratory conditions. In some
cases, field test data acquired in-situ are also presented. The advantages and
disadvantages of each method are compared and suggested areas in need of further
developmen are identified,.

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

* Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear
Megulatory Commission under Interagency Agreement DOE 1886-8082-8B with the U.S.
Department of Energy under contract No. DE-AC05-840R21400 with Martin Marietta
Energy Systems Inc,
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RESULTS OF GATE VALVE FLOW
INTERRUPTION TESTS IN
THE RWCU LINE ENVIRONMENT

K. 6. DewWall

Idaho National Engineering Laboratory
EG&G ldaho, Inc,

Recent testing sponsored by the U.S. Nuclear Regulatory Commission
(NRC) showed that for at least some valves installed in nuclear
applications, the equations used by industry to size the valves do not
conservatively calculate the thrust needed to close the valves under design
basis loadings. The tests also showed that the results of in situ valve
testing at lower loadings cannot be extrapolated to design basis loadings.
The testing was conducted by researchers from the Idaho Nationa) Engineering
Laboratory (INEL) to provide to the NRC a portion of the technica) data base
for the NRC effort regarding Generic Issue 87 (G1-87) "Failure of HPCI Steam
Line Without Isolation." The test program also provides information
applicable to Generic Issue I1.E.6.1, "Insitu Testing of Valves" and a
related document, IE Bulletin 85-03, “Motor Operated Valve Common Mode
Failures During Plant Transient due to Improper Switch Settings."

Of the three BWR process 1ines covered under GI-87, an unisolated break
in the RWCU supply line was selected for the first phase of testing because
such a break would have the greatest safety impact. The high pressure
coolant injection (HPCI) steam supply line and the reactor core isolation
cooling (RCIC) steam supply line will be addressed in subsequent research
efforts. A1)l three GI1-87 process lines have common features. A1)
communicate with the primary system, pass through containment, and have
normally open isolation valves.

In this initial test program, two representative RWCU isolation valves
were subjected to the hydraulic qualification tests described in
ANSI B16.41, the nuclear valves qualification standard, and then to full



flow RWCU pipe break flow interruption tests. In all, fourteen flow
interruption tests were performed, ten on Valve A and four on Valve B. In
the Valve A tests, the parametric study included varying both the degrec of
inlet water subcooling and the pressure. Break flows were maintained
throughout the 30-second valve closure. The four Valve B tests were al)
performed at a normal BWR 10°F subcooling, and the inlet pressure only

was varied. The test loop and valves were instrumented to determine the
valve response to flow, including a load cel) installed in the valve stems
to measure thrust,

Test results show that for the valves tested, the variables used by
industry for determining valve thrust are not conservative. The results
further indicate that internal valve design differences can result in large
response differences and that prototypical testing may be necessary to
determine actual valve performance.



Valve Testing for UK PWR Safety Applications

P T George
S Bryant

CENTRAL ELECTRICITY GENERATING BOARD
(PWR Project Group)
United Kingdom

Extensive programmes of testing and development have been established by the
Central Electricity Generating Board (CEGB) to support the design, construction
and operation of Sizewell 'B', the UK's first PWR.

A Blowdown Rig for the Assessment of Valve Operability - (BRAVO) has been
constructed at the CEGB Marchwood Engineering Laboratory to reproduce PWR
Pressuriser fluid conditions for the full scale testing of Pressuriser Reliel System
(PRS) valves. A full size tandem pair of Pilot Operated Sufety Relief Valves
(POSRVs) is being tested under the full range of pressuriser fluid conditions. Tests
to date have produced important data on the performance of the valve in its Cold
Overpressure protection mode of operation and on methods for the in-service testing
of the valve.

Also, a full size pressuriser safety valve has been tested under full PRS fiuid
conditions to develop a methodology for the pre-service testing of the Sizewell
valves. Further work will be carried out to develop procedures for the in-service
testing of the valve.

In the Main Steam Safety Valve test programme carried out at the Siemens-KWU
Test Facilities, a single MSSV from three potential suppliers was tested under full
secondary system conditions. The test results have been analysed and are reflected
in the CEGB's arrangements for the pre-service and in-service testing of the Sizewell
MSS8Vs,

Valves required to interrupt pipebreak flow must be qualified for this duty by testing
or a combination of testing and analysis. To obtain guidance on the performance
of such tests gate and globe valves have been subjected to simulated pipebreaks
under PWR primary circuit conditions. In the light of problems encountered with
gate valve closure under these conditions, further tests are currently being carried
out on the BRAVO facility on a gate valve, in preparation for the full scale flow
interruption qualification testing of the Sizewell main steam isolation valve on
the Siemens-KWU Test facility in 1990,

The results obtained to date nave influenced the selection of hardware for Sizewell,
supported the licensing process and provided an input to the specification of in-
service testing procedures,

SB200689



OVERVIEW AND STATUS OF EPRI MOV TEST PROGRAM

J. Hosler P. Damerel)
EPR] M. Albers
Paln Alto, CA MPR Associates, Inc.

Washington, D. C.

An MOV Test Program is being planned by EPRI in coordination with other
MOV-related activities in the nuclear power industry. The objective of
the EPRI MOV Test Program is to obtain data on MOV performance and
extrapolation of performance, for a range of MOV types and applications
typical in nuclear power plants. The ultimate intent of the program is
to develop a methodology and supporting data to assist utilities in their
responses to recent requirements (NRC Generic letter) that the
operability of MOV's be evaluated under design basis conditions. The
results of the EPRI Program will allow utilities to effectively plan and
interpret MOV tests, and to simplify and minimize the required in-plant
testing.

Phase 1 of the EPRI MOV Test Program is currently underway. This phase
has focused on determining the data needs of the industry and on
fdentifying the extent to which existing MOV data (from in-plant tests or
from other programs) satisfy these needs. This step permits EPRI to
concentrate the additional testing and data evaluation in Phase 2 where
it is most needed. The Phase 1 work includes:

. An analytical/experience based evaluation of the key factors
affecting MOV performance and performance extrapolation.

An evaluation of the range of types and applications of MOVs in
nuclear power plants.

i A review of selected available MOV test data to determine the extent
to which these data cover the key factors and the range of MOVs,

The product of the technical evaluations in Phase 1 is as follows:
- Definition of data needs for method validation.

Plan for tests and evaluations to be conducted in Phase 2.



SUMMARY

TITLE: " A Systems Engineered Approach Towards Improved Safety
and Performance of Motor Operated Valves"

AUTHORS: H. G. Knoedler, M. J. Schmidt, E. G. Warfield
ORGANIZATION: Bechtel-KWU Alliance

A global systems approach, which considers all parameters that
potentially affect valve and operator performance, is
necessary to improve confidence that motor operated valves
will maintain integrity and perform their intended function at
design basis conditions.

These parameters can only be properly evaluated through a
comprehensive process which integrates engineering, analysis,
in-situ and full flow testing, maintenance and subsequent
trending measurement.

This paper describes how this process has been successfully
used in Europe and how it applies to the U.S. with improved
performance and reliability of motor operated valves. The
testing, experiences and lessons learned are critical in
satisfying the NRC generic letter.

The process can be visualized as two interactive paths; the
verification of the ability to function (design verification)
and the verification of readiness to function (actual
condition of the MOV). Neither of the two paths alone is
capable of verifying performance of a MOV during design basis
conditions. However, #pplied in a combined approach, one can
predict the MOV performance.

The design verification is accomplished through an engineering
evaluation supplemented by computer programs utilizing data
from extensive full flow tests, separate effects component
testing, material research and testing and confirmatory finite
element analysis. The engineering evaluation also considers
parameters such as clearance, tolerance and deflection
behavior. The types of testing, components tested, test
facilities, and results will be discussed. Recummended testing
of U.S. components important in answering the Generic Letter
will also be provided. Simplified test devices have been shown
to be extremely beneficial in the extrapolation of full scale
testing.

A computior analysis is used to streamline calculations for the
required torque to seat, to unseat and stem travel under
design basis conditions. Analysis is also performed for valve
parts in the load path and pressure boundary parts. The
technical considerations for determining the load predictions
and evaluation of components will be described.

o-14



However, the design conditions can not practically be
simulated in the plant, especially accident pressure
differentials and degraded voltage. In addition, the actual
plant valves are perhaps in an unknown conditicn of wear and
maintenance.

Therefore, the need exists for a readiness to function
verification. The analysis described above is repeated for
conditions which can be achieved easily in the plant during
insitu testing. This means that the analysis maybe performed
for conditions other than design. The analysis calculates
the required torque for seating, unseating and stem travel
under the in-situ conditions.

The results of this analysis are compared to the results
measured during insitu (diagnostic) testing. The number of
variables are reduced allowing the comparison of measured
valves to calculated values with more confidence. The
valve/actuator is then assessed for the effects of wear and
maintenance condition to achieve a readiness to function
status.

A "state of the art" diagnostic testing must be used in order
to obtain sufficient definition for diagnoris. The preferred
method is a three-phase nline active power measurement
combined with a switch setting measurement from the motor
control center (MCC), called the leading measurement. In the
case of insufficient data for the MOV, a one time baseline
measurement at the MOV is required using strain gauge
measurement, etc. However, future trending measurements will
be performed from the MCC to reduce man-rem dose and compared
to previous signatures. [ he diagnostic system is designed to
obtain all necessary data with only one stroking cycle of the
valve thereby reducing seat wear.

Valve and actuator improvements as well as philosophies
regarding valve application, limit switch seating, diagnostic
testing, and in-service testing will be discussed. The merits
of simple component test devices, such as the simulator for
bench testing each actuator for simulated valve loading will
also be provided.

A comprehensive approach, based on the principles described
herein, will be presented to satisfy the generic letter.
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GOOD PRACTICES FOR EFFECTIVE MAINTEMANCE TO MARAGE AGING AT WPps(a)

Walter B, Scott, Walter 1. Enderlin, and Irs S. Levy
Pacific Northwest Laboratory
Richland, Washington 99352

INTRODUCT ION

The Nuclear Regulatory Commission's Office of Nuclear Regulatory Research
is sponsoring this effort to study maintenance as it relates to aging, under
the Nuclear Plant Aging Research (NPAR). Maintenance is the primary means of
combating and correctin? the effects of a?ing degradation at nuclear power
plants. Maintenance effectiveness directly affects the safety of nuclear
power plants. Several recent plant events have shown that improper mairtenance
or a lack of maintenance can be a significant contributory cause of plant
incidents (e.g., transients at Rancho Seco an” Davis Besse, and the Salem
anticipated transient without scram event). 1In these, and other events, safety
related plant equipment functions have been impaired by poor maintenance
practices or a lack of maintenance on the specific equipment or in ancillary
equipment that affects the ability of the safe'y related equipment to function.
In some cases, the ancillary equipment has been nonsafety-related equipment,
or balance-of-plant equipment that has not received adequate maintenance
attention. In addition to the potential for causing safety significant plant
transients, poor or lacking maintenance may allow the licensing basis of the
plant to be eroded without detection.

In some cases, time-related aging degradation of equipment that has not
been detected, corrected or managed by the maintenance program has been a
significant contributory factor

The NPAR program has developed significant information on aging
degradation, detection, mitigation, and correction practices for safety-
significant structures, systems and components that can be factored into
maintenance programs and their effectiveness.

SCOPE
Maintenance to manage aging is focusing on the following:
a systematic approach to maintenance for aging management,
the measurement of maintenance program effectiveness in aging management .

the conduct of maintenance tasks for detecting, mitigating and correcting
aging degradation,

the qualification and training of maintenance personnel in aging modes,
effects, and consequences,

Work supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear
Regulatory Research, under U.S. DOE Contract DE-ACO6-76RLO 1830.




¢ the control of maintenance work to ensure the effective management and
control of aging, and

* the maintenance facilities and equipment needed to manage aging
degradation,

Specifically, lessons learned regarding the maintenance of motor-operated
valves (MOVs) from Oak Ridge National Laboratory's research will be evaluated
for wider applications to maintenance prograus. The selection of MOVs provides
a basis for comparison with one of the other industr pro?raas boin?
investigated. In addition, the hardware studies at PNL (i.e., on diesel
9:?cr|$$rs and snubbers) and other NPAR laboratories will provide input to
this effort.

The current major inputs from industry sources outside the commercial
reactor field are:

¢ Japanese nuclear plant maintenance praccices,

* U.S. Air Force B-52 Bomber maintenance practices,
* U.S. Navy submarine maintenance practices, and

e U.S. commercial airline maintenance practices.

These investigations of other industries seek tested solution to problems
which could be useful to the U.S. nuclear power industry.
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AGING RISK ASSESSMENT MEYHODOLOGY: DEMONSTRATION STUDY ON A
PWR AUXILIARY FEEDWATER SYSTEM

Andrew J. Wolford, Corwin L. Atwood, W. Scott Roesener
Idaho National Engineering Laboratory

The problem of analyzing age-dependent plant risk necessitates rethinking
a basic principle of PRA; the assumption that all equipment failure
probabilities are constant. This paper presents a methodology to detect and
quantify increasing failure rates. The methodology 1s applied to a 16 year old
PWR auxiliary feedwater system. Based on plant-specific maintenance data and
the accompanying PRA, this study concludes that statistically significant
age-dependent trends exist and that the implied core damage frequency is
increasing, and identifius which equipment items are the major age-dependent
contributors to core damage frequency. A useful product of the work is the
development of a step-by-step procedure for aging risk assessment.

A number of assumptions were made in order to accomplish this work., The
assumptions involve the interpretation of raw data, the analysis of data, and
use of data analysis results in PRA models. Regarding rhe data itself, it was
assumed that the component maintenance records obtained for use in this study
were complete and that the date the equipment item was returned to service was
an acceptable surrogate for the date of failure. For the analysis, it was
assumed that component '8““5" obey a nonhomogeneous Poisson process, with
hazard function A(t) = e® * P'. Diagnostic checks indicate that
the data are consistent with this model. It was further assumed that the
beginnin? of the observation coincided with installation, and that the PRA i
adequately complete as modeled, for al) but the auxiliary feedwater system.

Results of the data analysis are presented in Table 1. Note that
significant increasing rates of failure were exhibited by pump discharge header
check valves for the back-leakage mode, turbine-driven pumps for failure to
run, individual header motor-operated valves for failure to open and for
feedwater pump steam-binding. The significance level is the probability of
observing the data, or any more extreme data, if the data were being generated
by a constant failure rate process. The very low numbers show evidence of
increasing rate of failure; for instance, both the check valves and turbine
driven pumps have significance levels less than 1%.

Using failure probability estimates for the equipment listed in Table 1 as
inputs to PRA models of the AFW system, the implied, 2qe-dependent core damage
frequency was calculated. Results indicate a total increas> of one order of
magnitude in ten years by propagating the mean values of the basic events
throughout the PRA. Nearly a two order of magnitude ncrease is calculated by
sampling the distributions for the individual basic eventis. Table 2 shows the
age-dependent results for employing a broad and narrow definition of failure,
respectively. For the pericd 8 to 10 years, Figure ]| indicates the
contributors to the increase in risk by shaded regions beneath the tota)
time-dependent risk curve, based on the broad definition of failure. The check
valves dominate this period, but steam-binding and turbine driven pumps are
rapidly increasing.

Overall, the work has shown that age-dependent behavior can be inferred
from minimal data sources, and that the implications of risk can be computed
from this data. These capabilities provide a starting point from which to



develop age-dependent PRA for aging management of nuclear power plants.
primary purpose of such aging analysis is not for extrapolation of risk into
the distant future, but to help determine near-future contributors to risk and

to add insight to decisions for corrective actions.

analysis is consistent with the primary use of PRA in general.

This use of aging risk

TABLE 1.
Mazard

Significance Level Doubling Time
.Lomponent Group = Eailure Mode (%) (Years)
Pump discharge Back leakage <0.02 l
header check valves
Turbine driven pumps Fail to run 0.2 2
Individual header Failure to 5.7 4
motor operated open
valves
Feedwater pump Steam-binding 2.6 |

TABLE 2. TOVAL TIME-DEPENDENT PLANT CORE DAMAGE FREQUENCY

Broad Failure Definition =~ _Narrow Failure Definition

Propagating Propagating Propagating Propagating
Year Means _  Uncertainties —Means _  Uncertainties
0 6.6E£-04 6.5£-04 6.9-04 7.2€-04
5 7.4E-04 7.4E-04 6.8-04 6.8E-04
7 1.5£-03 1.4€-03 6.9-04 6.8E-04
8 2.6€-03 2.7€-03 7.1-04 8.7E-04
10 6.6E-03 3.3E-02 2.8-03 2.9€-02
Y — - - it
‘i ~ Incresse sbove base cese due 10
- o r F777ump discharge check valve failure 10 close ,/' -
"9 E5SjPump steam binding V// / //
£ 8 s eom-turbine driven pump failure t 7 N
< 3 ‘L__ _1
E 5 r -
o ‘1 f |
é; ! f'o?ﬂfti:f .
| COF ‘
0 A - e S
8 7 8 8 10 "
Plant age (years) POO8 §J-480.31

Figure 1
-4



SANDBO~1755A"%

Loss~of~Coolant Accident (LOCA) Testing of Aged
Cab.es for Nuclear Plant Life Extension

Mark J. Jacobus
Sandia National Laboratories
P. O. Box 5800
Albuguergue, NM 87185

BUMMARY

Sandia National Laboratories is currently conducting long-term
aging research on representative samples of nuclear power
plant Class 1E 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) vechnigues for predicting remaining
cable life. Twelve different cable products have been aged
for long times at relatively mild exposure conditions with
various CM techniques employed during the aging process.

Three separate test chambers were used for aging groups of
cables to nominal equivalent lifetimes of 20, 40, and 60
years. The aging included a simultaneous thermal and
radiation exposure at about 100°C and 10 krad/hr for 3, 6, and
9 months for the three chambers, giving total doses of 20, 40,
and 60 Mrads. During aging, small cable specimens, insulation
specimens, and jacket specimens were removed at 1l1-month
intervals. These specimens will be used for future elongation
and dielectric withstand measurements.

Following the aging process, the cables in each chamber were
exposed to a sequential accident profile consisting of 110
Mrad of high dose rate gamma irradiation follcwed by a
simulated design basis loss-of-coclant accident (LOCA) steam
exposure (except the 20-year chamber which is still being

aged) . The LOCA conditions followed the IEEE 323-1974,
Appendix A recommended profile (including superheated steanm
conditions) for the first 4 days. The remainder of the

profile was 121°C for 6 days.

*The Long-Term Cable Aging Program is supported by the United
States Nuclear Regulatory Commission and performed at Sandia
National Laboratories, which is operated for the U.S.
Department of Energy under contract number DE-~AC04-76DP00789.



puring the LOCA tests, the cables were energized to a nominal
voltage of 110 Vde. Individual cable insulation resistances
(IRs) were monitored automatically throughout the LOCA test at
varying scan intervals from 10 seconds during the transient
portions of the tests to 5 minutes during long steady

portions. Measurements on each individual cable were also
performed periodically using an IR test apparatus that was
used during aging. Based on these measurements, selected

plots of IR as a function of time and temperature for various
cables will be presented. Several cables had low IRs during
the test and some of these caused 1 A fuses to blow. A number
of the cables performed well during both the 40- and 60-year
LOCA tests, indicating a good potential for life extension for
many popular cable products.



Life Assessment Procedures for Major LWR Components?®

V. M. Shah, ldaho Nationa) [ngin'cr!n? Laboratory
A. P. L. Turner, Dominion Engineering, Inc.
C. E. Jaske, Battelle Culumbus Division
P. E. MacDonald, ldaho Nationa)l Engineering Laboratory
G. H. Weidenhamer, United States Nuclear Regulatory Commission

Summary

The Aging Assessment and Mitigation Project i1s a part of the USNRC
Nuclear Plant Aging Research Program. The main objective of the project
is to develop an understinding of the aging degradation of the major light
water reactor (LWR) structures and components and to develop procedures
for predicting the useful 1ife of these components so that the impact of
aging on the safe operation of nuclear power plants can be evaluated and
addressed. This paper describes the current status of the project and
presents life assessment procedures for pressurized water reactor (PWR)
steam generator tubes and LWR cast stainless steel components,

The major effort of the project consists of integrating, evaluating,
and updating the technical informaticn relevant to aging and license
renewal from current or completed NRC and industry research programs. The
project has five steps: (1) identify and prioritize the major reactor
components, (2) identify degradation sites, mechanisms, stressors, and
potential failure modes of each component and then evaluate the current
inservice inspection methods, (3) assess advanced inspection,
surveillance, and monitoring methods and evaluate mitigating methods to
reduce aging damage. (4) develop residual 1ife assessment models and
procedures, and (5) support the development of technical criteria for
license renewal. The first two steps have been completed, which include
qualitative aging assessment of twenty major components. A thorough
assessment of both advanced fatigue monitoring and advanced material
evaluation methods is being conducted as part of Step 3. Various life
assessment procedures are being developed for five major components as
part of Step 4: PWR reactor pressure vessel, metal containments,
reinforced concrete containments, steam generator tubes, and cast
stainless steel components. The project results will be used to develop
technical guidelines for making license renewal decisions.

A general life assessment procedure for many of the major components
is as follows: (a) evaluate the damage state of the component at the
beginning of the operating period, (b) estimate the additional damage
expected during the cperating period, (c) evaluate component integrity at
the end of the opera.ing period to ensure that acceptable safety margins
exist, and (d) establish an inservice inspection program,

The heat-exchanger tubes are the 1ife-limiting components of a PWR
steam generator. Statistical modelling is used tc predict the rate of
heat-exchanger tube degradation because of the large number of tubes in
each generator and because of the periodic assessment of tube condition

a. Work sponsored by the United States Nuclear Regui atory Commission,
Office of Nuclear Regulatory Research, under DOE Contract
No. DE-AC07-761001570.



that is routinely made for PWR steam generators by eddy-current testing.
Where possible, mechanistic understanding of the degradation processes is
used to estimate the dependence of degradation rates on stressors such as
stress, temperature, and chemical environment. This allows statistical
data on degradation in one steam generator location to be used in
estimating degradation rates in locations where the effects have not yet
been observed and assists in the evaluation of changes in operating
conditions that change the stressors,

The 1ife assessment procedure presented in this report uses a Weibull
distribution to describe the times to failure of steam generator tubes for
fatlures caused by most of the corrosion and stress corrosion cracking
mechanisms. The Weibul) distribution was chosen in preference to other
possibilities because it is easy to handle mathematically, and, in test
cases, was found to accurately describe the measured data and grovido
useful predictions of future behavio~. With the aid of Weibul
distribution, one can project data from the failure of relatively few
tubes to estimate future tube failure rates and to predict when tube
failures from a given mechanism will be so numerous as to affect the
operation of the steam generator,

The three most widespread types of degradation mechanisms affecting
U.S. PWR plants are (1) pure-water stress corrosion cracking (PWSCC) on
the primary side, (2) intergranular attack (IGA) and intergranular stress
corrosion cracking (1GSCC) on the secondary side, and (3) fretting wear
and thinning. Other corrosion mechanisms, such as wastage, pitting, and
denting have occurred in many older steam generators but have been avouided
in most newer generators by changes in operating procedures. Fatigue
failure of a U-bend has occurred at one plant and the failure is
considered significant because of its location and nature.

The 1ife assessment procedure for steam generator tubes specifies the
types of information re?arding the construction and operating history of
the generator that should be gathered and explains how this information
shoulu be used to identify which modes of degradation are most probable.
Methods for evaluating inspection data are discussed, and the procedure
for performing a combined statistical analysis for several concurrent
types of degradation is presented.

The 1ife assessment procedure for cast stainless steel components
addresses the degradation caused by thermal embrittlement and fatigue.
Thermal embrittlement affects both Charpy V-notch impact energy and
fracture toughness. The procedure is organized into eight steps. The
first three steps involve the review of design, fabrication, construction,
inservice inspection, and operating history records. The fourth step
involves a fracture-mechanics evaluation to determine if any existing or
undetected defects could potentially impair the structural integrity of
the component during the next operating period. In the fifth step, the
material condition at the end of next cperating period is estimated using
an analytical mode) proposed in the paper, microstructural data, and/or
measured properties. In the sixth step, the results of the fourth and
fifth steps are combined to evaluate the structural integrity of the
component. In the seventh step the required actions (none, repair,
replace, or shut down) are chosen. The eighth step involves establishing
the plan for next inservice inspection,



COMPREHENSIVE AGING ASBESALMENT OF
CIRCUIT BREAKERS AND REZLAYS
FOR NUCLEAR PLAN? AGING RESEARCH (NPAR) PROGRAM
PHABE IIX

J.F. Gleason

Wyle Laboratories
Huntsville, Al 35807

BUMMARY

The Phase 1 study~- NUREG/CR~4715,BNL~NUREG~52017 AN,RV, “AN AGING
ASSESSMENT OF RELAYS AND CIRCUIT BREAKERS AND SYSTEM
INTERACTIONS ," identified relays and circuit breakers used in
nuclear plants, failure mechanisms of these relays and circuit
breakers, that some failure mechanisms are age related, and that
failure of safety systems is possible from relays and circuit
breaker failures if adequate maintenance and testing are not
performed. It also proposed some potential inspection,
surveillance and condition monitoring methods to detect
significant aging methods prior to loss of safety function. The
objectives of Phase Il are to: (1) identify and characterize
ag’. g and service wear effects of circuit breakers and relays
which, if unchecked, could impair plant safety; (2) identify and
develop methods of inspection, surveillance, and condition
monitoring, and of evaluating residual life of circuit breakers
and relays, which will assure timely detection of significant
aging effects prior to loss of safety function; (3) evaluate the
effectiveness of storage, maintenance, repair and replacement
practices in mitigating the rate and extent of degradation in
circuit breakers znd relays caused by aging and service wear.

The relays and circuit breakers which are being reviewed are:

© Protective Relays - they protect plant power systems from
effects of electrical overloads, faults and transients

© Auxiliary Relays - actuated by protective relays for high
current applications

© Control Relays - used in nuclear protective system logic

© Timing Relays - delays operating function until initiating
condition has existed for a selected time

© Electronic Relays - solid state device used in protective
or control relay applications

© Molded Case Circuit Breakers - 480 volt and below; they
are the most prevalent, used to supply individual circuits and
feeders for low voltage AC and DC distribution

© Metal Clad 480 volt Circuit Breakers - used in the power
supply to 480 volt distribution buss as well as to feed



individual circuits for major safety related equipment such as
medium sized motors

© Metal Clad 4KV Circuit Breakers - these are housed in
large retal cabinets and are used for main circuit breakers for
large safety related equipment and the emergency power busses

The research effort has reviewed and is verifying improved
inspection, surveillance and condition monitoring (ISM) methods.
Testing of naturally aged and degraded circuit breakers and
relays is being performed. Eighteen ISM methods are being
evaluated, They include: Vibration/Acoustics, Surge Current
Comparison, Pick-up/Drop-out voitage, Inrush/Holding current,
Current Signature Analysis, Operability, Set point Drift, Timing
tests, Magnetic Flux Monitoring, Contact/coil Resistance, High
Poteritial Test, Insulation Resistance, Infrared Thermal Scanning,
Infrared Pyrometry, On-contact Temperature measurement, Ion
Detection, Lubrication, Visual inspection and Root cause Failure
Analysis. Some technigues are intrusive, requiring disturbing of
leads, etc.: the following are the most encouraging in that they
are non-intrusive, car be used with all types of circuit breakers
and relays, data can be obtained rapidly, trended and computer
analyzed:

o Vibration/Acoustics - preliminary tests have shown that
circuit breakers and relays have distinct and repeatable
vibration signatures, and aged and refurbished devic.s experience
differences in amplitude and frequency

¢ Infrared Thermal Scanning - this technigue has shown
differences in thermal signatures in aged devices

Additional tasks include (1) in-situ testing at plants to confirm

analyses and laboratory results and to provide estimates of cost

effectiveness and practicability of application: (2) evaluation

of the role of maintenance in mitigating age effects and (2)

application and /or development of methodology which will provide

: service life prediction and define surveillance and inspection
ntervals.

The research results will be utilized to identify inspection,
surveillance and condition monitoring needs, define inspection
intervals, provide service life parameter limits and service life
prediction methodology. Recommendations will be made to modify
or develop regulatory guides and may provide additional
information to supplement existing NRC bulletin on ccunterfeit
and refurbished circuit breakers.



BEYOND DESIGN BASIS ACCIDENTS IN SPENT FUEL POOLS
OGENERIC ISSUE 82

Edward D. Throm, Senior Task Manager
Reactor and Plant Safety Issuss Branch
Division ¢! Safety Issue Resolution
Office of Nuclear Regulatory Research
U. 8. Nuclear Regulaiory Commission
Washington, DC 20555

INTRODUC* !

Nuclear reactor plants incluc. storage facilities for the wet storage of spent fuel assemblies. The safety
function of the spent fuel pool (SFP) and storage racks is to cool the spent fuel assemblies and maintain
them in a subcritical array during all credible storage conditions and to provide a safe means of loading
the assemblies intc shipping casks. I was concluded, in WASH-1400, that the risks from spent fuel
storage were orcers of magnitude below those involving the reactor core because of the simplicity of
the spent fuel storage pool desig

The reasons for the re-examination of SFP accidents are twofold. First, spent fuel is being stored
instead of reprocessed. This has led to the expansion of onsite fuel storage by means of high-density
storage racks, which results in a larger inventory of fission products in the pool, a greater heat load on
the pool cooling system, and less distance between adjacent fuel assemblies. Second, some
laboratory studies have provided evidence of the possibility of fire propagation between assemblies in
an wr covled environmeni. In additicn, © recen’ years, ‘ncreasing knowledge in the geosciences has
led to a better understanding that, although sti! highly unlikely, it is more I'kely that nuclear power
plants in the Eastern Urited States (i.e., east of the Rocky Mouitains) could be subjected to earthquake
ground motion greater than for which the plants were designed.

SUMMARY UF TECHNICAL FINDINGS

Assuming that the water is drained, or boilea of rom he SFP, the fuel rods will heat up until the
buoyancy-driven air flow is sufficient to prevent further heatup. If the decay heat leve' is high enough to
heat the fuel rod cladding to about 900 °C (1650 °F) the oxidation becomes self-sustaining, resulting in
a Zircawoy cladding fire. Propagation of the Zircaloy cladding fire to older adjacent assemblies is likely if
the decay heat level in an older adjacent assembly is high enough to heat that assembly to within 100 to
200 °C (200 to 400 °F) of the self-susteining oxidation temperature. Although propagation of a Zircaloy
cladding fire to one to two year old fuel by only thermal radiation can occur, the older fuel would have to
be next to the hottest assemblies.

The conditional probability of a Zircaloy cladding fire given a complete loss of water was found to be 1.0
for PWRs and 0.25 for BWRs. The PWR value is based on the use of high-density ctorage racks and the
EWR vaiue is selected based on the use of high-density directional storage racks, with the channel box
in place. The use of open frame racks or cylindrical racks with large inlet holes wouid result in a
reduction in risk. The cooling time to preclude a Zircaloy cladding fire could be reduced to less than 20
days, for a conditional probability of 0.05 of a Zircaloy fire for both fuel types.

The risk from the storage ot spent fuel in the SFP at light water reactors is dominated by the beyond
design basis rarthquake accident scenario. The seismic capacities, or fragility, of two older SFPs
indicate that the high confidence of low probability of failure (HCLPF) is about three times the safe
shutdown earthquake (SSE) des'gn level. The hCLPF values are estimated to be in the 0.5 to 0.65 (¢



range. The structural capacity of the elevated BWR pool is lower than that for the PWR pool located at
the ground level, however the lower conditional probability of a Zircaloy fire for the BWR fuel assembly
design offsets the higher seismic failure frequency. The probability of a Zircaloy  ,adaing fire, resulting
from the loss of water from the SFP, is estimated to have a mean value of 2x10® per ‘ sactor year for
cither the PWR or the BWR SFP. The seismic event contributes over 90% of the PWR spent fuel
damage probability, and nearly 95% for the BWR.

The source term for the SFP accident is not the same as the source term associated with core damage
accidents. The consequences of a SFP accident which results in the complete loss of water are
dominater by the long lived isotopes, such as cesiun, and strontium. The health consequences are
dominated by the risk of latent cancer fatalities due o long term exposures.

SUMMARY OF VALUE/IMPACT STUDY

The best estimate values are based on a population density of 340 peoole per square mile withir a 50
mile radius from the site and result from the release of radionyclides from the last fuel discharge, 90
days after being discharged and an accident frequency of 2x10™ per reactor year. The best estimate of
the consequences of a SFP accident which results in spent fuel damage to approximately one-third of
an equivalent reactor core is Bx10" person-rem. This total dose translates to a public health risk from a
SFP accident of 480 person-rem over an average remaining lifetime of 30 years. The best estimate
offsite property damage cost is $4,000 million (1988 $s). The best estimate of the onsite costs for a
SFP accident is $1,180 million (1988 $s), including five years of replacement power to replace the
damaged SFP. Based on an average remaining lifetime of 30 years, an accident frequency of 2x10® per
reactor year and a 5% discount rate, the present value of the offsite pioperty damage is estimated to be
$124,300 and the present value of the onsite property damage is estimated to be $32,400.

The value/impact and cost-benefit evaluations for the proposed alternatives for Generic Issue 82 do not
indicate that cost effective options are available to mitigate the risk of beyond design basis accidents in
SFPs. The option to use low density storage racks for recently discharged fue! has a best estimate
value/impact ratio gf $32,000 per averted person-rem based on a reduction in spent fuel damage
frequency of 2x10™ per reactor year. The use of a post-accident spray systein, with an assumed
decontamination factor of 45, to mitigate the consequences of a SFr¥ accident has a best estimate
value/impact ratio of $3,300 per averted person rem.

CONCLUSIONS AND RECOMMENDATIONS

The backfit criteria (10 CFR 50.109) that (1) a substntial increase in the overall protection of the public
health and safety is achieved, and (2) the direct and indirect costs of implementation are justified are
not met, and the "No Action" alternative is recommended for the resolution of GI-82,

The risk and consequences of a SFP accident appeer }° meet the Safety Goal Policy Statement
objectives. They would also meet the proposed 1x10™ per reactor year large-release frequency
guideline, at least pending definition of a "large release” by the Commission. Therefore the
recommanded resnlution, the "Nc Action" alternative, is justified.

Although these studies conclude that most of the SFP risk is derived from beyond design basis
earthquakes, this risk is no greater than the risk from core damage accidents due to seismic events
beyond the safe-shutdown earthquake. Therefore, reducing the risk from SFPs due to events beyond
the safe-shutdown earthquake would still leave a comparable sk due to core damage accidents.
Because of the large inherent safety margins in the design and construction of the SFP, the "No Action”
alternative is justified.



Generic Safety Issue 106
Piping and the Use of Highly Combustible
Gases in Vital Areas

Charles C. Graves
U. 8. Nuclear Regulatory Commissicn
Washington, DC, 20555

General Design Criterion 3, "Fire Protection," in Appendix A to
10CFR Part 50 states that "Structures, systems and components
important to safety shall be designed and located to minimize,
consistent with other safety requirements, the probability and
effects of fires and explosions." With respect to this criterion,
it is noted that combustible gases such as hydrogen, propane,
acetylene, and methane are used during normal operation of nuclear
power plants as well as in plant laboratories. All of these gases
should be considered with respect to their onsite storage
requirements as well as their distribution and use in plant
buildings. Hydrogen is the most prevalent combustible gas used in
nuclear power plants. and is of principal interest.

Hydrogen has been used for many years as a coolant for electric
generators in BWRs and PWRs and as an additive in the volume
control tank in the chemical volume and control system of PWRs to
control oxygen in the reactor coolant system during plant
operation. In addition, a number of BWRs have recently installed
or will use hydrogen-water chemistry (HWC) systems to reduce oxygen
concentration in the reactor coolant systenm during plant operation
and, hence, reduce the potential for intergranular stress corrosion
cracking. This HWC application for BWRs involves the use of large
guantities of hydrogen and oxygen. Gaseous hydrogen storage
facilities may have a number of fixed tanks containing hydrogen
at high pressures (e.g. up to about 2400 psig, and ambient
temperature or involve the use of large, transportable tanks
containing high pressure hydrogen at ambient temperature. The
storage facility has a pressure control station to reduce the
hydrogen pressure to less than about 200 psig prior to distribution
to plant buildings. such as the auxiliary building of PWRs and the
turbine building of PWRs and BWRe via small diameter, field-run
piping. Liguid hydrogen storage is in vacuum-jacketed vessels at
low temperature and at pressures up to about 150 psig. The hydrogen
is vaporized in ambient temperature vaporizers prior to
distribution to the plant ruildings.

The storage area should be located at a distance from
safety-related buildings and air intakes since it contains large
quantities of hydrogen. However, plants are known for which the
storage area is in close proximity to safety-related buildings or
structures. The piping to electric generators typically would not
be near safety-related equipment. However, again plants are known
which have safety equipment such as diesel gencrators, batteries,
switchgear, and motor control centers in the turbine building. The
auxiliary building in PWRs which contains the volume control tank



is a safety-related structure, which houses most of the components
of the safety-related systems of the plant. Leaks or breaks in
that portion of the hydrogen distribution system within the PWR
auxiliary building or PWR or BWR turbine building could result in
the accumulation of an explosive mixture of air and hydrogen and
represent a threat to plant safety because of the potential loss
of safety-related equipment. Hydrogen gas alsc represents, to a
lesser degree, & potential threat to safety-related equipment
because of its presence in PWR waste gas systems, distribution to
the containment recombiner system in some PWRs, the augmented off
gas system in BWRs, small bottle supplies in reactor/auxiliary
buildings and in turbine buildings, and from station batteries.

The safety issue represented by hydrogen, propane, acetylene,
methane, and other combustible gases is identified as Generic
Safety Issue (GSI) 106, "Piping and the Use of Highly Combustible
Gases in Vital Areas." It was identified in NUREG-0705 and is
related to GSI 136 which is concerned with the new uses of large
quantities of hydrogen and oxygen in BWRs for the HWC system. The
staff approval of EPRI tupical report NP-5283-SR-A in July 1987 was
the resolution of GSI 136. This EPRI report provides guidance for
the design, construction, and operation of permanent hydrogen
systems for the hydrogen water chemistry applications. In the
acceptance letter, the staff referred to recent potentially
hazardous events involving hydrogen supplies for generator cooling
and the volume control tank for PWRs and suggested that EPR1 modify
the report to include guidance for these applications. This
modification was not made.

The hydrogen system is not a safety-related system. Hence, the
hydrogen dJdistribution systems and design features to ensure safe
operation of the plant have not normally been included in the Final
Safety Analysis Report (FSAR). At this time, the only staff
requirements in the Standard Review Plan (SRP) that are directly
pertinent to GSI 106 are in Revision 2 to SRP 9.5.1, dated July
1981, The work on Issue 106 will provide (a) PWR plant and BWR
plant information including information gathering on propane,
acetylene, methane, and any other identified combustible gases but
excluding the new hydrogen water chemistry installations and use
covered by the EPRI report, (b) recommendations for safety
features, such as in the EPRI report, to reduce or mitigate the
consequences of hydrogen system leaks or breaks beginning with the
yard hydrogen tank farm through the end use in
reactor/auxiliary/turbine buildings of PWRs and BWRs (including
hydrogen from waste gas, recombiner use, portable bottles and
station batteries), and (c¢) cost-benefit analyses needed for the
resolution of Issue 106.



GENERIC 1SSUE 57
EFFECTS OF FIRE PROTECTION SYSTEM ACTUATION
ON SAFET /=RELATED EQUIPMENT

By

Demetrios L. Basdekas
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

SUMMARY

Generic Issue 57 is concerned with fire protection system (FPS) actuations
which have resulted in adverse interactions with safety-related equipment
at operating nuclear power plants. Operationa)l experience showed that
safety-related equipment subjected to fire suppressants could be rendered
inoperable and even cause a fire. This operational experience also
indicated numerous spurious actuations of the FPS initiated by operator
testing errors or by maintenance activities (e.g., welding), steam, or
high humidity in the vicinity of FPS detectors.

On June 22, 1983, 1E information Notice £3-41 was issued to alert
licensees and provide examples of recent experiences 1. which actuation of
fire protection systems caused damage or : r¢ ihility of systems
important to safety. The IE Notice indicated tnat the plant fire Hazards
Analysis required by Appendix R to 10 CFR 50 and by the related NRR Branch
Technical Position (BTP 9.5.1) requires not only consideration of the
consequences of a postulated fire, but a'so consideration of the effe.ts
of fire-fighting activities,

On June 8, 1988 a prioritization of this issue was performed and a MEDTUM
priority ranking was assigned. Consistent with existing procedures, a
quick review was performed tc determine if a resolution was possible
without the need for expending large amounts of time and other resources.
A fire risk scoping study by Sandia National Laboratories (SNL) completed
at about that time (NURCG/CR-5088) indicated that the frequency and
consequences of inadvertent FPS actuations are considerably higher than
those found earlier in the prioritization study for this issue. Our
review of NUREG/CR-5088 and related information, including more recent
operational experience, prompted a limited study to reevaluate the risk
associated with FPS actuation. As a result of this scoping study,
performed with technical assistance by SNL, it was determined that this
issue could be assigned a HIGH priority ranking.

FPS actuations which result in adverse interaction with plant systems
important to safety reduce *he availability of such systems needed to
achieve safe plant shutdown or to mitigate a postulated accident. This
concern is accentuated when common cause initiators and common mode
failures of safety-related equipment are considered. Examples of common
cause initiators include earthquakes, smoke intrusion into multiple fire



zones, and fire suppressant intrusion into multiple fire zones affecting
several safety-related systems. Examples of commor mode failures of
safety-related systems and/or auxiliary systems supporting safety-related
systems include electrical shorts in instrument cabinets and electrical
power distribution centers, CO, ingress into the fresh air intake of
emergency diescl-generator setg, €0, induced therma)l stresses and cracking
station battery casings, with loss af offsite power during an earthquake.
1t should be noted that a number of common cause initiators and common
mode failures are not mutually exclusive and they may be part of a single
event sequence,

The results of the scoping study performed by SNL which took into account
the above considerations of common cause failure initiators, show that the
risk associated with this issue could be considerably higher than that
estimated in the original prioritization. The frequency of inadvertent
FPS actuations was calculated to be 0.12 events/R-Y based on the reported
operational experience alone. In a group of ten basic root causes of
inadvertent FPS actuations, including common cause initiators such as a
fire in one area inside the plant with its attendant smoke propagation in
other areas of the plant; a fire outside the plant, with smoke ingress
into the plant; and an earthquake-induced damage/spurious signals to FPS,
the core damage fruquency (CDF) contributions range from about 1.0E-6 to
2.0E-4 events/R-Y,

Based on the findings of our augmentea risk analysis, a decision to
procecd with a comprehensive program using fire zone methodology to
develup more reclistic estimates of areas of vulnerability is under
consideration,



RESOLUTION OF GENERIC ISSUE 118,
"ENHANCEMENT OF THE RELIABILITY OF
WESTINGHOUSE SOLID STATE PROTECTION SYSTEM"2

by

Demetrios L. Basdekas, U.S. Nuclear Regulatory Commission
Daniel A. Reny, EG&G Idaho, Inc.
David P. Mackowiak, EG&G Idaho, Inc.
on work performed at the
Idaho National Engineering Laboratory
Idaho Falls, Idaho

SUMMARY

This paper presents the regulatory resolution of Generic Issue 115,
"Enhancemen* of the Reliability of Westinghouse Solid State Protection
System." Generic Issun (GI) 115 addresses the reliability impact of the
Westinghouse (W) Solid State Protection System (SSPS) reactor trip function
on the frequency of Anticipated Transients Without Scram (ATWS) events at W
plants. The regulatory resolution of GI 115 involved a technical
evaluation, a regulatory evaluation based on the technical findings, the
formulation of a decision rationale, and the recommendation for resolution.

The technical evaluation required a generic cost-benefit analysis of the
costs and risk reduction (benefii) of alternative enhancements to the W SSPS
veactor trip function. A generic model represented the SSPS reactor trip
contribution to W ATWS core damage sequences and risk (person-REMs exposure
due to an ATWS core damage release). Base case risk, options risk, and
options costs were evaluated. Six options were considered, ranging from
vendo:-recommended upgrades of SSPS UV cards, redundant and diverse SSPS
reactor trip breakers, to a redundant and diverse reactor trip logic system.

As part of the evaluation, the operational experience with two key
components of the W SSPS received particular attention: the undervoltage
(UV) driver cards and the reactor trip breakers (RTBs). Improvements to the
SSPS UV driver cards have been recommended by W, but not implemented at al)
W plants. The RTBs used in W plants are ¥-supplied DS-416 and DB-50 series
breakers, appropriately modified for use in the Reactor Protection System
(RPS). There has been no appreciable change in the failure rates of tiese
breakers since the ATWS rulemaking analysis in 1983,

Cost-benefit results were calculated using point estimates and Monte Carlo
simulation with uncertainty distributions. With the exception of one
option, which would result in an increase in risk if impiemented, all other
options would provide a reduction in risk corresponding to a range of

a. Work supported by the United States Nuclear Regulatory Commission (NRC),
Office of Nuclear Regulatory Research, Division of Safety Issue Resolution,
under DOE Contract No. DE-AC07-761D01570.



reduction in core damage frequency ‘CDF) by 1.0E-7 to 2.1E-6
events/reactor-year and a cost benefit ratio goncrally higher than the
$1,000/person-REM nominal screening value of backfit considerations.

Based on the technical evaluation, a regulatory anaiysis was performed and a
decision rationale developed for the resolution of GI 115. The regulatory
analysis concluded from the findings of the risk and cost-benefit analyses
performed that enhancements to the W SSPS were not warranted in accordance
with the backfit rule, 10 CFR Part 50.108(a)(3) and that no new regulatory
requirements were necessary to resolve GI 115.

Based on the technical evaluation of this issue in general, and the six
options in particular, the following insights were presented for
consideration:

0 Decrease *he RTB surveillance test frequency in conjunction with
the addition of an automatic trip function to the contactors
supplying the field current to the Rod Control! Motor-Gewirator
(MG) Sets and/or the MG Sets’ output breakers. These changes, if
imp'emented, would contribute toward (1) reducing the regulatory
burden on the affected iicensees and applicants, and (2) extending
the 1ife of the RTBs «s well as providing a diverse and redundant
interruption of power to the control rods, thus improving, or at
}cast maintaining, the current reliability of the reactor trip

unction,

0 The licensees proposing to adopt an approach such as the above
should be allowed to do so assuming that the recommendations
contained in |' Technical Bulletin NSID-TB-85-16 have been
implemented. These recommendations, developed in accordance with
the requirements of 10 CFR Part 21, have already been implemented
at several W plants.

0 Incorporate the above insights in the design of the advanced 1ight
water reactor (ALWR) plant proposed by the Electric Power Research
Institute (EPRI). Incorporation of these design features at this
early stage of the ALWR design would be more efficiently
implemented than in a backfit setting.

A distribution of the technical analysis report (NUREG/CR-5197) and the
regulatory analysis report (NUREG-1341) has been made to include all W
licensees. The insights of NUREG-1341 could form the bacis of industry
initiatives for design and/or Technical Specification changes.



B8URKMARY

RESBOLUTION OF GBI B-56
EMERGENCY DIESEL GENERATOR RELIABILITY

A’eck W. Berkis
U.8. Nuclear Rsgulatory Commission
Office of Regulatory Research
Reactor and Plant Safety Issues Branch

The need for an emergency diesel generator (EDG) reliability
program has been established by 10 CFR Part 50, Section 50.63,
“Loss of All Alternating Current Power," which requires that
iicensees assess their statior blackout coping and recovery
capability. EDGs are the principal emergency ac power sources
for avoidinyg a mtation blackout. Regulatory Guide 1.155,"Station
Blackout," identifies a need for (1) a nuclear unit EDG
reliability level of at least 0.95, and (2) an EDG reliability
program to monitor and maintain the required EDG reliability
levels. NUMARC-8700,"Guidelines and Technical Bases for NUMARC
Initiatives Addressing station Blackout at Light Water Reactors,"
also provides guidance on such needs.

The resolution of GSI B-56,"Diesel Reliability" will be ac-
complished by issuing Regulatory Guide 1.9,Rev. 3, “Selection,
Design, Qualification, Testing, and Reliability »f Diesel Genera-
tor Units Used as Onsite Electric Power Systems at Nuclear
Plants." This revision will intograte into a single regulatory
guide pertinent gu.dance previously addressed in R.G. 1.9, Rev.
2, R.G. 1.108, and Generic Letter 84-15. R.G. 1.9 has been ex-
varded to define the principal elements of an EDG re’iability
program for monitoring and amaintaining EDG reliability levels
selected for BBO. In addition, alert levels and corrective ac-
tions have been defined to detect a deteriorating situation for
all EDGs assigned to a particular nuclear unit, as well as an in-
dividual *"problem"™ EDG.

RG 1.9, Rev. 3 (Proposed) was issued FOR COMMENT in November 1988
and the last set of comments was received in May 1989. There were
14 respondees comprised of: 8 utilities, NUMARC, EPRI, ABME,
IEEE, IMO DelLaval and one individual. The staff revised RG 1.9,
Rev. 3 basnd on comments received and through a series of infor-
mation exchange meetings held with NUMARC’s B-56 Task Force.
NUMARC has revised Appendix D of NUMARC 8700 to provide a greater
level of guidance regarding industry-wide practices related to
maintaining EDG reliability levels. These two references are
therefore complementary with respect to EDG reliability and will
be implemented througt current industry practices and compliance
with the station blackout rule.



GENERIC ISSUE 113
DYNAMIC QUALTFICATION AND TESTING OF LARGE BORE MYDRAULIC SNUBBERS

A, G, Were, M, E, Nitzel, T, E. Rahl, and J. L, Edson
Idano Nationz] Engineering Laboratory
EG&G 1daho, Inc,
Idaho Falls, Idaho

J. D. Page
United Ccates Nuclear Regulatory Commission
Washington, D, C,

Summary

The rel*cbilit{ of large bore hydraulic snubbers (LBHSs) is a present safety
concern 10 nuclear power plants, LBHSs are used primarily to restrain large
components such as steam generators and reactor coolant pumps during seismic
events. The United States Nuclear Regulatory Commission (USNRC) developed
Generic Issue 113 (GI-113), “"Dynamic Qualification and Testing of Large Bore
Hydraulic Snubbers," with the objective of evaluating the reliability of these
snubbers in cperating commercial nuclear power plants. For the purposes of
this research, LBHSs are defined as those hydraulic snubbers vith rated load
capacities eoual to or greater than 50 Kips.

Initially there were no test machines capable of testing LBHSs for functionality,
s0 they were exempted from surveillance testing prior to 1980. When LBHSs were
later tested, numerous deficiencies. many of which would render the LB!!Ss
inoperable, were found.

This paper describes the INEL/USNRC LBHS research program whose objective is to
assess the need to improve the reliability of LBHSs and to determine what, if
any, requirements should be implemented to a 1ieve necessary improvements, The
program has assessed the current state of LBHSs, including types, approximate
numbers and locations of LBHSs in plants; operational, maintenance and current
in-service inspection and test requrements; and the availability of state-of-
the-art testing equipment., An attempt was made to determine the level of
environmental and dynamic qualification. Operating experience data, including
information contained in the Nuclear Plant Reliability Data System and Licensee
Event Reports, were summarized to determine the modes of snubber failure,

The above information, along with the recommendations and conclusions generated
in the final stages of the program, are currently planned to be published as 2
NUREG/CR in late 1989,



IMPROVING THE RELIABILITY OF SERVICE-WATER
SYSTEMS AT NUCLEAR POWER PLANTS

D. A. Neitzel, K, I. Johnson, P, M, Daling
Pacific Northwest Laboratory
T. Y. Chang
U. S. Nuclear Regulatory Conmission

Fouling and clogging caused by sedimentation, corrosion, and the buildup of
biological organisms 1s a persistent problem whenever raw water from a river,
lake, or ocean is used as a heat exchange medium. The fouling caused by raw
water cooling of service-water systems at nuclear power plants is a particular
concern because of the potential for affecting safety-related heat exchangers
and components, including online and redundant backup units. Open-cycle
service-water systems, as discussed here, provide cooling to reactor support
systems required during shutdown and emergency conditions and relate to those
heat exchangers and components cooled directly by raw water,

The Nuc:ear Regulatory Commission (NRC) staff has been aware of fouling
problems in service water cooling systems in operating plants for about ten
years, Since 1980, fouling of service water systems caused by biofouling
(fouling by bivalves such as Asiatic clams, blue mussels and American oysters;
and by other biological organisms), sedimentation and corrosion products was
discovered in a number of operating plants. Responses from licensees to NRC
Bulletin 81-03 indicated that more than half of the operating plants active
at the time were considered to have a high potential for biofouling.

Responses also indicated that activities of licensees and applicants for
biofouling surveillance and control ranged widely and were jiudged in many
instances inadequate to ensure safety system reliability. Not all of the
facilities with high notential for biofouling had adopted effective contro)
programs. By 1982, several reports of serious fouling events in open-cycle
service water systems had been discovered., These events resulted in plant
shutdowns, reduced power operation for repairs and modifications, and degraded
modes of operation, In view of these operating experiences on service water
systems, the NRC in early 1983 established Generic Issue 51, "Improving the
Reliability of Open-Cycle Service Vater Systems." To resolve this issue, the
NRC initiated a research program at the Pacific Northwest Laboratory (PNL), to
study the conditions that allow fouling and to compare alternative
surveillance and control programs to minimize service water system fouling.
The PNL study is completed in early 1989, and following is a summary of the
findings:

Bivalve fouling occurs because environmental conditions within *he
service-water zystem allow bivalves to settle, attach and grow. Sedimentation
usually results whenever flow velocities fall below 3 fps., Galvanic
corrosion, concentration cell corrosion, and microbiologically influenced
corrosion (MIC) all occur in open-cycle water systems, and concentration cell
corrosion and MIC are strongly linked to sedimentation. All types of fouling



can occur simultaneously or in close sequence. Fouling of one type will
enhance the potential for other types of fouling to occur by increasing
surface roughness, decreasing flow area, and changing flow velocities.

There 1s no single solution to biological, sediment, and corrosion fouling.

An effective surveillance and control program must satisfy certain criteria to
address major areas of the service-water system and the major fouling types.

A comprehensive prograin will keep fouling to & level that will not jeopardize
safe operation. Three fouling program alternatives were developed.

Value/impact (or cost/benefit) studies were performed on these three
alternatives. The alternative chosen to be most cost effective is a baseline
fouling program., It consists of two principal elements of a control program,
continuous chlorination (for example during bivalve spawning seasons) and
periodic flushing and flow testing of redundant and infrequently used cooling
loops, to minimize flow blockage that would result from biofouling and
sediment/corrosion product buildup. In addition, a surveillance program is
recommended to regularly inspect the intake structure for macroscopic
biological fouling or?an1sms. sediment, and corrosion., If this baseline
fouiin? program is followed, th~ problems cssociated with fouling caused by
biofouling, sedimentation and currosion products would be greatly reduced.

The NRC recommendation for the resolution of Generic Issue 51 is the
imolementation of the baseiine fouling program as described above. This
|.seline fouling progrem is to be included as part of a proposed generic
letter titled "Service Water System Problems Affecting Safety-Related
Equipment." This proposed generic letter is an integrated approach to address
fouling end other additional concerns that the NRC staff has regarding
service water system problems affecting safety-related equipment,



PRELIMINARY OBSERVATIONS OF UPCOMING PHASE 11
GATE VALVE FLOW INTERRUPTION TESTS

R. Steele

Idaho National Engineering Labocatory
EGAC Idaho, Inc.

A current research program sponsored by the U.S. Nuclear Regulator:
Commission (NRC) and conducted by researchers from the Idaho National
Engineering Laboralory (INEL) is testing the ability of full-scale flexible
wedge gate valves to close under design basis flow and pressure loadings.
The purpose of this program is to provide technical information for the USNRC
effort regarding Generic Issue 87, "Failure Of The HPCI Steamline Without
Isolation." The test program also provides information applicable to
Generic Issue I1.E.6.1 "Insitu testing of valves" and its related documents
IE Bulletin 85-03, "motor operated valve common mode failures during plant
transients due to improper switch setting" and the generic letter the USNRC
staff is considering that could expand the application of IE Bulletin 85-03
to all safety related valves, including those that might be mispositioned.

Phase I testing was completed in June 1988, and results 2re being
analyzed. The objective of Phase II of the program is to expi1d the
technical data base in determining whether isolation valves in high energy
BWR piping systems wiil close against high flows in the event of a pipe break
outside containment. Generic Issue 87 includes those BWR process lines that
communicate with the primary system, pass through containment, and contain
normall: open jsolation valves. Three process lines fall under this
description: (1) the high pressur< coolant injection (HPCI) steam supply
line, (2) the reactor core isolation cooling (RCIC) steam supply line, and
(3) the reactcr water cleanup (RWZU) supply line. Of the three, an
unisolated break ' *he RWCU supply line was determined to have the greatest
safety impact and the subjest of the Phase 1 test program. The Phase 11



test program will be configured to answer questions raised by results of the
Phase | testing on the RWCU valves and will include steam flow interruption
testing representative of the HPCI system,

The Phase Il test program will include three 10-in, valve assemblies
representative of valves installed in the HPCI system and three 6-in. valves
representative of valves installed in the RWCU system. Each valve assembly
will be subjected to the hydraulic qualification test specified in ANSI
B16.41, the nuclear valve qualification .tandard, for their pressure class
and ihen to three flow interruption tests. The first flow interruption test
for each valve will be conducted at normal BWR primary conditions for steam
or water, as applicable. The second and third flow interruption tests will
be parametric studies based on valve response in the first tests. Full pipe
break flow will be maintained throughout the valve closure. The valve and
test loop will be instrumented to monitor flow, static and dynamic pressure,
valve disc positicn, motor operator torque, current, voltage, and valve stem
thrust,

Results from Phase I testing showed that for the valves tested,
significantly more thrust was required to close the valves than wol.'d have
been calculated in the original motor operator sizing. Phase Il testing will
increase the number of valve designs tested under both steam and water
environments and attempt to isolate the parameters that affect vaive closure
requirements. Phase Il of the test program will be conducted in August and
September 1989.

“ig



INSITU TESTING OF MOTOR-OPERATLD
VALVES IN NUCLEAR POWER PLANTS

17th Water Reactor Safety Meeting
Rockville, Maryland
October 23-25, 1989

Owen 0. Rothberg, Senifor Task Manager
Engincering lssues Branch
Division of Safety Issue Resolution
O0ffice of Nuclear Reguiatory Research
U. S. Nuclear Regulatory Commission
Washington, DC 20555

This paper presents a gerspective of the status of in situ testing of motor
operated va.ves in nu.lear power plants. The objectives of in situ testing
are discussed. A short history of in situ testing of motor-operated valves
in nuclear plant applications is offered. Several Points are discussed
concerning NRC genric letter 82-10 on in situ testing of motor-operated
valves. Recent developments regarding in situ testing are discussed
followed by a perspective on needed research and development.



Summary

OVERVIEW OF NRC’'s HUMAN IFACTORS REGULATORY RESEARCH PROGRAM
Franklin D. Coffman, Jr.
USNRC

The purpose of hunan factors research at the NKC is to
provide the technical basis for supporting rvgulatory actions
taken to ensure nuclear safety. Human factors research is a
multidisciplinary endeavor relying heavily on the behavioral
sciences and involving a varie’ r of engineering disciplines.
The objectives of hman factors research are to (1) broaden
our underctanding of humar performance and identify the
causes of human errors related to satfe operations in the
commercial nuclear industry (2) accurately measure human
performance for the purpose of identifying methods for
enhancing safer operations and precluding critical errors and
(3) develop technical bases for nuclear regulatory
requirements, recommendations, and guidance.

Personnel periormance contributes to about half the
significant events each year at nuclear power plants and to a
larger percentage of events at nonreactor facilities. An
understanding of the factors shaping human performance can
focus regulatory attention and guide regulatory actione
pertaining to licensee personnel. To understand personnel
errcr, research to characterize and measure human
capabilities and limitations is needed. The Human Factors
Regulatory Research Program Plan provides the framework for
resecarching the many factors that shape human performance
such as cognitive processes, training, qualifications,
organization, supervision, procedures, performance aids, and
interfaces between humans and systems. The human factors
research supports regulatory decisions affecting operators,
maintenance personnel, technicians, and managers within the
nuclear industry and incorporates human reliability analyses
into probabilistic risk assessments.

Detailed information on the causes of human errors i= needed
to support regulatory actions. Planned humzn factors
research will provide the methods and causal data required to
establish the technical basis for actions that depend on an
understanding of human performance during operations and
maintenance for both nuclear power plants and materials
licensees.



Another aspect of human factors research is to integrate both
human and hardware reliability in NRC licensing, inspection,
and regulatory decisio  making. As the krowledge gained from
the study of human capabilities and limititions, human
performance analysis, and reliability assessment is
integrated, the technical basis will exist for evaluating
human performance issues and proposed regulatory initiatives.

The human factors research program is divided into distinct
and interrelated program activities: (1) Personnel
Performance measurement, (2) Personnel Subsystem, (3) Human-
System Interface, (4) Organization and Management, and (5) a
group of Reliability Assessment activities. The purpose of
the Perscnnel Performance Msasurement activity is tc¢ improve
the Agency’'s understanding of the factors influencing
personnel performance and the effects on the safety of
nuclear operations and maintenance by developing improvements
to methods for collectirg and manzging personnal performance
data. Personnal Subsyscem research will broaden the
understanding of such factors as staffing, qualifications,
and training ‘.hat influence human perfcrmance in the nuclear
systerm and will develop the technical basis for regulatory
guidance to reduce any adverse impact of these influences on
nuclear safety. Research in the Human-System Interface
activity will provide the technical basis for ensuring that
the interface between the system and the human user supports
safe operations and maintenance. Organization and Management
research will result in the development of tools for
evaluating organization and management issues within the
nuclear industry. And finally, the Relizbility Assessment
group of activities includes multidisciplinary research that
will integrate human and hardware considera*tions for
evaluating reliahility and risk in NRC licensing, inspection,
and regulatory decisions.



IMPROVING SAFETY THROUGH AN INTEGRATED APPROACH FOR ADVANCED
CONTROL ROOM DEVELOPMENT

@ivind Berg, Nils T. Fordestrommen, Kjell Haugset,
Jon Kvalem, Williaw R. Nelson
Institute for Energy Technology
OECL Halden Reactor Project
1750 HALDEN, Norway

SUMMARY

With the fast development of computer technology, the potential exists
for improving operational safety of nuclear plants by using advanced
operator tools in the control room. This development may take place
either as a gradual addition of new equipment or replacement of old
equipment in existing control rooms, or as concepts for new coritrol room
designs. In both cases, the overall goal is to ensure that safety, and
also efficiency, are improved.

Knowing the potential, and also the limitations of the human, the
operator may in principle be assisted by Computerised Operator Support
Syctems (COSSs) in performing a variety of tasks. This has resulted in
the gradual introduction of systems for alarm handling, failure
detection, disturbance diagnosis, procedural advice and others, often
based on process modelling techniques or expert system technology. The
overall effect on safety from adding a large number of ©00SS's in the
control room could, however, be negative due to the increased complexity
of the control room. To ensure a maximum benefit from the new
technology, a careful integration of the various systems must take
place, resulting in a well coordinated interface between the operator
and the process.

To investigate how to introduce modern technology for maximum benefit to
plant safety and e“ficiency, the OECD Halden Reactor Project has started
the development of an Integrated Surveillance And Control System
(ISACS). This activity is intended to be relevant both for retrofitting
into existing control rooms and for development of new control room
concepts. The basis for the activity is the experience at Halden in
developing specific COSSs, and the activity around the experimental
control room HAMMLAB where detailed validations of operator tools have
been performed for a number of years. The first goal in the ISACS
project is to have a first, limited prototype in operstion at the end of
1990.

When the concept for ISACS was develoned, an analysis was made of the
tasks performed by the operator in various operational situations, and
the potential use of computerised support systems. The goal for the work
was to arrive at an optimum division of tasks between the opevator and
COSSs. Tn handling of a specific situation, whether optimisation of
normal operation or coping with a disturbance or accident, the operator



always goes through a sequence of tasks, Starting with the
identification of the process state, he coneiders alternative strategies
for coping with the situation, and finally implaments the preferred
strategy. 1f one looks at where COSSs may assist the operator, they can
be of use in all these tasks. As an example, disturbances may be
detected at an early stage by use of process models running in parallel
to the process, they may be diagnosed by knowledge based systems,
efficient strategies may be tested by faster than real time simulation
and actions may be implemented by use of a computerised procedure
system. Operator support systems performing the tasks described above
have been developed or are at present being developed at the Halden
Project, constituting a basis for integration within ISATS.

The need for an integrated approach when designing the operator
interface is obvious. First{ of all, the addition of C(OSSs creates new
information, adding to what already exists. Knowing that conventional
control rooms today create an overflow of information, especially ‘n
disturbances and eccidents, the need increases for prioritising
information to be presented. Also, ITACS will create new, high level
information based on systematic analysis of input from the process and
00SSs. The analytical redundancy introduced by having several systems
analysing the same task using different techniques improves the
reliability of the conclusions diawn and recommendations made. This
high-level reasoning requires a module in the integrated system that
keeps an overview of the process and the tasks perf-rmed by the specific
C0SSs. In ISACS, the "Intelligent Coordinator" is introduced, partly to
cover this task. Secondly, the same man-machine interface, consisting of
an overview display, lower level displays and modules for plant control
will be used for different purposes depending on the plant state. A
standard for the man-machine interface, where the same principles are
used in normal operation and in accident handling, will ensure that the

operator more easily receives the information and performs the right
actions,

The paper will describe in more detail the structure of ISACS and the
modules to be included in the first prototype. The planned approach ‘o

velidate the system, to ensure that the goal of improving safety is
reached, will also be presented.



HUMAN FACTOnS SURVEY OF ADVANCED INSTRUMENTATION AND CONTROLS

Richard J, Carter

Oak Ridge National Laboratory

The nuclear power industry has used enalog instrumentation and controls (I&C) in
their control rooms and technical support centers since the first nuclear power
plant went on-line in the late 1950's. Even today the industry, as a whole, has
been slow to implement advanced/digital 1&C. The utilization of digital 1&C
appears, however, to be the wave of the future because most of the analog
components and systems are becoming obsolete and no longer available. These
advanced systems will also probably be utilized in the life extension of nuclear
plants. It has been demonstrated in other industries that digital I&C provides
almost error-rree porformance that is three-to-four orders of magnitude better
than aralog components performing the same function. With the increase in
sophis: cation in the operation of modern nuclear power plants that is needed to
handle the multiple (and sometimes conflicting) goals of efficiency, reliability,
economic operation, and safety, the nuclear industry w!ll be driven to the use of
advanced 1&C.

Oak Ridge National Laboratory (ORNL) is currently performing a research project
for the Nuclear Regulatory Commission’'s (NRC) Office of Nuclear Regulatory
Research. The purpose of the project is to provide the technical basis for the
development of regulatory criteria to evaluate the safety implications of human
factors associated with advanced I&4C in nuclear power plants. During the first
part of this project a survey of the United States (U.S.) and Canadian utilities
and vendors was cunducted. The survey was oriented towards determining the human
factu issues 1elated to the current, planned, and potentisl future uses of
digital s'stems ‘n control rooms and technical support centers.

The survey vas administered at all of the U.S. nuclear vendors and €ive utilities
who have bejun to use advanced 1&C. Human factors/digital system issues were
also discus:ied with one utility and vendor in Canada. Groups of persons
interviewed .t each facility included human factors personnel, control room
operators, software developers, 1&C engineers, and trainers/instructors.

The survey instrument consisted of open-ended questions which were censtructed
through an f{terative process and pilot-tested at a number of nationel
laboratories, The instrument was divided into six main areas: computer -
generated displays (CGD), controls, ex.ert systems, organizational support,
training, «nd related topics.

The survey was conducted by a team of three scientists, The U.S, facilities were
visited for one day each; the Canadian sites for a day-and-a-half. Personnel at
each utility/vendor were interviewed either individually or in groups of two-to-
five. The amount of time spent with particular people varied between one-half
and three hours. The survey instrument was used to guide the course of the
interviews, but the discussions themselves were semi-structured and took form as
they proceeded. Only those items which were applicable to either a specific
facility or particular group of people were discussed,
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Human factors issues identified during the survey include the following:

1 Operator acceptance and trust of advanced 1&C/blind reliance on
computer output,

2. Impact of CGDs on the operator’'s mental model.

3. Role change in the coritrol room from operator to supervisor/
demographical, sa2lection, and qualification requiremencs for operators
in the control room of the future,

4. Need for an advanced 1&C guideline equivalent to NUREG-0700 (i.e.,
interface of the human, displays, and controls)/lack of consistency
among hu an-advsnced I1&C interfaces.

5. Need for a dynamic allocation of functions and tasks between the human
and advanced 1&C/what tasks are appropriate for the human in an

advanced I&C control room/locus of control between the human and the
advanced 1&C.

6. Information overload - what is the threshold where intelligent operator
aids are needed?

7. Adequacy of existing training programs, techniques, methods, and tools
for training on advanced I1&C.

8. The operations staff must be involved during the entire life-cycle of
the instrumentaticn/control system.

9. (GDs for multiple users.

10. User friendliness of CGDs and human-computer interfaces.

11. Effect of advanced 1&C on operator performance/job efficiency.

12. Organizational climate of the nuclear utility.

13. Task analysis in knowledge acquisition for expert systems.

14. Systems integration/how does one manage human factors information?

15. Display of maintenance information in the control room (the operator
needs to know the status of plant equipment).

The human factors issues were prioritized in regards to their importance by
representatives from both ORNL and NRC. The highest rated items were those
dealing with operator acceptance, role change, NUREG-0700 equivalence,
information overload, and training programs.



The Effects of Local Controi Station Design Variation on Plant Risk

John O'Hara
Brookhaver National Laboratory
Engineering Technology Livision

Upton, New York 11973

The existence of human engineering deficiencies at local control
stations (LCSs) was addressed in a study (NUREG/CR-3696) conducted by the
Pacific Northwest Laboratory (PNL). PNL concluded that "the existence of
these human factors deficiencies at safety significant LCSs increases the
potential for operator errors that could be detrimental to plant and public
safety." However, PNL did no specific analysis to evaluate the effects of LCS
design variations on human performance, on plant risk, or on the cost benefit
feasibility of upgrading LCSs. The purpose of the present investigation was
to conduct such an analysis. The specific objectives of the research were (1)
to further define important local control stations, human factors related LCS
design variatio s, and typical human engineering deficiencies (HEDs) at LCSs;
(2) to determine the effect of LCS design varirtions on human performance,
i.e., on risk-significant human errors (HEs); (3) to determine the effect of
LCS-induced human performance variation on plant risk as measured by core melt
frequency (CMF); and (4) to determine whether LCS improvements (upgrades in
LCS design to mitigate HEDs) are feasible in a scoping-type value-impact
analysis.

The analytical approach was centered around the application of a
Probabilistic Risk Assessment (PRA) methodology. This method was selected
because of the requirement to relate LCS derign variations to plant risk in
quantifiable terms. The PRA, however, does not provide an immediate and
direct method of assessing the impact of LCS variations on human performance.
Thus, the PRA was linked with other human performance analysis methods.

Using the PNL study as a basis, BNL further defined LCS HEDs through two
data source:: (1) The NRC Uffice of Nuclear Reactor Regulation’s Emergency
Operating Piocedure Inspection Program of 22 nuclear power plants (NPPs), and
(2) BNL LCS on-site surveys of four NPPs. Once the data was collected, the
Oconee PRA (NSAC-60) was selected for the analysis because it unambigucusly
modeled several human activities in the operation of the plant's safe shutdown
facility and auxiliary shutdown panel.

Having identified a suitable PRA, the specific design characteristics of
its local control stations were obtained. Oconee LCSs were systematically
varied along human factors dimensions by "downgrading" them to incorporate
typical HEDs not already present in the design and "upgrading" them to
generally improve the man-machinc interface. The downgrade results in an
increased CMF. Thus, a range of LCS designs (to envelope the full span of
those observed) were developed around the "base case" modeled in the PRA. A
total of nine LCS design configuratious were considered. LCSs were varied
along two general dimensions judged to embody most of the significant human
factors parameters: Functional Centralization (FC) and Panel Design (PD). FC



related to the way in which safety functions handled by LCSs wers distributed
throughout the plant. The FC level was defined as high, medium, and low based
on the number of local panels required to execute safe shutdown functions. PD
reflected the human engineering characteristics of individurl panels along
criteria such as those provided in WREG-0700. Again, low, medium, anc high
design levels were defined.

To determine the effect of these LCS design variations on human perfor-
mance, a panel of appropriate experts was assembled and the Success Likelihood
Index/Multi-Attribute Utility Decomposition (SLIM-MAUD) method (NUREG/CR-3518)
was utilized to derive revised HEPs for each LCS design configuration. A set
of unique HEPs for each of t*. nine LCS design configurations was then entered
into the PRA and the CMF was calculated. Using the change in CMF as a meas.re
of benefit and limited data on the costs of upgrading local control panels, a
scoping-level, value-impact analysis was performed (NUREG/CR-3568).

The results can be summarized as follows. There was an overall effect
of LCS variations on human performance., The transition from the worst LCS
configuration to the best resulted in an absolute reduction or improvement of
0.82 in mean HEP (reduction by a factor of 20). The transition from low to
high levels of FC was associated with a 0.46 (86%) reduction in mean HEP. The
majority of the effect was accounted for in the transition from the low to
medium levels. The Panel Design dimension also had an effect on human
performance although not as large as functional centralization. Upgrading
from a low to high panel design resulted in a 0.29 (69%) reduction in mean
HEP,

The overall effect of LCS variations on plant risk was sizeable. The
transition from overall worst to overall best LCS configuration was associated
with a decrease in total CMF of 4.82E-4 events/RY. This is a decrease of 77%
in CMF. One must realize, however, that both configurations represent
extremes of LCS design (good and bad) and hence, most likely do not represent
any current plant. The Functional Centralization dimension had a large effect
on plant risk. Most of the effect was due to the upgrade from low to medium
FC. The results for the Panel Design dimension were similar to those for FC.

There was a degree of uncertainty in the analysis of plant risk, the
value-impact calculations, as well as in the gereralizacion of these findings
to other LCSs and NPPs. However, within these constraints, the value-impact
analysis indicated that the LCS upgrades that were clearly significant were
upgrades in panel design only. Almost all FC upgrades were classified as
insignificant. Upgrades along both PD and FC dimensions simultaneously were
split between borderline and insignificant.

Thus, this analysis indicates that while upgrades in FC had greater risk
significance than PD upgrades, their cost was much greater and resulted in
generally low Value-Impact Ratios (VIRs). Relative to changes in FC, upgrades
in PD are inexpensive, and since PD upgrades were also associated with notable
risk reduction, significantly high VIRs were achieved. Combination FC and PD
upgrades were mainly influenced by the costs of FC changes which, as dis-
cussed, were nore exrensive and led to lower VIRs.



EMPIRICAL EVALUATION OF THE EFFECTS OF POWER PLANT LIGHTING
O HUMAN PERFORMANCE

Engene B, Silverman, Ph.D. Richard L. Horst, Ph.D, John O'Brien, Ph.D,

ARD Corporation ARD Corporation Electric Power Research
9151 Rumsey Rd. 9151 Rumsey Rd. Institute
Columbiu, Md. 21045 Columbia, Md, 121045 3412 Hillview Ave.

Palo Alto, Calif. 94203

The illumination in the control rooms of many operating nuclear plants falls
below the levels specified in the NUREG-0700 guidelines. However, a cleose
exumination of the research literature upon which these guidelines were based
revealed that the underlying human performance data were acquired with
isboratory conditions and witli tasks very differsnt from those Lypicaily tound
in control rooms. In a pilot study, empirical methods were developed and
empirical data were gathered regarding the levels of illumination sufficient
for performing taeks analogecus to those performed in control rooms.

In a computerized laboratory test-bed, the speed and accuracy of performance on
the following tasks were measured under a wide range of illumination
conditions: scanning a bank of edgewise meters to determine which meter
displayed a needle position different from the others, scanning the meters to
determine which meter displayed a pre-specified value, examining hardcopy X-Y
plots to discern the value of a function along one coordinate given the value
of the other coordinate, and reading hard-copy sample procedures in order to

detect mis-spellings, In a power plant control room simulator, data were
likewise coll=cted i» a meter reading Lask under a ranynr of dllumination
levels. ihe results obtained fiom bhoth settings suggested that adequate

performance in contrel room tasks can be achieved at illumination levels well
below those recummended in NUKEG-0700,

The present report will summairize the results of a series of follow-on studies
which attempted to confirm and expand the results obtained in the previous
pilo* study. The ohjectives of this follow-on work ware to attempt to
replicate the results of the pilot study using more subjects and more
ioumination jevels, to examine the effects of giare, fatigue, aging, and their
possihle interactions with iliumination, and tn validate 1rhoratury findings by
examining performance during realistic operational scenarios in a control room
simulator under different lighting conditions. A series of four studies was
conducted:

© A laboratory study of meter reading performance with illumination and glare
being varied, using subjects who spanned a wide age range.

© A laboratory study using other tasks that are characteristic of power plant
operations and maintenance activities, The tasks of interest included a
meter calibration task, hard-copy reading task, and plant drawings
interpretation task. Iilumination and contrast were manipulsztel with
subjects spanning a wide range of ages.

0 A study ir a vuclesr power plant control room similator ic which brief, but
realistic, operational scenarios wetec presented under various illumination
conditions,
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o A laboratory study using the aforementioned meter reading task, to focus on
the interacting effects of illumination, glare and fatigue.

1t is anticipated that the results of ali of these studies will be available
for presentation in October, 1989, TPreliminary results suggest the following
conclusions:

© 'The primary tindings of the pilot study were replicated. Again,
performance deteriorated only at {llumination levels well below those
recommended by NUREG-0700.

o Glare had a more debilitating effect on performance under some illumination
levels than others.

© The pertormance ot older subjecrs decreased to a greater extent than that
of younger subjects with decreasing illumination and increasing glare, but
the illumination levels at which these effects occurred for the older
subjects were, nonetheless, below the levels recommended by NUREG-0700.

o To some extent, it was possible to predict subjects’ performance on tasks
analogous to those performed in power plants by their performance on
sLandard tests of visual acuity and contrast sensitivity.

o Svbjective ratinge sugrested that proferred levels of illumination were
lugher than the levels at which actual performance deteriorated.

The results of this series of scudies may expand the options that plants have
in meeting their lighting requiresents.

ABRG/61-188-89
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An Apgrouch Toward Estiuuting the Safety Significance of Normal
and Abnormal Operating Procedures in Nuclear Fower Plants

Thomas %, Grant

Battelle Hure: Affairs Research Centers
Michael S. Harri

Battelle Pacific Northwest Laboratories

The Nuclear Regulatory Commission's TMI Action Plan ca'ls for
a long-term plan to upgrade operating procedures in nuclear power
plants. The scope of generic Issue Human Factors 4.4, which stems
from this requirement, includes th¢ recommendation of improvements
in nuclear power plant normal and abnormal operating procedures
(NOPs and AOPs) and the implementation of appropriate regulatory
action. This paper will describe the objectives, methodologies,
and results of a Battelle-conducted value impact assessment to
determine the costs and benefits of having the NRC implement
regulatory action that would specify requirements for the
preparation of acceptable NOPs and AOPs by the Commission's
nuclear power plant licensees.

The results of this value impact assessment are expressed in
terms of ten cost/benefit attributes that can be affected by the
NRC regulatory action. Five of these attributes require the
calculation of change in public risk that could be expected to
result from the actien which, in this case, required determining
the safety significance of NOPs and AOPs. In order to estimate
this safety significance, a multi-step methodology was vreated
that relies on an existing Probabilistic Risk Assessment (PRA) to
provide a2 quantitative framework for modeling the role of
operatin? procedures. The particular PRA used was chosen tar its
relatively extensive modeling of human error. An extensive
Licensee Event Report (LER) search and the exercise of expert
judgment also played important roles in this methodology. The
purpose of this methodology is to determine what impact the
imgrovemewt of NOPs and AOPs would have on public health and
safety.

The first phase of the work was designed to determine the
contribution of operating procedures of current quality to the
occurrence of procedure-related operational errors during normal
and abnormal conditions. The PRA was reviewed to identify
transient initiating events that might be affected by improved
NOPs and AOPs. The PRA was reviewed also to identify potential
human errors and operator recovery events modeled to occur during
normal and abnormal operating conditions and that might be
affected (i.e., reduced in frequency) if operating procedures were
improved. The expert judgment of personnel experienced in the use
of procedures in nuclear power plants was used to determine
whether NOPs or ACPs would actually be used in the particular
operator recovery actions identified. By these means five
transient initiating events and six operator actions were
identified. Then all accident sequences and cut-sets contained in
the reference PRA which involve any of the potentially affected
transient initiating events or potentially affected operator
actions were identified. This step produced a list of all core-
melt accident sequences and cut-sets in the PRA that may
potentially be affected by improvements to operating procedures.

g=11




Next, Licensee Event Reports (LERs) in the Sequence Coding
and Search System (SCSS) database were reviewed in order to
estimate the current "baseline" contribution of pro.edure-related
errors to the frequency of the transient initiati,g events
identified previously. This produced an estimace of the portion
of those frequencies that could be affected by a procedure
improvement pro?ram. Likewise, expert judgment was consulted to
evaluate the role of written procedures in the operator
actions/errors identified previouSI{ which, in turn, produced that
part of those events' given probabilities that could be affected
by improved procedures. Based on these results, the affected
portion of each of the base-case affected parameter values was
calculated. These values represented the portion of the original
values given in the PRA which is contributed by procedure-related
errors and that could possibly be reduced by improving procedures.

The second phase of this benefits-determination part of the
project was devoted to estimating the extent to which improved
operating procedures would tend to reduce the contribution of
procedure-related errors to the occurrence of the eleven subject
transient-initiating events and operator actions. A survey of
expert opinion was used to accomplish this., Ten people with
extensive experience in using operating procedures were asked to
estimate whe'her and to what extent improved NOPs and AOPs would
affect the occurrence of the eleven events. The survey resulted
in a percentage reduction in the affected portion of each of the
eleven affected parameter values due to improved procedures.
These resulting, slightly lower, adjusted-case affected parameter
frequencies were then substituted in the original PRA cut-sets in
place of the original base-case affected parameter values. The
adjusted-case affected core-melt frequency was then calculated to
be slightly lower than the original base-case frequency due to
these potential improvements in procedures. To complete this
phase, this lower adjusted-case affected core-melt frequency was
used in the calculation of the estimated reduction in public risk
due to improved operating procedures. This reduction in public
risk was, in turn, used in the calculation of the five benefits-
related attributes of the value impact assessment.

Ascertaining the costs of regulatory action aimed at
improving NOPs and AOPs was accomplished by evaluating the costs
of a proposed NRC program involving the NRC and its licensees
directed at upgrading NOPs and AOPs. This proposed upgrade
program consists of five parta. The NRC would first review and
synthesize recent information on operating procedures and produce
a manual which would set forth guidelines for the composition of
high quality procedures. The Commission would then convene an
NRC/Industry working group to jointly formulate procedure upgrade
program policy. Each individual plant would then plan its own
upgrade pro?ram based on these policies. As part of this
planning, plaent personnel would identify those procedures that are
safety-related and would, therefore, require particular emphasis
in the upgrade program. Each plant would then execute its own
plant-unique upgrade program. The NRC would complete the overal)
program by auditing each plant's new or upgraded procedures. The
costs of this program and the potential benefits to be derived
from the improved procedures comprise the value impact assessment
of the potential NRC regulatory action.



Procedure Violations in U.S. Nuclear
Power Plants

Valerie Barnes, PhD
Jor. Olson, PhD
Battelle's human Affairs Research Lenters

In response to the Chernobyl accident, the U.S. Nuclear Regulatory Commission
(NRC) sponsored a study to distinguish procedure violations from procedure-
related errors, and to assess the extent, nature, and consequences of
procedure violations in U.S. nuclear power plants. The issue of procedure
violations is of interest because, in addition to the design flaws of the
RBMK reactor, grocedure violations, or intentional departures from procedural
guidance, by plant engineering and operations staff were among the root
causes of the Chernobyl event.

A review of the limited relevant literature indicated that there is reason to
believe that the failure to follow procedures has been a root cause of
?revious incidents in U.S. nuclear power plants. However, the available

iterature does not report whether these failures to follow procedures were
intenitional or accidental nor what the causal mechanisms were that led to the
failures. And because any steps that mi?ht be taken to prevent significant
events resulting from the failure to follow procedures would depend on this
type of information, one of the first tasks of this project was to develop a
taxonomy of behaviors that could be characterized as failures to follow
procedures for use in reviewing incident reports.

Although finer distinctions among types of behavior are possible, for the
purposes of the present project, three classes of behavior were defined.
These are (1) Level A violations, in which a worker performs actions that
deviate from the procedure, is aware of the actions, and is aware that his or
her actions deviate from the procedure; (2) Level B violations, in which the
worker performs actions that deviate from the procedure, it cannot be
determined from reading the incident report that the worker was aware of his
or her actions, but it seems likely that a worker with minimum qualifications
and experience, exercisin? a minimal degree of care, would ot have performed
the actions; and (3) Level C violations, in which the worker performs actions
that deviate from the procedure, is unaware of his or her actions (slips), or
25 unaware that his or her actions deviate from the procedure's inteat
mistake) .

Armed with these definitions, reports of significant events involving the
failure to follow procedures that occurred during the years of 1983 to July,
1988 were gathered and the relevant information they contained was coded by
human factors specialists and then reviewed by NRC reactor operator licensing
examiners at the Pacific Northwest Laboratory. The types of reports
collected included Licensee Event Reports (N=600;, inspection reports
(N=665) , augmented inspection team reports (N=40), and other NRC-generated
documents. The information coded from each report included the plant
involved in the incident, the region, mode and power level during the
incident, reactor type, severity, cause of the violation where possible, the
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ucuivity/procoduro involved, personnel involved, and the results of the
ywlation,

Preliminsry analyses of these data indicated that the large majority of
failure: o follow procedures described in the incident reports fell into the
Level C category, Causal factors that were me~*ioned in the reports ‘ncluded
insuff‘cient detail ir the procedures, ambiguity in how the information was
presented, and inaccurac‘es in the procedures. The analyses also suggested
that Level A and Level B violations had occurred at a rate of about one
violation every two years per reactor, and no trends in the frequency of
7iolations were apparent,

Preliminary findings also sugvcstod that the majority of failures to follow
procedures at all levels involved licenscd and noun-licensed operators, but
maintenance and health physics technicians, contractor personnel, and
security personnel were also represented in a substantial number oi the
incidents. The larger number of operations personnel involved in the

inc d-nts is 1ikely a result of the fact that operations tasks are more
highly procedure ‘zed and under ?roatcr scrutiny than other plant functions,
rather than implying that rperations personnel are mose prone to violate
procedures.

Consequences associated with the failures to follow procedures varied in
seriousness. Man{ of the failures to follow procedures resulted in
violations of technical specification requirements or in no consequences for
worker or public heal’h and safety. However, some of the incioents resulted
in unplanned worker exposures to radiation, safety system actuations, and
damage to plant equipment,

Other firdings and a discussion of the conclusions to be drawn from the data
await the completion of the project,



Nperator Alertness and Performance on 8-Hour and 1 2-Hour work Shifts

Theadore | Baker . Scott § Campbe!l, Drew Dewson, and Martin Moore-foe

Human Aler trvss Hesear oh Center
Instityte for Ciroagian Physiolagy
Boston, Massachysetts

Human reliabil ity bacomes an acute problem when people are required 1o work in continuous,
24-hour per Gay onerations particular ly when the wor i tasks involve susteined vigllance and
monotonoys provadures Rotating s ftwork sohedy les regu'r ing sustainad, monotonous v 1gilance
task s are commonplace in utility power plant oper stions The most . por tant problem is that
the physiolagical character 1stics of the human boady make 1t 9ifficult for operstors 10 sustain
pusk slertness and per for mance when work ing night shifts The boady's endogenous circadian
rhythms dictste 8 naturs) per iod of low slertness between | a.m and 6 am , which cor responds
10 the hab1tus) human sleep periad As & result, human vigilance and decision - mak ing ability 1s
often severely comprom isad dur ing night work  This fundamentel problem 1s compoaunded by
9ifficuties associated with the frequent day - night inversion of the aperator s sleep/activity
cyc's required by roteting work schedules  Consequently , operstors typicslly exper lence
Jifficuty sleaping dur ing the daytime and are relatively sieep - depr ived when working the first
few night shifts. A final factor to be considered Is fatigue and Joss of alert:ss, which may be
associstad with extendsd hours of work

Attention has recently been 0iracted Lo the aler tness and per formance problems of rotet ione!
shiftworkers in the nuclesr power industry Growing swareness of elevated rates of huinan
errors and accidents on night shifts and reports of aperstions personne' falling asleep on the job
have contr ibuted heavily heightened interest in this subject The industry is now carefully
consider ing the effects of different shift rotetion systems, including evaluetion of the most
recent of Industry trends in shift schaduling - schedules thet include |12 hour work shifts
Surveys show thet within the past S years about 20 percent of commercially aperations!
nuclear power plants have 1nstituted - hedules thet use nly 12 hour shifts, or schedules using e
combination of 8-hour and | 2-hour shiits. Many more plants routinely use | 2-hour work
shifts during plant outages and refueling operetions

In respase to this growing trend, the NRC has funded research which is 8 first sttempt to
compare sleriness, operstor performance, and - ‘eep-wake patterns in subjects working
simulstad 8-hour and 12-hour shifts st the Human Alertness Research Center (HARC), located
ot the Institute of Circadien Physiology in Baston, MA This paper desor ibes 8 study thet
addresses important questions about slertness and performance in rotationsl shiftwork and
nightwork in general, and in extendsd  2-hour work shifts in par ticular

Research and Simuletion Facilities of HARC

The HARC 15 & unique resesrch facility thet was established 10 study the deter minants of
human alertness and perfor mance 1n persons perfor ming simulsted work tasks in
round-the -clock operations The NRC study is designed to control for many confounding factors
that influence & shiftworker s alertness and per formance, such as environmenta) lighting,
ambient \emperature Quality and quantity of sleep when off duty, diet, catfeine and 8lcohol
intake, work load and wor k task design |1 1s near ly impossible to control for such factors in the
workplace (8'though applied research 1n actus! wor k situgtions wili be an impor tant valigation
step for later investigations) The HARC fariiity provides 8 simulsted control room where
factors such as environmernt and work task can be controlled The HARC control room 1s
complete with control panels, & Foxboro process control simulstor , and computer test stations
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£ xper imental Desion and Mettodology

Subjects wor k 10 teams of two, slternsting work tasks thet reguire vigilaroe over system
varigbies, responding 10 suditory and silent alerm signals, record keeping, and cognitive and
Gocision maek ing task 1o take norrective actions  Deleys in recognizing and responding (o sler ms
8¢ Computed and recorded throughout the wor k shift for later anelysis of work task efhiciency

At haur ly intervels during the work shift, each research subject Jeaves the commend center
locomplete s 10- 15 minute computer - bissed perfor mance routine thet has been developed st
the Walter Reed Army Research Instiute The Welter Read per for mance assessmen! nattery
includes sub‘ests for logics! reasoning, reaction time, numerics) column aition, serisl
agdition/subtraction, and time estimetion  Each subject 8lso comp letes hour ly rating sceles
for subjective slertness

Throughout the simy)sted work shift, physiological aler tness is monitored continuously by
recorging electroencephalogrem (EEG - train weves), electroaculogrem (E0G - eye
movements), and electromyagram (EMG - muscle tone) This is accomp!ished using o por table
recording device called the Medilog, which stores the date for later visusl and computer
analyses Al two hour inter vels each subject s physiolagice) alterness leve! 1s assessed using the
Multiple Sleep Latency Test (MSLT), which 15 & standardized research protaco! involving
repested appor tunities to |ie down and fall aslesp 1n o dark room EEG 15 monitured continuous ly
end the subject is awakened shortly after sleep onset in order to to prevent the accumulestion of
brief rostorative sieep per 108s dur 1 the work shift

One of two simulated duty shfts are worked (1 Six 8-hour evening shifts (3p.m to 11
p.m.), three days off, then six night shifts (11 pm to 7em ) or (2) Four 12-hour night
shifts (7pm 10 7 am.), three days of' then four addiiional 12 hour might shifts (7 pm. to 7
am ) Every subject sleaps in the 'aborstory for two nights of habituation immediately before
the first simulated work shift in either protoc.!

When not “on duty” in the control room, subjects resige in one of two attached and
self-contained two- badroom residential apartments with complete k itchen faci!ities They are
restricted to bed for an 8-hour sleep per iod beginning approximately one hour sfter the end of
each work shift Physiological var iables for determining sleep-wak ing state are recorded
continuously dur ing this sleep per iod £lactrodes and recording devices are removed, then
replaced before the next scheduled work shift Caffeine, alcohol, and psychaact ive arugs are
disellowed throughou! the study  Subjects leave HARC for the three deys between shifts, but
keep dets!led logs of sleep - wake activities and caffeine and slcoho) consum tion

This paper will descr ibe in greater detail the design of the study , measurement tachniques for
sleriness and sleep, work routine, work task performance messures and cognitive per for manoe
test protacols It will review the role of circadian factors in human slertness and per for mance ,
ond discuss previous resserch findings in this sres |t will discuss other var isbles that sre
known 1o influence human aler tness in the workplace, such as caffeine, slcohol, and working
environment The physiological basis for shiftworker sleep problems will be explained in the
context of the ongoing research piroject 8! HARC Finglly, the paper presents previous research
on shiftwork and fatigue which may be relevant to 8 compar ison of 8-hour and 1 2-hour shifts
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Aging Assessment of Auxiliary Feedvater Systems*

Donald A, Casada

Oak Ridge National Laboratory

A Phase 1 study of Auxillary Feedwater (AFW) Systems has been conducted at Oak
Ridge Natlonal Laboratory (CRNL) as ¢ part of the Nuclear Regulatory Commission
(NRC) Nuclear Plant Aging Research Program. This study has largely focused on
two aresas:

1. A revievw of historical failure data for AFW System components.

2, The detailed review of the AFW System design and operating practices at a
plant owned by & cooperating utility,

Historical failure data from the Institute of Nuclear Power Operations’' Nuclear
Plant Reliability Data System, S M. Stoller's Nuclear Power Expurience, and the
NRC's Sequence Coding and Search System were combined to form a single AFV System
failure database. In developing the ¢. bined database, the duta from the three
sources was supplemented by characterization of several aspects of each of the
reported failure events, including consistent assignment of component type,
method of failure discovery, and significance of the failure, from a system
perspective.

The review of the failure database has {dentified that AFW pump drivers,
including turbine, motor, and diescl drivers, have been historically the
principal sources of AFW System degradation. Turbine drivers, in particular,
have been a dominant single source of degradation for the AFW System. Failure
of valve operators was also a significant source of system degradation., There
wvere more failure records that were attributable to valve operators than any
other component type (although the overall system degradation due to valve
operator failures was less than that associated with pump drivers).

The failure data review algo indicated that a significant number of AFW System
failures were detected during demand conditions, as opposed to being detected
by programmatic monitoring or routine observation. Of those failures detected
during demand events, a large percentage was due to failures associated with
various instrumentation and control circuit components.

The detailed review of AFW System design and operating practices at the plant
owned by a cooperating utility was conducted primarily in order to assess the
extent to which identifiable failure modes could be expected to be determined
by current programmatic monitoring practices. During the review of monitoring
procedures, an estimate of the number of test-related actuations of AFW System
components was also made in order to provide an insight into the extent to which
testing itself was involved in service wear.

The results of the plant-specific review indicated that there were a number of
failure conditions which would not be detectable by current monitoring practices,
The coi ditions found by the review which could exist and not be detected were
largely related to one or both of two categories:



1. Inability to perform as required under design basis conditions.
2. Fallure of varifous instrumentation and control related features.

The plant-specific review also indicated that the monitoring practices that are
used to meet the surveillance requirements imposed by Tech Specs may result in
on excessive imposition of test-related wear on certain components.

The Phase One study resulted in the Jollowing recommendations:
1. Conduct a detailed review of AFW turtines and their controls.

2. Conduct a Phase 11 AFV System study, the primary goal of which should be to
develop a recommended structure for surveillance requirements and practices.
This structure should provide periodic verification of operability of various
components that are either not being tested or are being inadequately tested
currently, as well as avold excessive testing of certain components.

*Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear
Reg'latory Commission under Interagency Agreement 1886-8082-8B with the U.S.
Department of Lnergy unde. contract DE-ACO5-840R21400 with the Martin Marietta
Energy Systems, Inc,



INSTRUMENT AIR SYSTEX - AGING IMPACT ON SYSTEM AVAILABILITY'

M. Villaran and M. Subudhi
Brookhaven National Laboratory

SUMMARY

As part of ongoing efforts to understand and manage the effects of aging
in nuclear power plants, an aging assessment was performed for the Instrument
Air (IA) system, a system that has been the subject of wuch scrutiny in recent
years. Despite its non-safety classification, instrument air has been a factor
in a number of potentially serious events. This report presents the results of
the assessment and discusses the impact of instrument air system aging on system
availability and plant safety. This work was performed for the U.S. Nuclear
Regulatory Commission (NRC) as part of the Nuclear Plant Aging Research (NPAR)
program.

To perform the complex task of analyzing an entire system, the Aging and
Life Extension Assessment Program (ALEAP) System Level Plan was developed by
Brookhaven National Laboratory and applied successfully in previous system aging
studies. The work presented herein was performed using two parallel work paths,
as described in the ALEAP plant. One path used deterministic techniques to
assess the impact of aging on compressed air system performance, while the
second path used probabilistic methods. Results from both paths then were used
to characterize aging in the instrument air system.

The tindings from this study have formed a technical basis for understand-
ing the effects of aging in compressed air systems. The major conclusions from
this work are highlighted in the following paragraphs. Some of the conc usions
ha e application beyond the bounds of the instrument and service air systems.

. This study has identified aging trends in component failure rates,
component relative importances, and system unavailability that could
have an increasing impact on system availability and consequently
affect plant safety in later years.

. Compressors, air system valves, and air drvers were found to make
up the mijority of failures. The increase in failures i1ound in
passive .omponunts such as piping, a«ftercoolers/moisture separators,
and re: :ivers was zreater over time, but these still constituted
only a small percentage of overall failures.

. The effectiveness and < uantity of preventive maintenance devoted to
a component significantly affected the amount of failures
experienced,

1
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Individual plant maintenance records for instrument and service air
systems were found to be the most comprehensive source of data for
performing aging analyses.

As a continuously operating system, with minimal contrel room
instrumentatlon due to its non-safety classification, most air
system problems are detected by local moniteoring and indication,
valkdowns and incpection, and preventive maintenance inspection/sur-
velllance.

Review of compressed air system designs and studies using a PRA-
based system model revealed that the redundancy of key components
(compressors, dryers, IA/SA cronsconnect valve) was an important
factor in system availability. Ovirall design configuration had an
impact on the pervasiveness of air system problems.

Total loss of air events are uncommon. The majority of uvents
resulted in degraded operation (low IA pressure, 1A quel.'y out of
limits). Procedures and testiug for the response of pe.. nel and
equipment to these conditions should be developed.

Human error was a significant cause of failures in critical compo-
nents such as compressors and dryers, as well ar at the system and
intersystem level. Training should be augmented in two key areas:
1) operation and mainienance of critical air system componernts, and
2) importance of instrument air to other plant systems pirticularly
safety systems.

The systems outside of instrument air that were most often affected
by 1A problems are containment 1solation, main feedwater/main steam,
auxiliary feedwater, anu the BWR scram system. The most commonly
affected couponents were AOV's and SOV's.

The probabilistic work entailed the development of a computer pro-
gram (PRAAGE-IA) using a PRA-base. .A system model to perform time-
dependent PRA calculations. Time-dependent failure rates were
develored from the data base fincings and input to the program to
cileulate system unavailability and component importances for vari-
ous ages. Results from the probabilistic work showed that when the
time-dependent effects of aging are accounted for, two significant
system effects are seen: 1) system unavailability increases moder-
ately with age, and 2) component relative importances change with
ag.. During early operation, leakage in both IA/SA piping and
support system piping was the most important contributor to system
unavailability. However, during later years aging can cause com-
pressors and air dryers/filters to become increasingly important,

The findings presented in this report form a sound technical basis for
understanding and manuging the effects of uging in 1A systems. Future work will
include improvements to current maintenance, monitoring, training, off-normal
response procedures, and surveillaunce practices to mitigate aging degradation.

-4



AGING EFFECTS IN COMPONENT FAILUKE AND DOWNTIME DATA AND
IMPACTS ON PLANT RISK

W.E. Vescly
Science Applications International Corporation

This work consists of two phases. The objective of the first phase of the work is to
develop and apply data analﬁs agproac es 1o evaluate aging effects in component
failure and downtime data. The objective of the second r ase of the work is to
develop and apply approaches to determine the core melt frequency impacts and
plant risk impacts from component aging effects.

In the first phase of the work, data analyses procedures and software are being
developed 1o audit plant records and NPRDS data to determine if aging effects are
exhibited. The procedures which are being developed are more powerful than
previcus techniques in that component time line histories can be segmented for
maximum aging resolutions, partial histories can be analyzed, specific causes can be
examined, and componer ' data can be optimally aggregated to increase the power
to identify aging effects. & ‘tware are being developed to automate the analyses in
an intelligent munner. The procedures have been applied to selected component
failure and downtime records to not only demonstrate the process but to determine
if aging efiects ure indeed exhibited in the data. The results to date indicate even
more strongly that significant aging effects are exhibited in a wide number of
components and plants. event though muintenance and testing are being carried out.

In the second phase of the work, procedures and software are being developed to
allow PRAs such as the NUREG 1150 PRASs to be ©.¢d for aging evaluations. The
procedures allow aging eifects to be quantified and to be prioritized with regard to
their impacts on core melt frequency, accident sequencs frequercy, and public
health risk. The procedures separate t! e evaluations of component effects of aging
from the evaluations of the resulting risk impacts. This allows general types of aging
effects to be considered and allows efficient calculation of the risk impa *ts  The
demonstrations which have been carried out show how aging effects can be
prioritized und how means of controlling the impacts can be ioentified.



THE USE OF NPAR RESULTS IN PLANT INSPECTION ACTIVITIES'

¥W. Gunther and J. Taylor
Brookhaven National Laboratory

SUMMARY

The Nuclear Plant Aging Research (NPAR) Program is & hardware oriented
research program which has produced a large data base of equipment and system
operating, maintenance, and testing information. A review of the NRC Inspecticn
Program and discussions with NRC inspection personnel have revesied several
areas where NPAR research rusults would be valuable to the inspector. This
paper describes the NPAR information which can enhance inspection activities,
and provides alternatives for making these pertinent research results available
to the inspectors.

The NRC Inspection Program emphasis is on evaluating the performance of
licensees by focusing on requirements and standards asrociated wicth administra-
tive, managerial, engineering, and operational aspects of licensee activities.
The Program recognizes that lico.sees mar satisfy NRC requirements differently,
and therefore expresses inspection guidence in the form of performance objec-
tives and evaluation criteria. For the resident and regiovnal inspectors, proce-
dures have been written covering various subject areas. such as opera.ions,
maintenance, and surveillaice, Some of these procedures contain guidance
related to aging degradation,

Associaled 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 mai | nance in managing aging is an important area where
NRC emphasis has been applied. A review by the NRC of naintenance 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 ncasurable parameters ond predicted functional capa-
bility." The output from NPAR in thie area could assist the inspector in deter-
mining the extent of licensee inadequacies where appropriate.

To obtain further delineation of the NRC inspector needs, presentations
were made to the resident inspectors at three of the five regions. These dis-
cussions provided the inspectors with a summary of the results from the NPAR
Program. Their comments, supplemented by a written questionnaire, indicated
that NPAR results cen be of use t> the inspector when provided in a format
directed to their activities.

The types of {i.formation generated by NPAR which were found to be relevant
to inspection needs include the following:

! Work done under ti.e auspices of the U.S. Nuclear Regulatory Commission,




. functional indicators - NPAR reports identify parameters vhich can
be monitored or measured to detect aging degradation. The inspertor
can apply these results to enhance visual inspections (walkdowns)
and to evaluate licensee programs for assuring equipment and systen
operability.

. feilure modes, causes, effects - operating experience data evaluated
ir. NPALL studies can alert the inspector to prevalent system and
equipment failure mechanisms. The potential for failure rate
changes with piant age i{s an NPAR output of interest to the inspec-
tor in eviluating preventivs maintenance rerources.

. stresses which cause degradation - an inspector can benefit from
knowing the environmental arnd operational stresses which cauwve aging
degradation.

. maintenance recommendations - the inspector is required to evaluate
aspects of a licensee's maintonance program for a number of ¢'f.
ferent inspections, including speclal team {inspections. NUAR
reports contain a revievw of current maintenance practic.s, a sumwrary
of vendor-recommended maintenance, and recommendations for preven-
tive and corrective maintenance which cun be used to detect and
mitigate the effects of aging.

. inspection prioritization - based on the failure rate determined
through a detailed operatingexperience review and a medel developed
through Probabilistic Risk Assessment (PRA) techniques, NPAR system
reports present the relationship between age degradation and plant
risk. These results cea be applied in the Inspection Program for
redireciing inspection resources as the plant ages.
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NPAR &PPROACH TO MANAGING AGING IN NUCLEAR POWER PLANTS(a)

J. A, Christensen
Pacific Northwest Laborater
Richland, Washington 9935

Over the past five years, the Nuclear Plant Aging Research program
(NPAR) has been devoted to developing tachnical understanding of the time
uependent processes that, through deteriuration of components, systems, or
structures (C/S/S), can reduce safety margins in nuclear power plants. A
major and necessary element of the program involves the application of this
basic knowledge in defining functional approaches to managing aging by
anticipating and mitigating important deterioration processes.

Fundamental understandinx and characterization of aging processes are
being accomplished through NPAR-sponsored research projects, review and
analysis of aging related information, integration of NPAR results with those
from industry and other aging studies, and nterfacin? of all of these with
the existing body of codes, standards and regulatory instruments that convey
agin?-roiatod guidance to NPP licensees. Piroduc.s of these efforts are
applied to structuring and ,roviding aging-related technical recommendations
in forms that are useful in:

1. developing and implementing good aging management practices,

& developin? regulatory guidance and requirements fu. understanding
and managing a?1ng during normal piant operatic . and in support of
license renewal, and

3. plnnning and im lementing other regulatory actions and initiatives
in‘wh:c aging-related concerns have a bearing on scope or
priority.

In devclopin ?ood practices for managing aging, it is = ~=ssary to 1)
identify the C/S/S in which aging is an important concern; 2, uevelop an
understanding of the active aging processes and their relationships to
specific materials, erv/ironments, and st:2ssors; and 3) specify and
prioritize monitoring and mitigation pr. grams.

Selection of components is based upon both deterministic and
probabilistic considerations. The key overall selection criterion is whether
or not aging could lead to a departure from an ccceptable safety envelope.

Understandin? aning involves developing and applying both empirical and
mechanistic relationships at an appropriat: level of detail to selected
C/S/S. The variables that govern these relationships reflect C/S/S design
and composition (i.e , materials ot construction and their condition);
environments to which C/S/S are exposed, e.g., elevated temperature,
corrosive media, ionizirg radiation, and the collection of active stressors,

(a) Work supported by the U.S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under U.S. DOE Centract DE-ACOG-76RLO 1830.



0.2., cyclic loading, high stress, thermal gradients, high electrical
potentials, to which C/S/S are subject.

Given an acceptable understanding of the mechanisms and kinetics of
aging in important C/S/S, the final and key step in assuring that aging does
not compromise safety is to implement sffective practices for monitoring and
mitigating aging. These practices, impiemented principally through
maintenance programs, iavolve the use of appropriate observational methods in
testing, inspection, surveillunce, and condition monitcring and prevetive
and corrective maintenance of the type and frequency needed to avert C/$/S
failures that could threaten plant safety.

The products of NPAR studies, in general, deliberately address each of
the key elements discussed evove. In addition, good practices for managing
aging are being compiled in manuals and documents specifically devoted to
that subject., The principal com?endiun of ?ood aging management practices
catalogues all currently available information on understanding and managin
aging in a format that mirrors that of the Standard Review Plan (NUREG O 00?
and Regulatory Guide 1.70 (Standard Format and Content of Safety Analysis
Reports). This systems-oriented format is commonl{ used and well understooc
by both licensees and regulators. This approach also provides a needed
measure of assurance that aging concerns will be comprehensively addressed
throughout the plant. A manual of good practices for understanding and
me aging aging is boing developed. This will be a 1iving document that

ol":s as the state-of-the-art of the understanding of nuclear plant aging
sxpands.



NDE Research At NASA Langley Research Center
Joseph 5. Heyman, NASA Langley Research Center,
Hampton, VA, 23665

The Nondestructive Measurement Science Branch at NASA
Langley is the Agency's lea' Center for MDE research. The
focus of the laboratory is to improve the science base for
NDE, evelve a more quantitative, interpietable technology to
insure safety anJ reliability, and transfer that technology
to the commercial .ector.

The task is broad and requires a multidiscipline of
professional researchers to achieve its poals. Involved in
the current program are about 50 people, split eveunly hetween
civil service and nonpersonnel service. There are
approximately 20 Ph.D.'s in the program with the following
disciplines: physicists, chemists, materials scientists,
computer scientists, and electrical engineers.

To address the broad needs of the Agency, the program
has deveioped expertise in many areas, some of which are in
ultrasonics, nonlinear acoustics, nano and microstructure
characterization, thermal NDE, x-ray tomography, oprical
fiber sensors, magnetic probing, process monitoring sensors,
and image/signal processing.

Jur laboratory has recently dedicated its new 20,000
square foot research facility bringing our lab space to
30,000 square teet. Th2 new building is designed to permit
2acn office to have computer access to each lah so that
experimentation can be monitored throughout the building.
The new facility includes a high bay for the x-ray CAT
scanner, a revolutionary .aew concept in materials
measurement. The CAT scanner is called QUEST, for
quantitative e» erimental stress tomography lab. This system
combines for the first time a microfocus x-ray source and
detector witn a fatigue load frame. Three dimensional imaging
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of density/geometry of the tested sample is thus possible
during tension/compression loading.

This system provides the first 3-D view of crack
initiation, crack growth, phase transformation, bonded
surface failure, creep--all with a density sensitivity of
0.1% and a resolution of about 25 microns (detectability of
about 1 micron).

In ultrasonics, we are developing practical measurement
technologies that overcome limitations of the traditional
approaches. For example, new transducers are being developed
that are phase insensitive thus permitting accurate
measurements in complex nonplaner geometries and in
anisotropic materials such as composites. New signal
processing concepts have led to minimum <. ror deconvolution
capabilities to insure that the measurements represent clear
quantitative information about the part measured without bias
from the measurement technique or system. Image
reconstruction from such quantitative data bases permits
multiparameter assessment of materials thus increasing
reliability and interpretability of the data.

In thermal NDE, we have developed noncontacting, remote
capability of determining quantitative diffusivity--a
measurement linked directly to basic material properties.
Through computational modeling, the thermal data can be
inverted to determine the internal properties of the measured
structure., Thus, we are in effect, developing in thermal NDE
a technology similar to that of x-ray tomography or MRI
imaging.

Examples of these advances will be discussed in the oral
paper focusing on ultrasonics, therma! NDE and smart
structures.



A Method to integrate Human Factors
Expertise into the PRA Process

James ? Welle
William W. Banks
Lawrence Livermore National Laboratory

Background

"rirty years ago the U.S, military and U.8. aviation industry, and more
recently, in response to the U.&, Three Mile Island and U.S§.8.R, Chernobyl
accidents, the U.S. commercial suclear power industry, acknowledged that human
error, as an immediate cause and as an influencer in the form of
maintainability, test, or surveillance programs, is a primary contributor to
high-reliability usystems unreliability and risk. A 1985 U.S., Nuclear
Regulatory Commission (USNRC) stuay of Licensee Event Reports (LERs) suggescs
that upwards of 658 of commerciai nuclear system failures invoive human error.

Husan Performance Assessment in PRA

Until very recently, PRAs adhered to a very engineering-centered
approach with primary attention given to the hardware component of the
commercial nuclear power plant, The human compcnent was treated in only a
peripheral manner usually by a systems engineer with little or no training in
human factors., More specifically, when the human component was addressed, the
analyst took a very narrow perspective on human factors, that is, he analyzed
performance primarily cognizant of the individual operator and the single
piece of equipment directly in front of him, Additicnally, analysis of human
performance was usually limited to tasks performed after onset of an abnormal
situation, focusing primarily on errors ot omission which might exacerbate the
situation, and on the likelihood that recovery actions might be undertaken to
return the system to a normal operating state., little or no consideration was
given to huvaan errors of commission, especially cognitive errors, or to human
arrors preceding the onset of the abnormality such as maintenance and testing,
or hiw workspace Jayout and habitability factors influence human performance.
Particularly conspicuous w»as a lack of attention to person-person factors such
as group processes, direct supervision, management policy, organizational, and
external environment characteristics, which collectively have been detarmined
to be both significant proximal and distal (latent, benign) causal factors in
accidentes of public notice within the commercial nuclear industry during the
past 10 years. Despite these oversights, it has been concluded by those who
perform PRAs, that human error is a dominate factor in plant risk, although
the analyst has not been able to estimate, with any real degree of certainty,
the magnitude and nature of human error, or its associated causal factors.

UJNRC Integrat.on anc Applicotions Research

In response to the al ove recognition of need, the USNRC bse initiated
resear *h directed toward the incegration of human factors and hardware
engin sring expertise throughout the PRA process. Success in thiy area is
perceived as vital to the overall credibility of future PRAs. That is, no
matter how adequate state of knowledge single task ani seguence evaluation
methods are, if they are not fully exploited by qualified human factors and
human reliability specialists, realistic assessments of human and hardware
performance separately, and in combination, will not be achieved,



Al#o, in response to the prevailing state of PRA, the USNRC has
initiated resear h direvted toward methods for systematically applying FRA
results &8 & technical base to: (1) retrofir /recesign equ.pment-centered an'
personnel-centered components of commercial nuclear power plants, (2)
prioritite and resolve industry-wide safety issues in.olving human behavior,
(3) establish risk-based performance measures for monitoring the effectiveness
of operations, maintainability, test and surveillance programs, end (4)
establish criteris for selecting, .raining and lice sing, and subsequently
evaluating the performance of plant personnel.

This paper presents a method for integrating bioad-based human factors
expertise into the probabilistic risk assessment (PRA)/human reliability
analysis (HRA) process ‘n 13 standardi.ed manner to achieve results which: (1)
provide more realistic estimatcs of the impact of human perfcrmance on nuclear
power safety, (2) can be fully auuaited, (3) provide a firm tec.nical base for
equipment -centered anJ personnel-centered reLrof t/redesign of plents enabling
the. to myet internally snd externally imposed safety standards, and (4) yieid
huwwan and hardware data capable of supporting inquiries into human performance
issues which transcend the individual plant.

The TALENT Concept

Research o. & concept for achieving the goals of integrating human
factors expertise fully into the PRA process, and systematically spplying PRA
results to regulatory decision making, is in progress. The concept is
currently known as TALENT, i.e., Task Analysis Linked Evaluation Technique.
TALENT focuses on bringing together souvce data, gquantification methods, and
broad-based human factors expertise, TALENT is based on the premise that
hwaane in comp)ex high-reliability systems are driven to action or inaction,
especially during periods of high stress, to a greater degree by latent and
active cognitive, behavioral, and social factors, than they are by equipment-
centered fastors. TALENT is eclectic in that it takes advantage, wherever
possible, of products from the other topic areas of the USNRC reliability
assessment research program, products from other reliability aisessment
research p.ogriams within the U.8., such as EPRI, and products of international
commercial nuclear comnunities such as the United Kingdom Atomic Energy
Directorate, and the Commission of Europear Communities Nuclear Directorate.
It also takes advantage of human factors products from non-nuclear research
programs,

Top~down function, task, and related timeline or link analyses, Jorming
the core of TALENT, are constructed from detailed reviews _f system
documentation, operating experience data, interviews with system parsonuel,
and observations of system operati:ne and maintenance activities. They
describe, in detail, the what, why, when, where, and by whom of both human and
hardware initiatives and/or responses reguired by the system during startup,
normal operation, accident mitigation, accident recovery, r d shut~-down. They
provide the PR team with a credible “echnical basis for: (1) identifying
safety related tasks and task sequences neeaing probabilistic asseusments, (2)
specifying endogencus and exogenous factors believed tc influence human
performance on each task action and task action sequence, (3) sculing the
nature of that influence from positive to nega*ive, and (4) contributing
inputs to logic ¢-. plant models used as a gereral framework for estimating
overall system unreliability and risk,

The TALENT implementation procedures take full advantage of earlier
guidelines published by the NRC for conducting PRA studies, such as NUREG/CRS~
2300, 2728 and 2815, as 'rell as guidelines developed inside and ocutside the
NRC to integrate umat reliapility analysis (HRA) and FRA such as a TEEM and
SHARP respectively.
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The Cognitivi Environment Simulation as a
Tool for Modeling Human Performance and Reliability

David D. Woads

Department of Industrial and Systems Engineering
The Ohio State University
Columbus, OH

H. Pople, Jr.

University of Pittsburgh and Seer Systems
Pittsburgh, PA

ABSTRACT

Varicus studies have shown that intention errors, or ‘cognitiv~ error,’ are a major
contributor to the risk of disaster. Intention formation refers to the cognitive
by which an agent decides on what actions are appropriste to carry out

information gathering, situation assnasment, diagnosis, response selection).

gnitive errors in the coordination of abnormal operations ere critical to risk and
safety because, when an erroneous intention to act i« formed, the problem solving
agent not only will omit correct acts (omission error,, but will also carry out other
acts thet are correct given the percetves .Juation, but are incorrect given the
actual situation. This means that intention errors lead to a kind of common mode
failure.

Understanding, measuring, predicting and correcting cognitive errors depends on the
answers to the question-what are difficult problems? The answzr to this guestion
defines what are risky situations from the point of view of what incidents will the
human-technical system manage safely and what incidents will the human-technical
systerr manage poorly and evolve towards negative outcomes. Difficult problems
are related to the ability to carry out the cognitive activities involved in intention
formation: what informadion must be monitored and gathered? what knewledge
must be activated and utilized to determine the state of the process and
appropriate responses’

We have made progress in the development of such measuring devices through an
NRC sponsored research program on cognitive modeling of operator performance.
The approsch is based on the demand-ressurce mateh view of human wrrei  In
this approach the difficulty of a problem depends on both the nature of the
problem [tsell and on the resources (e.g., knowledge, plans) available to solve the
problem. One can test the difficulty posed by a domain incident, given some set
of resources by running the incidest through a cognitive simulation that carries out
the cognitive activities of & limited resource problem solver in a dynamic,
uncertain, risky and highly doctrina! (pre-planned routises snd procedures) world.
The cognitive simulation that we have developed (o do s in NPP accidents is
valled the Cognitive Environment Simulation (CES),

We will illustrate the power of this approach by comparing the behsvior of
operators in variants on a simulated accident to the behavior of CES in the same
accidents,



ORGANIZATIONAL LEARNING IN COMMERCIAL NUCLEAR POWER PLANT SAFETY:
AN EMP"®TCAL ANALYSIS

Dr. Alfred A. Marcus
Dr. Philip Bromiley
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Strategic Management Research Center
University of Minnesota

The need for knowledge in organizations that manage #nd run
high risk {echnologies is very high., When first introduced,
bridges, natural gns lines, and commer-‘al air travel a)l
appeared to be dangerous. Today, these innovations are accepted
and commonplace. By recognizing and d2aling with the problems in
these systems, the number and severity of incidents have been
reduced and sociely is better able to live with the conseguences
of the residual danger. To the extent that the members of high
risk organizations develop useful knowledge about the problems
they confront, these organiietions will be more effective.
lseful knowledge in this context is knowledge about the
relationship between the organization's actions and various
safety outcomes.

The acquisition of useful knowledge is referred to as
organizaiional learning. The theoretical roots of this concept
are well established in the academic literature and in practice,
especially in manufacturing industries. This paper focuses on
organizational problem scolving and learning 2s it relates to the
safe and efficient management of commercial nuclear power plants,
The authors are co-investigators on a larger team work!ng under
contract with the Nuclear Regulatory Commission to develop a
legical framework that enables systematic examination of
potential linkages between menagement and organizational factors
and safety in nuclear power plant performance. Management and
organizational factors that facilitate or impede organizational
learning are only a part of the larger study, but are tine major
focus of ti.is paper. 1In this paper, the theorctical roots of the
concept of corganizational learning are dic . ussed, relationships
t» measures of safety and efficiency of commercial nuclear power
plants are hypothesized, and empirical findings which provide
partial tests of the hypotheses are discussed. This line of
research appears promising; implications for turther research,
regulatory application, and nuclear power plant management are
descriked.

In the research reported here, the outcome variables focused
upon are plant efficiency and safety. Efficiency measures used
are critical hours and outage rate. The safety measures are
scrams, significant events, forced outage rate, safety system



actuations, and safety system failures. Results showed that the
efficiency measures are significantly positively correlated with
each other. The safety measures als> tend to be significantly
positively correlated with each other, with the exception of
safety system failures, which appear o be a different dimension
of safety, Efficiency measures and safety measures were not
correlated with each other, thus suggestirg that efficiency and
salety are distinct performance outcomes, and one Coes not come
a\. the expense of the other,

Organizational problem solving and learning capacity .n
nuclear power plants is hypothesized to be influenced by the
ability and willingness to recognize problems &¢énd having the
resources to corre.t perceived deficiencies, In this research,
problem recognition is operationalirzed in terms of numbei of
rteported major violations and licensee event report data.

Problem recognition is not enough though, for without adequate
resources the insights gained from knowludge cannot be translated
into action. For purposes of this research, resources wvere
operationalized in terms of return on assets, which is a
prefitabil.ty measure which controls for size, and debt to equity
ratio, which reflects the soundness of the utility's overal.
financiai position and its access to debt markets co fund ¢ ital
investments that may be needed for safety. Pr.olem solving and
learning also imply a time dimension, for it is only over time
that one could expect to observe the results of effective
learning. Consequently empirical tests conducted in this study
have been designed to look at time lags in the relationships
between problem solving and performance results.

Hypotheses were developed and tested concerning the effects
of utility financial resources, major violations and licensee
event reports on subseqguent safety and efficiency measures. The
analytical technique employed was regression using polynomial
distributed lags. Results suggest that both financial resources
and organization problem solving/learning have significant
effocts on the outcome variables when time is properly taken into
account,

The results of this study require further corruboration, for
there were limitations to the measures employed and restrictions
on the amount of data available. The limitations are descriled
in the paper. However, the results are p. 1ising, and suggest
that tfurthavr study of factors which promote problem solving
capacity and learning may provide imrortant insights into the
management and organization of nuclear power plants to promote
plant safety ai efficiency.



GENERALIZING HUMAN ERROR RATES: A TATONOMIC APPROACH

LOUIS BUFFARDI EDWIN FLEISHMAN JOHN ALLEN
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FAIRFAX, VA,

It is well established that human error plays a major role in malfunctioning of complex,
*echnological systems and in accidents associat~d with their operation. Estimates of the
1ate of humsen ecror in the nuclear industry range from 20-65% of all system failures. In
response to this, the Nuclear Regulatory Commission has deveioped a variety of technigues for
estimating human error probabilities for nuclear power plant personnel. Most of these
techniques require the specification of the range of human error probabilities for various
tasks. Unfortunately, very little objective performance data on error probabilities exist
for nuciear environments. Thus, when human reliability estimates are required, for example
in computer simulation modeling of system reliability, only subjective estimates (usually
based on experts’ best guesses) can be provided.

The objective of the current research is to provide guidelines for the selection of
human error probabilities based on actual performance data taken in other complex
environments and applying them to nuclear settings. This invclves identifying tasks in
non-nuclear power plant environments that are similar to those in nuclear settings,
uncovering human error data bases for these non-nuclear tasks, and establishing error rate
anchors for the tasks in nuclear settings based on the non-nuclear tasks.

A key feature of this research is the application of a comprehensive taxonomic approach
to nuclear and non-nuclear tasks to evaluate their similarities and differencas, thus
providing a basis for generalizing human error estimates across tasks. In recent years
significant developments have occurred in classifying and describing tasks. Initial goals of
the current research are to: (1) identify alternative taxonomic schemes that can be applied
to tasks, and (2) describe ruclear tasks in terms of these schemes.

Three standardizea taxonomic schemes (Ability Requirements Approach, Generalized
Information-Processing Approach, Task Characteristics Approach) are identified, modified, and
evaluated for their suitability in comparing nuclear and non-nuclear power plant tasks, An
agenda for future research and its relevance to nuclear power plant safety is also discussed.



SAFETY SYSTEM FUNCTION TREND INDICATOR: THEORY AND TEST APPLICATION®
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Engineering Technology Division
Department of Nuclear Energy
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Upton, New York 11973
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The purpose of this paper is to summarize research conducted on the
development and validation of quantitative indicators of safety pecformance.
This work, performed unier the “"Risk-Based Performance Indicator (R.P1) Pro-
Ject ™ FIN A-3295, for the Office of Research (RES), is considered part of
NRC's Perforwance Indicator Program which is being coordinated throush the Of -
fice for the Analysis and Evaluation of Operational Data (AEOD).

For the past several years, similar programs have been undertaken by the
nuclear industry, specifically by INPO. 1t is understocd that identification
of plants with degrading or unacceptable performance is a cornerstone of a
safety philesophy which governs the necessary condition for safety improvement
in nuclear power plants.

Work performed at Brookhaven National Laboratory (BNL) concentrated in
two specific areas:

1. the determination of v¢ 'ious options availcble for the construction
of risk/ reliability based indicators taking into account the extent
to which data availability, model complexity, and man-power require-
ments are needed to ir ement the indicators, and

2. the evaluation/validation of these indicators in terms of their
cbilities for:

&, detecting degraded performance (trends),
b. detecting unacceptable performance (alerts), and
¢. didentifying the various pe) rm owce contributors.

Several reports have been generated to adiress the aforenoted tasks. The pro-
gram originally focussed on risk-based indicators at high leavels of safety in-
dices' (#.g., core-damage frequency, functional unavailabilities, and sequence
monitoring). The program was then redirected towards a wore amenable goal,
safety systen unavailability indicators, mainly due to the lack of PRA models
and plant data. In that regard, BNL published a technical report that in-
troduced the concept of cycle-based indicators and also described various

*work performed under the suspices of the U.S. Nuclear Regulatory Commission.
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alternatives of monitoring safety system unavailabilities’. Further simplifi-
cation of these indicators was requested by NRC te facilitate their applica-
tions to all plants in & timely manner. This resulted in the development of
Safety System Function Trend (SSFT) indicators which mininize the need for de-
talled system model as well as cowponent history. The theoretical bases for
these indicators were developed (hrough various simulation studies to deter-
mine the ease of detecting a trend and/or unacceptable performance’. These
indicaters, along with several other indicators, (including Option 2 INPO in-
dicators) were then generated and compared using plant data as « part of a
test application'. The SSFT indicators, specifically, were constructed for a
total of eight plants, consisting of two systews per plant. Emphasis was
placed on examining relative changes, as well as the indicator's actual level.
Bo:h the trend and actual indicator level were found to be important in iden-
tifying plants with potential problems. It should be noted that the level of
a SSFT indicator does not necessarily correspond to the average system un-
availabilities estimated conventionally by PRAs. This is mainly due to the
dynamic nature of these indicators as well as the simplified models used for
their construction,

For the remainder of FYBY9, we are concentrating on the implementation is-
sues of these indicators, such as utilization of NPRDS dat., and the deter-
mination of alert levels. The long-range risk-based indicator technology will
be studied within FY90, which includes plant risk monitoring through utiliza-
tion of PRA models (such as NUREG-1150 or 1PEs).
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This paper presents an evaluation of the configuration risks associated
vith the operation of a nuclear power plant and the approaches to control
these risks using risk-based configuration control considerations. In that
context, the actual and maximum potential configuration risks at a p.ant are
analyzed and the alternative types criteria for a risk-based configuration
contrel systems are described.

The risk-based configuration calculations vhich are studied here focus on
the core-melt frequency impacts from given plant configurations. By calculat-
ing the core-melt frequency for given configurations, the configurations which
cause large core-melt frequency increases can be identified and controlled.
The duration time in which the configuration can exist can then be limited or
the core-melt frequency level associated with the configuration can be reduced
by various actions. Furthermore, maintenances and tests can be scheduled to
avoid the configurations which cause large core-melt frequency increases.
Present technical specifications do not control many of these configuraitions
which can cause large core-melt freque.cy increases but instead focus on many
risk-unimportant allowed outage times. Hence, rish based configuration man-
agement can be effectively used to reduce core-melt frequency associated risks
st a plant and at the same time can provide flexibility in plant operation.

The alternative strategies for controlling the core-melt frequency and
other risk contributions include:

1. Controlling the increased risk level which is associated with the
configuration.

2. Controlling the individual configuration risk which is associated
with a given duration of a configuration.

3. Controlling the time period configuration risk from configurations
which occur in a time period.

The characteristics of these strategies and the advantages/disadvantages
of each of them will be discussed. Criteria associated with these strategies
will also be discussed.

*Work performed under the auspices of the U.S. Nuclvar Regulatory Commission.
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Configuration risks are finally analyzed in order to e¢valuate tue alter-
native strategies for control. The claracteristics of configuration risks
analyzed are: the risk significant configuraticns thai can occur during plant
operation, the risk-level ussociated with such occurrences the expected fre-
quency of occurrence »f such configurations and the risks a.lowed in current
tech specs from these configurations. Also, the historical occurrences of
configuration risks at a plant site are studied using plant-specific component
outage data from the Nuclear Plant Reliability Data System (NFRDS). Based on
these evaluations, approaches and the criteria for effectively detecting and
controlling configuration risks will be discussed.



DEVELOPMENT AND INTEGRATION OF PROGRAMMATIC PERFORMANCE
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This paper describes the results of an evaluation of maintenance-related
programmatic perfurmance indicators, and summarizes the direction beirg taken
in a new project *o integrate indirect performance indicators for nuclear
power plants. Programmatic indicators allow NRC to monitor, at a distance,
trends in functional activities before a significant impact appears on safety,

Evaluation of Maintenance Indicators

Previously presented work' described the selection of candidate performance
indicaters associated with maintenance for continued analysis. This
evaluation focused on two aspects of the selected indicators:---

(1) an evaluation of the state of maintenance programs in the
narrative text of SALP reports versus the frequencies of inadvertent ESF
actuations from test & maintenance errors; and

(2) an evaluaticn of alternative methods for analyzing the thermal
performance of plants as an integral indicator of maintenance program
effectiveness,

The reevaluation of the inadvertent ESF actuations indicator confirmed its
ability to present evidence of less-than-ideal maintenance programs. The
comparison of the numbers and trends of events with SALP assessments indicates
that the plants having the higher frequencies are those plants considered to
exhibit a Tack of root-cause analysis, an inadequate equipment performance
trending system and a lack of effective management involvement. Further
analysis examined the corrective actions taken by the plants to the ESF
actuations as described in the fuli-text LERs, The plants exhibiting the
highest frequencies of events had a tendency to repurt "discipiine” or
“counselling" as their corrective actions rather than any modification to the
systems (hardware or people). Believing that discipline or counselling
comprise an adequate response to events is prima facie evidence that no true
root-cause analytical process exists. A pattern of discipline-only corrective
actions corresponds to a mind-set that describes accident causation as "pilot
error."

The evaluation of thermal performance has focused on a measure called Daily
Power Loss (DPL), defined to be the average shortfall of power sent out below
the max.num dependable capacity, calculated on a daily basis. Data associated
with this measure are currently reported to NRC in the docleted monthly
operating reports. An example of this DPL measure is shown in Figure 1, which



includes annotations of the causes of losses; these are almost entirely caused
b{ balance-of -plant (BOP) equipment failures. The froquonc‘oand duration of
the DPL parameter represent broadly the reliability of the BOP equipment,
which, in turn, is a product of the maintenance programs. Other causes of
1osses include tech. spec. forced outages. Further work is bcin? performed on
developing an indicator associated with DPL based on systems analytical
methods such as fast Fourier transforms; such methods can provide unique
perspectives on indicators such as DPL.

Integration of Indirect Indicators

Work has started on the creation of two frameworks to provide a basis for
integrating current NRC indirect performance indicators. This integration
will show the relative functional areas being monitored, and what, overall, is
the pusition of the plant based on the individual indicator measures. These
frameworks will represent both hardware and people factors in the overall
system, including the formal and informal influences of humans on safety
performance.
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Extending the Evaluation of MAPPS: Results of User Participation
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SUMMARY

An evaluation of the user friendliness and usefulness of the
Maintenance Personnel Performance Simulation mode) (MAPPS) was
conducted at three nuclear facilities. The same protocol, comprised
of five parts, was administered to each of the participants. During
the first part of the evaluation process, power plant personnel were
presented with an orientation and training session. Both the
orientation and training were vvaluated at the end of the data
collection effort. Using a procedure selected by the facility as a
guide, a task analysis was then performed in order to elicit plant
specific knowledge useful in setting up the MAPPs input deck. For the
third part of the evaluation, plant personnel participated in manual
preparation of the MAPPs input parameters setup deck and in
preparation of the actual data file. Next, personnel then
participated in limited debugging of logic in the input deck and
subsequent running of the MAPPS model. They also helped in defining
parameters for a number of sensitivity runs which were successfully
conducted. Lastly, simulation output was reviewed and some
preliminary interpretation of the results was performed. Constructive
criticisms and commentary were elicited through use of face to face
interviews and througn the application of a standardized survey.
Acceptance of the model was positive with users indicating that MAPPS
was able to give users a better understanding of common maintenance
related tasks. Many reasons given for making the MAPPS simulation
available in a personal computer (PC) environment and increasing the
diagnostic: available to first time users of the system,

Orientation and training at the facilities proceeded in rapid order
due, in part, to volunteers being comfortable with computers.
Currently, MAPPS requires a mainframe and Crosstalk(TM) software to
establish a 1ink to the IBM 370 mainframe. After this linkup is
achieveu, personnel must define tisk arJ subtask parameters on-line.
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Personnel training on the MAPPS simulation encompassed achicving
computer link up, performing task analysis, familiarity with the
MAPPS taxonomy for human activity, instructions on how to code
branching and decision making activities by crews and briefings on
various model features such as the modeling of crew recovery
actions, Participants demonstrated a good grasp of MAPPS basics and
had @ strong facility for estimating working environment
temperatures, task time availability, essentiality of tasks, and
branching within task sequences all of which are estimated in
preparing MAPPS runs. They were also briefed on the various mode)
defaults for basic parameter values.

MAPPS simulacvion output includes success proportion, the number of
crev attempts to perform a task, detected and undetected crew errors,
faise alarms (crew misperceptions that they had committed errors),
and the time required to complete the task. This output is available
for up to one hundred iterations of a particular task sequence. If
more than one hundred iterations are desired by users, then the
outputs may be chained together. Often, users will use the same
sequence and employ a slightly different configuration of parameters.
By so doing, they can gauge the sensitivity of tasks to changes in
task related factors. When performing sensitivity runs the number of
iterations, as well as ability level of crews, time since the task
was last performed and environmental factors may all be modified by
persons wishing to run the model.

Personnel participating in the MAPPS evaluation were able to quickly
grasp the model essentials and were interested in extending their
knowledge of tasks by performing a number of sensitivity runs. For
example, trending analysis at two facilities was performed for the
task success proportion where tasks had been performed under varying
conditions of exposure times, temperatures, and crew ability levels.

During the evaluation, suggestions were made to vary the format of
the output, allow for easy editing during data entry, to avoid the
need for a mainframe computer, and to allow for friendlier
diagnostics. Transfer of the MAPPS simulation to a PC environment
will address many of the needs highlighted by these comments and 1s
anticipated to te accomplished prior to the end of FY 1990.
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Tne primary source ot nyarogen (i, ) uuring severe Lk accioents iy
from or” uation ot Lircaley (4oy) Clauuing b, Si€aw. i a Pk like Trl-c,
conplete Lr, reaction woulu pruvice & 1ulU Ag hey @ Culiparavie bWk wudlu
Yielu nearly €uuu hy hy, Kelease of sucn laryge yuantities or Mo to
containment structures with an @ir atiosphiere coulu produce uesructive
detlagrations or explusions, with pressures in exces. ot design v alues,
An undersianding ot une processes atrecting hy production are thus ot
fmportance to LWk «(Sh assessient. 4

In tuis paper Zry-oxiuativn/m -generation uata frow several in-prie
severe-fuel dawage (SFD) test programs are presented ahu Compared ‘or
comaon finuings, Tne expuriments evaluated inciuve the partial-length
(%0.% m) sZ-rcd pundle tests perfoneeu in tne Fower burst Facility (rvoF),
the full-lengtir high-temperature (FLKT) tests perforweu in the Net' o.al
Research Universal (NRU) reactor at Chalk kiver (Canada), and the smaller
(0.5 m rod length) BWR UF-4 test conducted in rhe Annular Core Research
Reactor (ALkR). Aitiough these tests were conducted over a wige range of
experiment conditions, a numwer of coummion tindings are ovscrved which have
a signiricant fupact on the fnr-vessel h, suurce tori tor severe
acciuents. The princip*] issues assesseu concern the effects of Zry
melting anu bundle reconfiguration on h, generation,

With respecy to Zry melting, a comparison ot on-iine Hy anu
Cladding werocouple date 101 the PBF, BWk UF-4, anu NRU-FLHI tests
ind: ste that the ma,or portiuvn of nyurvgyen release occurreu after meit
te  Cratures were reached, bxtensive wetaluiygrapiy was pertonieu tor the
PBE anu DF-4 tests, inuicating thaet Liy-vesring et Continves Lo UXiul ek
iring and tollowing melt relo: ction,  Arguients for cutort or
s.guificantly dewtiisieu Hy generation upon ry welting anu relocation
are nut supported by thivse test uata,
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For BWK Conned tuel asscabliies, 11 nas cveen postulated (by tue JULOK
progra) that Zry welting any gebris relocation witl leau to o cawpleteiy
plockeu bWk fuel asseably anu tlow giversion to peripheral bundles. As «
resuit Sieain oCCess anu hyurvyen prouuction are terwineteu at meit reiucation,
using the JUCUR-MAWV-BWK Cuue. The valiuity of s liypothesi’ ninges vn two
key assunptions, toral flow aree Liochage anu an intact Bwn Channel woa. The
DF -4 test was spe. 111Cally gesigned tu audress weltuown benavior of bk
structural ang contiol cuaponents. KResults of toe bWk Ur-4 Test Thuiiawe
early chennel Lox taiilure wue to attaun by contrul ' w wely webris,
specitically eutectic interactiun vetween stainless-steel weltl (the Claduing
material of tue Bl control blaue) and £ry coannel Lox. Metallurgical
examination revealed tnat all out the lower sU-percent o1 the channel Lux had
beun destruyed by eutectic melt interaction.

The UF -4 therwocoupie uata also indicate that Zry-oxigation indguced
tempe:eture escalation continued weil atter initiaticn ot Zircaloy melting anu
reiocation, with continued scea access tu the gegraded bundle throughout the
test. Tnese findings are corroborated by post-iest wetallurgical observations
of residual open flow area anu & high aegree of oxidation of
once-moiten/relocated Zry debris, Unly partial flow area blockages were also
notea for tue PBF and NKU test vundles. Neither the LF -4, or any of the PUF
and NKU tests, have indicateu cumplete flow area biuchage reyuireu for
term:natiou of steam YCCuss anu continued hy generation in uegraded test
bundles.

In sumiary, in-pile test data imdicate: (u) a continued mgh rate or
oxidation during and after Zinaioy weiting anu relocation; (L) only partial
flow area blochages; and (c) destruction or the Bwk channel LOX by (r-te
eutectic nmelt fnteraction which allows for cuntinuey steaw access anu hg
generation in gegraveu fuei vunules. OLuservation frow these teésts wo oL
indicate inberent 1witations on K. gunerelion vy coure degragavion, oiher
thar. that due to Stedw Supply conditions,



HYDROGEN MIXING EXPERIMENTS IN THE
HOR-FACILITY

L. Wolf*, L.vValencia
KIK/PHDR-HT, Karlsruhe, FRG
*Battelle-Institut @ V., Frankfurt, FRG

During severe accidents in light-water reactors, substantial amount of hydrogen can
be generated by the metal-water reaction during core heat-up and vy core-
unccvery as well as by virtue of core-concrete interactions after vessel liower head
fallure. This hydrogen & released Into the containment. A key Issue within this context
relates to the global and local hydrogen distribution and associated mixing
phenomena In multkcompartment geometry In order to plan for proper mitigation
measures,

During Phase Il of the HDR Safety Program, a preliminary H,-distribution experiment,
T 31.5, was performed in December 1987 In the aftermath of the Internutional
Standard Problem (ISP) 23 for the purpose of obtainin. a first set of experimental
data for long-term gas transport behavior in a large-scale, multi-compartment facliity
in the presence of steam under natural convection conditions. This preliminary
experiment was needed for reliabl’ planning *he major H-distribution test series
E 11.1 through E 11.5 to be performed between May and August 1987

Once a realistic temperature gradient was established In the contcinment as Initial
and boundary condition resuiting from the large dreak LC CA-experiment of ISP 23
It was decided to Initiate the steam Injection 20 min after blowdown begin for
16 min. Immediately after shut-off of the steam Injection, the H,/Ha-mixture (He:
85 vol %, H, 16 vol %) was Injected for 12 min. Into the HDR-containment.

The presentation gives @ consistent and detalled overview of expermental data of
measured temperatures, hydrogen concentrations and velocities In different regions
of the HDR-faclilty.

The paoner presents major experimental results In form of the transient bult-up and
decay of gas concentraton as well as the tme evolution of other Important
quantities influencing the gas transport, With these Informations as background,
reasons for the gas concentration redistribution at later times in the transient will be
provigec

These experimenta; data will be supplemented by a summary of the comparison
between meas . me.. and pre-test predictions with different codes by various
Institutions. Possibie reasons for some observed deviations will be identified. Emerging
modeling approaches by different cod~s for the complex HDR-experiments will be
summarikzed.

The measured results presented for T 31.5 evolve from a tygical representative HDR
large break LOCA-scenario. Other scenarics, sspecially those for small break
scenarios may lead to quite different patterns. 't = i the s 2t of the H .dietriby’ A
test group E 11.1 - E 11.5 In the first half of 19t

In fact, prior to the major Test Group E11, ¢ scoping experment E 11.0 was
performed to examine the HDR-containment response for a siow steam heatup



process, experimental resuhs of \wwhich will be presenied because of their Importance
with respect to blindly predict the £ 11.2 and E 11.4 experiment, chosen as PHDR-
Benchmark Exercises. The experimental data of £ 11.0 Indicate extreme stratification
phenomena as well as a thorough heatup of all components as well as the annular
Qap between steel shell and secondary concrete contalinmenr. These phenomena
are quite different from those observed In all previcus HDR-Axperiments but show
simliarities  with effecis observed during the previous DEMONA-experiments and
FIPLOC-verification tests in the Battelic model containment. The presentation
;:oneclufgs with Etho1 descriptions of the actual, revised experimental p.ocedures used
orEl1N2and E 11.4



Multi-compartment Hydrogen Deflagration Experiments
in the Battelle-Frankfurt Model Containment

oy T.F. Kanzleiter (Battelle-Institut e.V., Am Romerhof 35,
D-6000 Frankfurt 90, FRG)

Introduction:

Hydrogen combustion (deflaoration, detonation) in an LWR
containment during a severe accident is an important concern in
reactor safety. So ta., deflagration phenomena have been
experimentally investigated mainly in single-volume facilities;
these resulted in moderate pressure build-ups. Therefore, recent
research has been directed predominantly at a pussible transition
from deflagration to detonation, from which relevant pressure peaks
are expected.

The present paper, however, deals with experimental investigations
on deflagration phenomena in multi-compartment -=ontainment
geometries, which turned out to yield much nigher pressure build-
ups than had been expected on the basis of the findirgs of single-
compartmont experiments.

Objectives:

Identify and quantify risk-relevant hydrogen deflagration
phenomena which may occur in a compartmented LWR containment in the
course of a severe accident.

Provide an experimental data base for further development and
validation of multi-compartment H, combustion codes.

Investigate in particular: Acceleration of a flame front pro-
pagating through a chain of compaitments and interconnecting vent
openings, and its effect on pressure increase. Influence of trans-
verse venting. Effect of H, concentration gradients along the flame
path. Interaction of combustion and gas distribution.

Experimental Facility and Irstrumentation:

The experiments are being pe.formed in the 640-m® Battelle Model
Containment using a chain-type four-to-five-compartment confi-
guration with a spark igniter at the dead end of the compartment

hWain. Before ignition, one to three upstream compartments (41 m?
¢.¢ch) ¢re filled with a hydrogen-air mixture, the remaining
downstream compartments being filled with air of 1 bar. The maximum
admissible pressure differential acting on the partitinn walls of
the model containment amounts to 1.5 bar (0.15 MPa), the maximum
admissible overpressure for the outer containment shell is 4.9 bar.

The quantities measured are: initi.l H, concentration; transient
pressure, temperature, flow velocity in vent openings, and flame
front location (IR detectors).

Test Matrix:

A two-compartment Jdeflagration pre-test with 14 % initial H,
concentration, which was performed in December 1988, resulted in
excessive overloads and severe damage to test facility and
instrumentation. Twelve additional tests with one to three
corpartments filled with max. 11 vecl. % hydrogen were successfully
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performed in Apri) and May 1989. Another set of at least four tests
is scheduled for the end of 129%0.

Supporting Model Calculations:

At the beginning of the experiments, no code was available to
reliably predict multi-compartment deflagration effects. On the
basis of the experience made in the December pre-test, the H;
combustion models of the CONTAIN 1.10 code were modified to
recalculate this particular pre-test and to predict the course of
the first deflagration experiment of the new test series and the
resultin¢ pressure build-up. In the further course of the test
series, the code modifications and the plant-specific parameters
were improved from experiment to exeriment, resulting in an
acnuracy of the peak prescure pred.ction of < 0.1 bar.

Major Findings and Conclusions:

- Hydrogen combustion phenomena in a multi-compartment geometry
differ significantly from those in a single-compartment geometry.

- In the vent openings between the compartments (blockage ratios
between 65 and 93 %) a jet is formed which ignites the hydrogen
in the downstream compartments almost simultaneously (flame pro-
pagation velocities of several hundred meters per second), thus
reducing the vinting effect of the downstream openings and
yielding high local overpressures.

- This "jet-ignition" effect was observed even in cases of mocderate
initial pressure ruild-ups in the upstream compaitment (> 10 kPa)
and/or of low H., concentrations (> 5 vol. %) in the downstream
compariment.

- Jet ignition is strongly dependent on the geometry: It is very
effective (as described above) for jets entering the downstream
compartment in longitudinal direction, and less effective for
transverse jets.

- As a reaction on the rapid pressurization of the downstream com-
partment following jet ignition, the upstream compartment
pressure increases due to backflow and further combustioi. of
residual hydrogen.

- A bypass opening between the first compartment and the dome com-
partment of the containment limits the pressurization of the
first compartment.

- The described phenomena were cobserved in the present Battelle
model containment geometry. Thorough analysis of these phenomena
and subsequent developmeat of improved deflagration codes will be
necessary to transfer the experimental findings to real contain-
ment geometries and to assess possible consequences for reactor
safety.

{4y
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X ical Sapol .
N. M. Cole, B. L. Lipford, 7. J. Friderichs
MPR Associates, Inc.

A project is underway to obtain metallurgical samples from the bottom of the
TMI-2 reactor vessel. The purpose of this effort is to determine th:
metallurgica) effects that the melted TMI-? core material had on the bottom of
the vessel and the instrument penetrations located there. The irn vessel work
is scheduled to begin in November of 1989.

The current qeneral plar and secquence for taking samples from the bottom of
the TMI-2 vessel is de:cribed below. The reactor vessel sampling is being
undertaken with the general ground rule that we must not damage the reactor
vessel pressure boundary; it must be able to retain water with a modest amount
of pressure in the reactor coolant system. Further, the core baffle plates
read in excess of 2000 R/hr and are to be stored in the reactor vessel, thus
water is needed in the reactor vessel to shield personnel operating the long
handled tools to obtain the reactor vessel samples.

Sampliny is currently planned to be performed at both in-core nozzle locatiuns
and at open areas away from the nozzles. All work is to be performed through
an 18 inch wide slot in a shielded work platform. The slot is about 40 feet
above the sampling area ard all tooling will be required to operate remotely
through this opening.

The first step in the reactor vessel sampling efiort will be to scver the
in-core nozzles a few inches above the vessel inside surface. The nozzles are
about 12 inches high, 2 inches in diameter and are made of Irconel 600. It is
estimated that anywhere between 10 and 20 nozzles will be severed at this
eoint.  This number will include both those severed for nozzle penetration
sarples and those removed to _ermit ease of access in the bottom head area.
The nor-le cutting tool is an hydraulic driven abrasive saw.

The removed portion of the nozzles will be retained in smali special handling
and storage containers. This will preserve the nozzles’ individual identities
so that metallurgical studies can be correlated back to the observed core
debris in the bottom head.

The first reactor vessel samples will be taken from locations without in-core
nozzle penetrations. The samples will be removed with a Metal Disintegration
Machine (NDM) cutting device (electrical discharge cutting process). This
device is being developed by PCI Enorgy Services. The MDM head has two
U-shaped graphite electrodes that cut into the vessel surface at an
approximate 45 degree angle sc as to cut a triangular sample about three
inches on a side and approximately 6-1/2 inches long. This will Tlocally
remove about one half of the vessel total wall thickness.

The MDM device is positioned in the ve;sel by means of a manual tocol

positioner that is mounted in the o' - the reactor vessel on top of the
work platform. Tr(he manual too® . ! “sisic of several straight pipe



sections and was developed by GPUN for use witih the plasma arc cutting torch,
MPR has ¢-:cloped a hinged arm that attaches to the manual tool positioner and
articulates cutward from the center of the hemispherical lower head of the
reactor vessel. A lead screw is used to allow the arm to extend/retract about
16 inches so as tr position the MDM cutting head to the desired location for
taking the reactor vessel samples. The MDM head must be positioned against
the vessel with « load of about 600 1bs at angles up to 45 degrees.

While the posiiioning of the MDM cutting head is done manually from within the
containment building, the controls for the MDM culting process are located in
the command center outside of containment. We estimate, at this time, that
the sample cutting time will take approximately 10 tu 15 hours, depending on
the cutting process parameters and assuming that we do not run inte any
unforeseen problems, Once the samples are cut they will be placed in
individual shielded containers similar to those used to hold the in-core
nozzles.

The next set of vessel samples will be taken at in-core nozzle locations.
Pricr to cutting a sample that contains an in-core nozzle, a number of
preparatory steps must be done as discussed below.

Eacii in-core penetration in the reactor vessel bottom head (there are 52)
consists of a /4 inch-schedule 160 Incone! pipe and a two inch diameter
in-core nozzle. The in-core pipes penetrate through close tolerance holes in
the reactor vessel and are welded to the nozzles and the vessel on the inside
surface of the lower head. Removing a vessel sample at ihese nozzle locations
will remove the seal and retaining nozzle-to-pipe weld. To create a replace-
ment seal, an in-core seal plug will be installed prior to the sa ing
operation. The seal plug will be installed inside the 3/4 inch pipe, about
1 inch below where the sample will be taken. The plug is used to plastically
expand the 3/4 inch Inconel pipe radially outward such that it seals against
the vessel bure hole. This seal has been shown in tests to be leak tight at
pressures in excess of 1500 psig and has a load retention limit of about
30,000 1bs. To install these plugs, the in-ccre instrument strings will be
retracted from the seal table several feet to make room for the plug. Next,
loose debris will be cleaned out of the pipe hole and a measurement will be
mace of the inside pipe diameter.

We basically have only 30 calendar days to do this entire operation. The goal
s to remove between 8 ard 20 samples, and if past history at TMI-2 is any
guide, there are going to be some long days as well as some trying and
frustrating moments. One thing that TMI-2 has taught us is to be prevared for
a few surprises.



Bottom Head Failure Program Plan

Ralph 0. Meyer
USNRC

Earlier this year the NRC staff presented a Revised Severe Accident
Research Program Plan (SECY-89-123) to the Ccommission and initiated
work on that plan. Two of the near-term issues in that pian
involve fajlure of the bottocm head of the reactor pressure vessel.
These two issues are (1) Depressurization and DCH and (2) BWR

Mark I Z“ontainment Shell Meltthrough. For the former, the timing
of bottom head failure is important in relation to the window for
intentional depressurization or the occurrence of . failure
elsewhere in the reactor coolant system as a result of natural
circulation. And the mode of vessel failure, should it occur, is
important because small penetrations and large openings would have
greatly different effects on high pressure melt ejection and
subsequent diract containment heating. For the latter, which is
expected to be a low pressure event because of automatic
depressurization, the timing and mode of bottom head failure will
determine the rate of flow of material out of the vessel and across
the concrete floor. Debris flow rate, in turn, has a big effect on
heat transfer and attack on the metal structures. In both cases
the timing and mode of failure will have a definite relationship to
debris conditions (gquantity, composition, superheat) at the time of
failure. These conditions have a particularly strong impact on
subsequent events.

Some work on bottom head failure has already been done in
connection with the analyses performed for the NUREG-1150 risk
studies and the TMI-2 accident evaluation. An indication of what
work has been done and the general results is given below.

ORNI. has developed mcdels for several competing fajlure mechanisms
for BWRs. 'he modes of failure considered are (a) failure of the
penetration welds at the vessel wall, (b) failure of the inftrument
tube side wall, and (c) failure of the vessel wall itself. 1In
cases where a pressure differential exists, creep-rupture of the
metal is calculated; for other cases failure occurs at the melting
point. Analyses to date indicate that both penetration failure
modes occur shortly after bottom head dryout and within about ten
minutes of each other whereas gross failure of the bottom head is
not predicted to occur unti) 3-1/2 hours later.

INEL has performed analytical and experimental work directly
related to bottom head failure in connection with several progranms.
The TMI-2 evaluation included (a) analytical studies on potential
early failure of instrument penetrations from ablation by a molten
jet, (b) finite-element studies of lower head heatup and mechanical
response, (c¢) SCDAP/RELAPS5 studics to determine coupling between
system thermal hydraulics and debris behavior, and (d) TMI-2 core
and vessel examinations. 1I. addition, INEL has made creep rupture
measirements, ertablished master rupt: re curves, stulied the



influence of weldments on failure, and examinec the influence of
heat-alfected zones. Although the timing and nature of bottom head
failure will depend upon plant design and accident conditions,
results from their TMI-2 analyses indicate that globai creep
rupture for PWRs is less likely than penetraticn failure.

SNL has conducted a humber of analyses and experimental activities
to examine the failure of LWR vessels. (a) Jet impingement
experimerts have been conducted to examine erosion of steel by high
temperature melts. Metallic melts were found to be much more
erosive than ceramics. (b) Flow of molten materi-ls into
penetrations has been analyzed with a code callea PLUGM. Analyses
suggest that the melt would not have enough superheat to cause
failure in the small diameter PWR guidetubes. (c) Ejection of
instrument tubes after weldment failure has been analyzed and
experiments have been performed to validate the models. Under some
conditiong, diiferential thermal expansion will prevent tube
ejection. (d) Global rupture of the bottom head has been analyzed
with a model by Pilch that considers transient temperature and
stress distributions and calculates creep rupture using a Larson=-
Miller parameter. For a Grand Gulf (BWR) analysis, binding of the
instrument guide tubes prevented ejection, and global failure
occurrcd 37 to 50 minutes after impositior. of the vessel
temperature increase.

In addition to the government-sponsored work mentioned above, EPRI
and FAI performed studies on vessel failure for the Industry
Degraded Core Rulemaking Program (IDCOR). EPRI examined the
failure of a PWR vessel bottom head without penetrations, as found
in some Combustion Engineering reactors. They found that a corium
pool induced creep rupture in tens of minutes whereas a corium
stream or jet causes plastic strain failure in tens of seconds.
FAI examined the failure of BWR and PWR vessels with bottom head
penetrations using the MAAP code. 1n both BWRs and PWRs, they
found that penetration failures occurred in tens of seconds to
several minutes, and therefore no credit was claimed for
coolability within the lower plenum.

To yive more attention to this subject as called for by the :avised
Severe Accident Research Plan, two things are being done. First,
work previously done is being reviewed carefully to develop an
overall picture and to determine the reliability of assunptions
used in those studies. Second, new work is being planned for FY90
to try to complete a reasonable understanding of the failure
process. The review and planning are being done in close
cooperation with the ACRE. Results of this exercise will be
presented in this paper.



The 886 Charleston Earthquake~-An Overview of Geological Studies

Robert E. Weems and Stephen F. Obermeier
U.8, Geological Survey, Reston, VA 22092

The strongest historic earthquake in the scutheastern 'inited
States occurred in 1886 ~ear Charleston, S.C. The northe.st~-
trending meizoseismal zone (encompassing Modified Mercalli
intensity-X effects) was ubout 35 km wide and 50 km long, and the
es.imated bcdy-wave magnitude (mb) was between 6.6 and 7.1. The
300-ycar historic record documents persistent weak seismic
activity near Charleston and suggests that potential may remain
for recurrence cf a strong earthquake., This possibility is=s
reinforced by the discovery near Charieston of surficial features
interpreted to represenc a class of eartnquake~induced pal.v=-
iiquefaction features known as sand blows. A few of these
features can be ascribed to the 1886 earthquake, but most have
strongly developed scil profiles, and some contain wood and

carbonaceous clasts yielding radiocarbcn ages long predating the
historic earthquake rear Charleston.

In South Carolina, Holocene liquefactio: features are rare
in generally compact, hard-to-liquefy sediments more than 250,900
years old. In contrast, they are abundant in loose, easily
liquefiable, late middle to late Pleistocene sediments of the
Charleston area. These features occur, in much smaller numbers,
in sediments of similar age away from Charleston along the Souta
Carolina coast southward to Bluf:iton, S.C., and northward to
Sovthport, N.C. The ages and abir-dance of these featureg in the
Charleston area suggest that Holocene seismicity has been much
stronger there than in other parts of coastal South Carolina.

Radiocarbon ages from wood and charcoeal clasts in pre=-
historic sand blows provide our most detailed chronology for the
late Holocene earthquake history of the Charleston area. These
data (and historic records) inadicate that liquefaction-producing
earthquakes cccurred in the coastal South Carolina region around
100 YBP, 600 YBP, 1200 YBP, 1700 YBP, and 3200 YBP. Therefore,
the apparent average recurrence interval has been about 550 years
during the last 2,000 years. Althuugh regular age distributions
in small samples can be produced by chance, the documerted
sequence presently suggests periodic recurrence for eairthquakes
strong enough to produce liquefaction.

Other types of liquefaction features, also interpreted to be
earthquake induced, are found in the Ch.rleston area within the
vicinity of the 1886 meizoseismal zone. These include V-shrped
sand intrusions and ground shattered by sand intrusions. These
types of features do not contain carbonaceous materials that will
provide precise ages for their formation, but the degree of soil
profile development upon them suggests prehistoric Holocene
ages. Thus it can be concluded, on the basis of several types of
liquefaction evidence, that multiple liquefaction-producing
earthquakes have taken place near Charlest._n during the Holocerne,




Recent seismic activity in the Charleston-Summerville area
is occirring at depths of 3 to 15 km. These depths indicate that
the ultimate source of seismicity lies well below the Coastal
Plain cover., The origins of earthquakes within this basement
complex beneath the Charleston area reaain obscure despate
num2rous geologic, geophysical, and seismic studies during the
past decade. A numb2:r of possible faults in the basement and
deep Coastal Plain sediments have been located from geological
investigations and reflecticn surveys, but none of these
represents a major fault compatible with modern seismicity or
with the intensity distribution of the 1886 earthguake. Several
probable early Mesozoic basins and associated border faults have
been identified, but conclusive evidence linking them t¢ modern
reismicity in the area is absent. The only oasement feature that
lacks obvious analog elsewhere in the Cvasctal Plain is a circular
structure 31 mi in diameter; this structure may be a Paleozoic
impact crater or caldera structure.

Neither historic nor prehistouric surface faulting has been
documented in the Charleston area. The shallowest known fault is
a small, high-angl’e reverse fault cored near Mount Holly, S.C.,
where middle Eocene Santee L.imestone was thrust about 1.5 ft over
basal Cooper Group (upper Eocene). Eocene units of the Cooper
Group, especially the Parkers Ferry Formation, typically consist
of plastic calcareous clay. The plasticity of trnis unit, which
wanderlies all of the "harlestou area, may retard or prevent the
propagation of faultiug (pward above the level of the Santee
Limestone¢ and res.rict ncar-surface cectonic expression to warps
‘ather than faults.

A scenario of near-surface warping is compatible with the
geometry of the Eocene-0Oligocene unconformity withia the Coope!
Group. 7The geometry of this unconform.ty, defined by shallow
subsurface drilling, revnals three domes and two intervening
troughs, but no discrete faults. One domal feature, near Fcr
Bull alorn; Ashley River Road south of the Ashley River, is over-
lain Ly _ule Pleistocere marine sediments at elevations highe:
than expacted in the Charleston area. The anoralous elevatioa of
this univ suggests that this dome may have been upwarped about 5
ft within the last 80,000 years. The area is aseismic at
present, but it lies adjacent to, and directly along strike with,
the northwest-southeast~trending Ashlesy River seismogenic zone,
which terminates at its southeast end near Middletor Place. The
other two domes, located near Mount Holly and Bonneau Ferry, are
overlain by early to middle Pleistocene sedimenis that do not
readily reveal evidence of recent upwarping. The northeast
border of the Mount Hollv dome, however, lies parallel to and
Just southwest of the We:t Branch of the Cooper River. The
alignment of the river's course just beyond the edge of the dome
suggests relat‘vely recent tecto ic activity in this area. These
geomorphic observations link two of the domes ‘o geolog ' cally
recent tectonism in the Charleston ares hut it remains
undemonstrated whe.her or not these features are directly linked
to deep-lying seismogenic fsulted basement blocks.



PALEOUIQUEFACTION INVESTIGATIONS ALONG THE ATLANTIC SEABOARD
IMPLICATIONS FOR LONG-TERM SEISMIC HAZARD
Dy
DAVID AMICK, ROBERT GELINAS, GARR / MARAUTH, ana ROBERT CANNON
EARTH SCIENCE GROUP, EBASCL SERVICES INCORPORATED
2211 WEST MEADOWVIEW RD., GREENSBORO, N.C. 27407

The Charleston S.C. earinquake of August 31, 1886 (MM intensity X, estimaied body wave
magnitude 6.6-7.1) stands cut as the largest seismic event to occur along the Atlantic
Seaboard during historical times. In the late 1960's and early 1970's, it was generaily
accepted within the seismological and engineering communit, that seismicity occurring in
the Charleston, S.C. area was related .0 a tectonic structure ¢t structures unigJe to e
epicentral arsa of the 1886 earthquake. Thus, for purposes of deterministic seismic
design consideratiors for critical facilities, the occurrence of a similar large earthquake
outside the Charleston, S.C. area was not generally considered a credible event.
Hwever, over the past two decades, extensive multidisciplinary investigations have failed
to conclusively identify the cause or seismogenic source of the 1886 Charleston
earthquake. Consequenily, some investigators have taken the posiio:. hat seismic
everits, similar to the 1886 earthquake, may occur along the Atlantic Seabcard outside the
Charleston, S.C. area.

Within the past five years, investgations by the USGS, the University of South
Carolina, and Ebasco Services Incorporatec’ have documer ed the existence of
liquefaction features caused by the 1886 Charleston earthquake and at least threc large
prehistoric earthquakes of magnitudes similar to the 1886 event. These studies and
ctatistical considerations of the frequency vs. magnitude relationship of historical
seismicity suggest that in the Charleston area the recurrence interval for large events
similar to the 1806 earthquake is on the order of about ona to two (housand years. In
light of the very long return period documented in the Charleston area, the absence ot
large earthquakes elsewnere in the eastern U.S. during the . .ited historical record does
not in and of itself preclude the possible future occurrence of similar rare earthquakes in
other eastarn U.S. locales.

For the pas: three years the United States Nuclear Regulatory Commission has supported
a search for seismically induced paleo!iouefaction features 2long the Atlantic Seaboard.
These investigations are designad to determirz in a systemaiic fashion whether or not
seismically induced prehistoric liquefaction features, such as those assnciated with the
1886 Charleston, South Carolina earthquake, are present elsewhare in young sediments of
the Atlantic Coastal Plain. The discovery of similar liquefaction teatures in other areas
along the Atlantic Seaboard could indicate that large patentially damaging earthquakes
have not been restricted to the Charles.on area in the recent geologic past. Conversely,
if at the conclusion of this systematic search no evidence of similar paleoliquefaction
features are discovered outside the Coastal Flain of South Carolina, then the uniqueness
of this area in the context of eastern United States seismicily would tend to be
confirmed.



Initial phasey of this study focused or developing a comprehensive control data set
based on the evaluation of liquefaction sites and features located in the Charlestcr:, S.C.
orea. A total of over 100 probable liquefaction sites were identffied on the basis of the
detailed review of historical accounts of the 1886 earthquake, and results of moie recen:
studies cnducted by investigators from the USGS, the University of South Carolina, and
the authors.  After identification ot liyuefacion sites and features in the Charleston,
S.C. area, studies then centered on characierizing their geologic, stratigraphic, and
hydrologic setting and identiiying criteria tw which similar locales could be identified
elsewhere in the Atamic Coastal Plain. These studies also included the development of
recogniion criteria whivih could be used to distinguisi seismically inducsd liquefaction
features from pseudoliquefaction features (i.e. other features which look similar but are
not seismic in origin).

Based or these results, Ebasce is presently conducting a systemetic search for similar
seismically induced palecliquetacuon feaiures in other parts of the Atlantic Coastal Plain.
To date the search has focused on latn Quaternary beachh enz near shore deposits in
Virginia, North Carolina, South Carolina, and Georgia. These deposits are most similar to
the units where the great mainrity of iiqualaction features have been ideriii'ad | the
Charleston area. In aadition, imited studes have also been conducted along . » James
River in Central Virginia and near Wilmington, Delaware (locales of moderate seismiity
in the 1800's). To date, reconnaissance investigations have been completsci at over 800
potential sitrs. h.ore detailed investigations have beer completed at over 25u of these
same field sites, where conditions were determined 10 be especielly conducive to the
developmont of liquefaction features under low to moderate levels of seismic ground
motion. Numerous psuedoliquefaction featurey have been observed. However, to date,
conclusive evidence of seismically inckicad liquefaction has been found only in South
Carolina.

Of the liquefaction features identitied within South Carolina, many lie as much as 100 to
160 kilometers from Charleston, well outside the epicentrai area of the 1886 event
Further, based on the extensive scil profiles which have developed on these outlying
liquefaction features they are probably not associated with the 1868 Charleston
sarthquake. Cross cutting relationships observed at several (i these ourlying liquataction
sitee clearly document the occurrence of at least two nre-1886 seismc events. The
largest of the outlying liquefaction featuies appear to be associated with the "older”
liquefaction episode. While smaller than the largest hiquefaction festues previously
documened in the Charleston area, they are comparable in size 10 many iiquefactior:
features ooserved in the epicentral arca of the 1886 earthquake. Detailed studies are
presently under way at soveral nawly discovered outlying Lites in South Carolina to
provide insight 85 to whethar paleoliquefaction sites located well outside the epicentral
regicn of the 1886 earthquake are due to liquetaction associated with a larger pre-1886
Charleston earthquake, or liquetaciion assaciated with earthquakes originating in locales
outside the Charleston, S.C. area.
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PALEOSEILMIC HISTORY OF THE MEERS FAULT, SOUTHWESTERN OKLAHOMA
AND ITS IMPLICATIONS TO EVALUATIONS OF EARTHQUAXE HAZARDS IN THE
CENTRAL AND EASTERN UNTIZD STATES

F. H. Swan
Keith I. Kelson
Kevin J. Coppersmith
Geomatrix Consultants, Inc., San Francisco, California

The Meers fault art of the northwest-trending Frontal Wichita foult
system, which extends = . than 700 km across south-central Oklahoma and the
Texas Panhandle. This system of faults separates & series of crustal uplifts
on - . wnouthwest from very deep sedimentary basins to the northeast. This

structural trend coincides with the Southern Oklahoma aulaccgen, a fault-
bounded trough that formed in che Middle Cambrian and extendr into the craton
from the southern wargin of North Americ .

The Meers fault is one of the few raults in the United States east of
the Rocky Mountains that is known to exhibit evidence of late Quaternary
tectonic displacemert. Southwest-facing fault scarps .xtend along a 26-km
segmen. of the fault. Lineaments along the southeastern projection of this
trace sug-est the total length of Quaternary faulting could be as ruch as 37
km, Deupite the eviderce for vecent faulting, southwestern Oklahoma has had
v ry little historical earthquake activity., There have been no macroseismic
events associated with the fault and there is no pattern of microseismicity
that would suggest it is a capable fault.

Detailed geologic mapping and trenching at four localities along the
novthwestern part of the active trace indicate left-lateral oblique slip
(down-te-the-southwest) on a steeply northeast-dipping to nesrly vertical
fault. The ratio of lat. ral to vertica’® slip is between 1:1 and 3:1. The
sumvarized displacement data from these sites are tabulated below.

Preliminary analysis of 19 radiocarbon cates from the trenches indicate
there have been at least two (porsibly three) surface faulting events on the
Meers fault during approximately the past 5000 years. The most recent event
ocecurres about 1500 ynars ago., Based on the inferred rupturc dimensions,
these paleoseisnic events were probahly associated with earthquakes in the
magnituda ravige of M, 6% to M, 7%.

Analysis of faulted alluvial terraces along Canyou Creek suggests the
recent epivode of surface faulting was preceded by a long per.od of
quiescerce. Estimacved terrace ages suggest that the quiescence lasted for at
leant several tens of thousands of years and may have lasted for hundreds of
thousands of years.

Identification of earthquake sources and assessment of eaithquake
hazards in rhe central and eastern United States is complicated by the
genarally poor correlation oetween historical seismicity and geelogic
structure. Thie is certainly still the case for small to moderate magnitude
events, but a pattara may be present for the larger events. Four late
Procambrian or Paleoroic eulrcogens extend into the craton from the Paleozoic
southern margin of North America From west to east tLhese are: the Delaware
aulacogen in west Texas; the Southern Oklahoma aulacogen in southern Oklahoma;
the Reelfoot aulacogen north of the Mississippi Embayment; and the Mount
Rogers Aulacogen in Svuth Cervolina 2nd North Carolina. If one incluae. the



paleoseismic events on the Meers fault, wh.ck is alorng the Southern Oklahoma
aulacogen, major earthquaekes are spatially associated with thre: of the four
aulacogen. The New Madrid 1811-1812 earthquake sequence was along the
Reeltorot aulacogen and the 1886 Charleston, South Carvlina earthquake was
spatially associated with the Mount Rogers aulacogen. Th. evidence for large
paleoseismic earthquakes on the Meers fault und the s, atial assosciation of the
large historical earthquakes to other late Precambrian or early Taleozoi.:
aulacogen suggest the "ate Cenozoic strain deformation may be ? :alized along
these major zones ¢” crustal weakness. Althcugh identification of specific
source structures for majoi historical earthquakes is still problematical,
this patter.. suggests that the occurrence of large earthquakes is not random.
Expansion of the data set for large earthquakes 1. the central and eastern U,
§. by examining geologic evidence for paleoreismic events is contributing to a
better understanding of th» nature and causes of major es.thquakes.
Ultiuately, this will result in more reliable assessments of the potential
seismic hazards in the central and eastern United States.

SUMMARY OF DISPLACEMENT DATA

VERTICAL (m) LATERAL: | CUMULATIVE | NUMBER | NETSUP
Total Britte | uctile | VERTICAL | MET SLIP OF PER EVENT
Separation (m) EVENTS | (m/event)
SITE1 36403 1.6 1.8:03 | a)2.5:1 a)9.7£2.0 2(7) a)4.8(7)
£)1.3:1*' | b)5.9:05" b)3.0
SITE 2 24404 18402 | 0.A10.4 1.81 39+1.4 2 2.0£08
SINE 4
Upper 27410 | 00402 |18850] 131 |-
Channel
44512 2 23412
Lower 27207 | 10002 '1.7:07 | 141
vhannel
SITES
Browns | 45:05 [02-03%]42:08| - -
Cr. al.
Porter 44100 [06-1.0%| 36410 s -
Hill al.

*1. Assumes aspect ratio sanie &s sites 2 and 4.
*2. From Luza et ai. (1987).



THE POTENTIAL FOR GREAT EARTHQUAKES IN THE CASCADIA SUBDUCTION
ZONE, COASTAL PACIFIC NORTHWEST  EVALUATION F GEOLOGIC METHODS OF
ASSESSMENT

by

Alan R. Nelson and Stephen F. Personius

J.S. Geological Survey
Branch of Geologic Risk Assessment
MS 966, Box 25046
Denver, CO 80225

SUMMARY

A fundamental question in earthquake hazards research in the Pacific Northwest is the
potential for future great earthquakes on the Cascadia subduction zone in Oregon and
Washington. If plate-interface earthquakes have recurred in the late Holocene, determination of
their magnitude, oxte~t, and age is critical for resolution of safety issues in the region. A
number of diffe ~t geologic field studies aimed at resolving these issues are in progress in the
coastal areas of the Pacific Northwest. Because the record of paleoseismic events is
fragmentary, a variety of fifferent methods are being used to piece tagether the late Ouaternary
tectonic and palroseismic history of the region. Work in progress falls into two groups--
paleoseismology studies of the middle and late Holocene (<5 ka) coastal record, and studies of
cumulative late Quaternary tectonic deformation as expressed by marine and fluvial terruces and
river vallay morphology.

Holccene studies are focused primarily on identifying small (<2 m), sudden changss m
relat’ve sea level in coasal secimentary sequences. Much debate has centered on whether
observed changes in these sedirnents are abrupt or unique enough to be due to coseismic
movements or whether they were producod by non-tectonic processes. The interbedded peats
rnd muds so typical of late Holocene estuzrine sequences in .he Pacific Northwest are not
unigue to tectonically active coasts, and *hus they cannot be 2ssumed to have been caused by
coseismic subsidence. Fo- this reason, the most convincing studies have focused on evidence
suggesting sudden, significant rises in relative sea level caused by coseizmic subsidence of the
land surface. In Oregon, Peterson and Darienzo found no evidence of deposition within
marshes during either major historic floods or large storm surges. Delicute plant inacrofossils
found by Atwater at the upper contact of buried marsh surfaces in southwestern Washington are
some of the best evidence for sudden, coseismic subsidence. In the estunrine muds located
directly above these contacis, Hemphii'-Haley found transported shelf diatoms, apparently
carried by tsunan is. Detailed field ax! modeling studies of sand layers capping some of the
buried marsh surfaces by Reinaarr und Bourgenis should show whether the large, landward-
directed surges of sandy water that uccompanied some of the subsidence events were local',
generated 'wunamis. In more proteciea environments, microfossil studies of modern Aiatom and
foraminifere assemblages in Oregon marshes by Nelsor, Jennings, and Kashima have shown that
similar aisemblages iu cores can be used to dist.nguish gradual from sudden changes in relative
sea level. These methods will help acipher the character (relat’ /e amount ¢ pre-, co-, ani
post-seismic subsidence and uplift) of individual subsidence evernts




Initially, coastal sediment studies hinged on the assumption that '*C dating of estuarine
sediments wuuld be used to determine the age of coseismic subsidence events and to roirelate
these events from site to site along .he length of the subduction zonc. However, work by
Aiwater and others in Washington and our comparative dating program in centrel Oregon shows
that conventional '4C ages of buried marshes correlated using field relationships vary widely
depending on the type of organic material analyzed and methods of sample preparation. Our
work suggests that accelerator mass spectrometry **C analysis of caref ully selected and
extensively pretreated samples may be accurate enough to correlate events that are only 600-800
yoars apart. Tree-ring studies, such as those by Yamaguchi, ofter the best hope of accurately
dating the last one or two subsidence events, but this method can be applied to only those few
sites with well-preserved fossil cedar trees.

Studies of the late Queternary record are also being used to identify regional patterns of
deformation, and these patterns can be compared with similar data from historically active
subduction zones to help dcfine the earthquake hazard in Cascadia. For example, new mapping
and chronologic data obtained by Muhs, Kelsey, and others from a sequence of marine terraces
in south-cent-al Oregon showed that uplift rates were typicai of rates from other active
subduction zones. In the san:e region Mclnelly and Kelsey used detailed terrace and fault
mapping to Lighlight the impartant role that local structures play in the deformation of marine
terraces in southern Oregon. Active fclds and associated flexuvcal-slip faults in this area show
that the southern part of the Cascadia subduction zone is dominated by deformation on local
structures, rather thar regional deformation from great plate-interface earthquakes.

In central Oregon, studies of fluvial terraces by Personius have also provided information
on the styles and rates of forearc deformation. M2ay subduction zone fcrearcs have tectonically
active “old and thrust belts, but '*C and thermoluminescence dating of fluvia! terraces al.ng the
Silet ., Siuslaw, Smith, and Umpqua rivers suggest slow, regional uplift and r. general lack of
active folds or faults in the Oregon Coast Range.

Another asaect ot ragional essessment of deformation is Rhea's study of river and drainage
basia morphology throughout the Oregon Coast Range. While this analysis revealed numerous
anomalies in stream gradi:nt aad vailey geometry, further integration of geomorphic, lithologis,
and structural data is needed to help identify patterns of regional differential deformation.

Field efforts of the last few years have produced convincing evidence of coseismic changes
in land level along the Washington and Oregon coasts. However, at any single site the number,
age, character, and magnitude of the accompanying earthquakes remains to be documented It
.5 still unclear whether coseismic events were responses to local faulting or folding or to
regional deformation during great plate-interface earthquakes. Studies of coastal sediments
suggest that regiuna! seismic events (>100-km-long ruptures) are plausible in northern Oregon
and southwestern Washington, but the sedimentary record in southern Oregor is best interpreted
as the product of local events. These interpretations noint to segmentation of the Cascadia
subduction zone,

Although most studies have focused on the Holocene, regional neotectonic studies provide
the critical tectonic framework needed for interpreting the fragmentary record of Holocene
seismic events. Thus, when combined with seismological and geophysical studies and
comparisons with other subduction zones, thece regional studies may provide the most
convincing evidencs for segmentation of the Cascadia subductior zone. A credible segmentation
scenario using both Holocene and Pleistocene data will be the basis for future estimates of
magnitude and extent of probable plate-interface earthquakes in the region--critical information
for the assessment of the safety of nuclear facilities.



THE NOVEMBER 25, 1988 SAGUENAY EARTHQUAKE IN QUEBEC PROVINCE
AND ITS IMPLICATIONS FOR SEISMIC HAZARD ESTIMATES

Leonardo Seeber, Martitia Tuttle, Sue Hough and John Armbrusier
Lamont-Doherty Geological Observatory
Palisades, New York 10964

The 25 November 1988, Ms=6.0, Saguenay earthquake is the largest in eastern
North America since the 1935 Temiskaming earthquake, also in southeastern Canada.
Ongoing studies of this important event have already produced a number of surprising
results concerning earthquake hazarc estimates in easierr North America. Preliminary
obser ations t this point include: 1. The epicentral region is characterized by low historic
seismicity; 2. The steeply-dipping rupture is confined to the lower crust (25-30 km deep)
and yet it seems to be geometrically correlated with fracture contrelled topographic
lincaments; 3. Several faults were activated in the cftershock sequence, possibly including
one at & shallow angle; 3. Attenuation of high-frequency seismic waves over hundreds of
kilometers is very low and is lower along than across the structural grain of the
Appalachians; 4. Ground failure, including slope failures and liquefaction-related effects,
were induced over a broad area, substantially larger than expected from the magnitude of
the earthquake. Some of these points are discussed in more detail below.

The 1988 Saguenay earthquake wes centered in the Laurentide Mts-Saguenay River
region, 70 ki west of the Charlevoix seismic zone. In light of the historic record and more
than a decade of monitoring by a regional seismic network, this region had not been
recognized as a significant source of seismicity; hazard maps were drawn accordingly. This
earthquake was unexpected and underscores the limitation of the 150 to 300-year long
historic record in identifying all possib'e sources of potentially damaging earthquakes in
eastern North America. Thus, seismic haze-d estimates uased on a source distribution that
reflects only the historic pattern of seismicity may underestimate the hazard in other regions
of low historic seismicity.

Not only is the 1988 Saguenay epicentral region characterized by low beckground
seismicity, but the aftershock sequence is also thinly populated, v.hen compared to other
sequences in eastern North America associated with main shocks ~f similar size, such as
the 1982 Miramichi sequence in New Brunswick. Nevertheless, aftershocks recorded by ¢
temporary network operated for about a month, when combined with data on the main
shock, provide sufficient data to tentatively resolve the rupturing fanlt: a northwest striking
fault dipping steepay to the northeast with reverse and left-lareral motion (North et al,
1989). The rupture appears to be confined between 25 and 30 km in depth. Aftershocks
suggest another planar feature parallel to and about 10 km southwes: of the main rupture.
Both of these steeply-dipping features are limited down-dip by a plane dipping shallowly to
the west and defined by a broad scatter of epicenters, possibly a third fault activated in the
sequence. These three hypothetical faults fit one or the other of the nodal planes of the focal
mechanism for the main shock. Topographic lineaments in the 1988 epicentral region show
a pronounced peak in azimuthal distribution in a direction subparzl'el to the inferred
northwest striking rupture plane. Moreover, a major linearnent, at least as long 2.5 the 1988
hypocenter is deep, 1s spatially correlated with the surface extrapolation of that plans,
Considering the recently discovered correlation of the 1983 Goodnow (Mb=5.2) and the
1985 Ardsley (Mb=4.0) ruptures with fracture-controlled lineaments, the possible
correlation of the Saguenay rupture with a structure that has a surface expression seems
plausible and merits close attention. Such correlatior,, however, may remain hypothetical
because of the uusually large depth of the 1988 hypocenter.



Numerous studies have shown that seismic wave attenuation is lower in eastern
than in western North America. ki rthquakes of comparable magnitudes and distances tend
to generate higher ground motion in the Ea<t than in the West. Dat-. from the Saguenay
earthquake not only support this general conclusion, but they suggest that the difference in
attenuation between the East and the West may be even niore pronounced than previously
thought. Both peak and spectral ground motion amplitudes from this event were
significantly higher than predicted from ground motions of previous eastern earthquakes.
The higher than expected ground motion at high frequencies and at large distances may be
due in part to the large depth of the 1988 source (28km). Both intensity data and theoretical
modeling of seismic wave propagation suggest that ground r. ~ don amylitudes of events in
the lower crust relative o amplitudes of events in the she' & crust are lower at short
distances, comparable at the hypocentral depth, and higher at mfer distances. In plausible
configurations of source depth and velocity structure, peak acceleration values for a deep
crustal earthquake may decay very slowly out to epicentral distances of 100-200 km,

The Saguenay data have alse provided the first instrumental evidence of attenuation
anisotropy. Wave propagation is significantly more efficient along the northeast structural
grain of the Appalachian: than across this grain. A similar conclusion was reached from the
shape of isoseismal contours which tend to be elongated along structural trends of the
Appalachians. The Saguenay ~arthquake is the first M26 eastern event to be recorded on
scele at distances ranging from few teas to one thousand kilometers. How representative
this event is in terms of ground motion will be resolved only with new data. Before then, it
seems prudent to consider this earthquake representative where it increases previous hazard
evaluations.

The Sagu-ay earthquake induced liquefaction and related ground failures at least
25 km away from its epicenter (i.e., 37 km from its hypocenter). Based on western data,
this earthquake which is at least 25 kilometers from the nearest surficial deposits, would
not generally be expected to cause liquefaction (Youd and Perkins, 1987). This
phenomenon is likely to be due in part to lower attenuation and, consequently, higher
round motions from similar earthquakes in the East than in the West, as discussed above.
n northeastern North America, there is a broad distribuwon of materials that are likely to be
susceptible to liquefaction. These materials include glacial and post-glacial d=posits,
typically lacustrine, marine, and fluvial sands, silts and clays, which have not been
overridden by retreating ice sheets and have high porosities. These poorly consolidated
sediments often rest on competent, high velocity bedrock that allows seismic energy to
reach the sediments with little attenuation. The abeve factors result in high liquefaction
potertial and may significantly contribute to seismic hazasis in eastern North America,
particularly in the glacicted Northeast.

The Saguenay earthquake triggered both liquefuction and slope failures. Similar
effects are expected from M26 earthquakes in the same area during the Holocene. Thus,
paleoseismic techniques may be useful in reconstructing the distribution of large prehistoric
earthquakes improving seismic hazard estimates in the Laurentide->aguenay-Quebec
region. Detailed descriptions of deformation structures at sites of documented liquefaction
provide information regarding the types of earthquake-induced structures that form in
glaciolacustiine and glaciofluvial deposits. Furthermore, comparisons of site conditions
and liquefaction features that formed at different distances from the source may help to
develop a scaling relationship for estimating the size of past earthquakes. Analysis of the
physical characteristics of deposits as a function of their envircnment of deposition will be
useful in the development of such a scaling relationships as well as in the identification of
indicator deposits for future paleo-earthquake investigations.



A Nationa: Seismographic Network for Assessing Seismic Hazards
by
Robert P, Massé and Andrew J, Murphy

Network developed by National Earthquake Information Center,
UsS. Geological Survey

To access the selemic hazard of a region and to establish the design
and construction criteria for critical facilities such as nuclear power
plants, detailed irformation .e required on the frequency of occurrence,
geographical distribution, magnitude, and energy spectra of earthquakes.
Also importent is information on the frequency~dependent attenuation of
seismic waves. This information can all be obtained from data recorded by
networks of selsmograph statiocas.

In the past, the frequency bandwidth, dynamic range, calibration, and
recording systems of seismograph stations have all been deficient to some
degree. Advances in technology now make it possible to record very high
quality seismic data over a large frequency band and with a large dynamic
range. A new seismograph network for the United States which takes
advantage of advances in technology is currently under development. This
network is the United States National Seismograph Network (USNSN),

The USNSN is a cooperative effort between the National Earthquake
Information Center (NEIC) of the U.S. Geological Survey and the Nuclear
Regu'atory Commission. The USNSN will be {nstalled and operated by the

NEIC,

The network will consist of approximately 150 seismograph stations
distributed across the lower 48 states and across Alaska, Hawaii, Puerto
wico, and the Virgin Islands. The design goal for the network is the on-
scale recording by at least five well~distributed stations of any cvent of
magznitude 2.5 or larger in the continental United States, Hawail, and Puerto
Rico, and of any event of magnitude 3.5 or larger in Alaska.

Each station of the network wiLl record three-component information
with a very high dynamic range (210 dB). The frequency response will be
broadband with primary emphasis on the range 20 Hz to 100 seconds. DJata
from each USNEN station will be transmitted in real time via satellite to
the NEIC in Golden, Colorado. Calibration of the stations can be
accomplished automatically or renotely for each channel. The satellite link
has sufficient capacity and cost effectiveness to make feasible the trans-
mission of regional network data in addition to the USNSN data.

The rapid access to all USNSN data will be provided by the NEIC, This
vill be accomplished both via a dial-up capability to the event woveform
data base and by satellite transmission i a bro . dcast wmode. All earthquake
data will also be distributed on compact disk with read only memory (CD=-ROM)
to all institutions having an interest in the seiemic data.
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Overview of NUREG-1150,
Severe Accident Risks: An Assessment for Five
U.S. Nuclear Power Plants"

Mark. A. Cunningham
Josepn A. Murphy
J.S. Nuclear Regulatory Commission

One princinal supporting element to the NRC staff’s severe accident closure
process is the reassessment of the risks of such accidents using the
technology developed through the 1980s. This reassessment constitutes a
snapshut of the risk of severe accidents at five commercial U.S. nuclear power
plants - Surry, Sequoyah, Zion, Peach Bottom, and Grand Gulf. NUREG-1150
summarizes the results of the PRAs and gives perspectives on how the results
may be used by the NRC staff in carrying out its regulatory responsibilities.

NUREG-1150 was first issued in draft form in Janvary 1987 for public comment.
In response, 55 ccmments were received totalirg over 800 pages. Also,
comments ware received from three organized peer review committees: the Kout's
Committee reviewed the uncertainty methods; the Kastenberg Committee and a
speciai committee of the American Nuclear Socieiy reviewed NUREG-1150 as a
whole. All the comments received have been placed in the NRC Public Document
Room. Appendix D provides a summary of these comments and NRC responses. The
current (second) version of NUREG-1150 (Second Draft for Peer Review), dated
June 1989, reflects improvements made as a result of the comments on the
previous version of NUREG-1150 and the continuing development of the
technology.

The objectives of NUREG-1150 arn:
- To provide a current assessment of severe accident risks,

- To summarize the perspectives gained in performing the risk
analyses, and

- To provide PRA models and results that can support ongoing
prioritization of potential safety issues.

The analyses discussed in the report include the analysis of the frequency of
severe accidents, the performance of containment and other mitigative
structures in such accidents, and the offsite consequences of these accidents.
The accident frequency analyses consider initiating svents at full power
operation. For two plants, both internal events (e.g. random failure of plant
equipment, operator errors) and external events (e.g. earthquakes, fires) have
been considered as initiating events; for the other three plants, only
internal initiating events have been studied.

Significant ‘mprovements have been made in NUREG-1150 since the first draft
was 1ssued, especially in several areas. Expert judgment was used to fill in
aaps in the understanding of severe accidents; the process for obtaining these
Judgments was improved over that used in the draft version. Also, the display
of the results was improved.



In the NUREG-1150 report, the results of the five plant analyses are briefly
described. The details of the analyses are reported ir supplementary reports.
NUREG-1150 hi?htights results and discusses perspectives that are to be gained
from the results and uses of the analyses as a resource in the regulatury
process. Principal results include:

- Core damage frequency (with and without external events),
= Principal contributors to the mean core damage frequency,

. :ro?ability (conditional and atsolute) of early containment
ailure,

- Source term results, and

Several measures of public risk, including a comparison with the
Reactor Safety Study and safety goals.

It is important to consider what NUREG-1150 is and is not:

. It is a snapshot in time of risk at five commercial nuclear power
plants reflecting plant design and operational iniormation as of
March 1988,

- It is a quantitative and qualitative resource document,
- It is not the sole basis for making regulatory decisions, and

- l% is not an estimate of the risks at all commercial nuclear power
planis.

The second draft of NUREG-1150 is being reviewed by a special committee formed
by the NRC. The purpose of the review is to provide the NRC with a technical
peer review of the adequacy of the methods, insights, analyses, and
conclusions. In particular, the committee will proide its comments and views
on the following: the adequacy with which NUREG-1152 addresses the comments of
the Kastenberg Committee; the adequacy of the desci'iption of uncertainties in
both the front end (event frequency) and back end (severe accident phenomena);
the extent to which PRA should focus on the low probability tails of the risk
distribucions; the degree to which the methods in NUREG-1150 can be used as
standard methods in PRA; and recommendations. The review began in July 1989
and is expected to take roughly one year to complete. During this time,
regular briefings by the NRC staff and its contractors will take place.
Following completion of the peer review, ihe risk analyses will be updated as
nececsary, and final documents prepared.
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SAND88-2253C (Summary)
USE OF EXPERT JUDGMENT IN NUREG-1150w

T. A. Wheeler, F. T. Harper, N. R, Ortiz
Sandia National Laboratories

1. 1INTRODUCTION

The expert judgment process used in NUREG-1150, "Severe Accldent Risks: An
Assessment for Five U, §. Nuclear Plants,” is an advance over those processes
developed in previous probebilistic risk assessments. The new process was
used to obtain expert judgment on issues expected to be the main contributors
to the poteutial risk of five nuclear plants. The use of expert judgment
helped to incorporate both the experience and the research results obtained
since the Reactor Safety Study (USNRC, 1975). The new process also enabled
NUREG-1150 to include a comprehensive uncertainty analysis, an analysis that
haud -een lacking in the earlier Reactor Safety Study.

This process for gathering expert judgment was developed in response to
criticisms applied to the previous Reactor Safety Study by the Lewis Committee
(Lewis, 1978) and to review comments of the Kouts Committee (1987) on the
draft NUREG-1150, The process is based on accepted decision analysis tech-
niques and findings from the numerous studies involving the quantification of
Judgment. The result, a formal process for eliciting and documenting expert
Judgment for risk assessment, is one of the major contributions of NUREG-1150.

Definition, Quality, and Use of Expert Judgment

Ixpert judgments are expressions of opinion, based on knowledge and
experience, that expeits make in responding to technical problems.
Specifically, the judgments represent the expert's state of kinowledge at the
time of response to the technical question (Keeney and von Winterfeldt, 1988).
Expert judgment is not restricted to the experts' answer but includes the
experts’' mental processes (definitions, assumptione, and algoritbms) for
arriving at answers.

The quality of expressed expert judgments can vary according to the manner in
which they are gathered. Guidance on how judgments should be gathered, such
as with minimal bias, comes from a larpe body of experiments on human
cognition and communication. Much of this rescarch has been stimulated by
three fields--psychology, decision analysis, and artificial intelligence. The
quality of expert judgment is usually evaluated in terms of the methods used
to gather these judgments. For example, state-of-the-art elicitation methods
should avold any systematic bias and include consistency checks with feedback
to the experts to allow for revisions of expressed judgments.

* This work nﬁ}ported by the United States Nuclear Regulatory Commission and
performed at Sandia National Laboratories, which is operated for the United
States Department of Energy under Contract DE-AC04-76DP00789,
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Need of Expert Judgmeni in Risk Assessment

The use of expert judgment in risk assessment is often implicit. However,
risk assessment frequently needs explicit expert judgment as & source of data,
particulurly if one or more of the following situatienc exist:

1. No other data for answering the technical problem or issue are
available.

2. High variability characterizes the data.

3. Experts question tne applicability of the data.

4, Existing data tueeds tc be supplemented, interpreted, or incorporated
with model or code calculations.

5. Analysts need to determine the state of knowledge about what is
currently known, what is not known, and what is worth learning.

11. EXPERT JUDGMENT PROCESS

The expert judgment process used in NUREG-1150 includes steps recommended by
state-of-the-art probability encoding studies. These ctteps are:

Selection of issues and experts,

Elicitation training;

Presentation of issues to the experts;

Preparation of issue analyses by the experts;

Discussion of {issue analyses and elicitation of expert’'s judgments,
and

Recomposition and aggregation of expert’s judgments.

WS W

>

ITI. CONCLUSION AND RECOMMENDATIONS

As with all sciencific and statistical analyses, expert judgment can be
misinterpreted and misused. It is important to understand the proper use of
expert judgment to reduce the likelihood of improper use.

Expert judgment should not be held as equivalent to technical calculations or
models based on physical and mathematical laws or extensive data. But, expert
elicitations are useful for those problems where recognized methods or
sufficient data from solving the problems do mnot exist, They provide
quantitative representations of the state of knowledge of such problems at the
present time. These representations provide a basis [ur decision making and
communicatione throughout the industrial, scientific, and regulatory
communities irterested in these issues. Interested parties (e.g., utility
groups, regulatory agencies) who disagree with or are concerned by the results
of expert assessments may become motivated to do experimentation or analysis
on particular issues. If these efforts result in improved understanding of
the issues and soiutions that differ from the expert’s assessment, then this
is 1 contribution or succees of the expert judgment process, not a failure.
The expert assescments serve as the best representacion of an issue until such
time as the state-of-knowledge changes, and the expert assessment may be a
catalyst for improved knowledge on the issue. The documentation of the
experts' rationale and models allows reviewing and upgras ng the results, if
future experiments or analyses preduce new information.
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External Event Analysis Methods for NUREG-1150%
by

M. P. Bohn and J. A. Lambright
Sandia National Laboratories

Abstract

The U.S. Nuclear Regulatory Commission is sponsoring probabilistic risk
assessments of six operating commercial nuclear power plants as part of
a major update of the understanding of risk as yprovided by the original
WASH-1400 risk assessments. In contrast to the WASH-1400 studies, at
least two of the NUREG-1150 risk assessments will include an analysis of
risks due to earthquakes, fires, floods, etc., which are collectively
known as "eternal events". This paper summarizes the methods to be used
ia2 the external event analysis for NUREG-1150 and the results obtained
to date.

The two plants for which external events are being considered are Surry
and Peach Bottom, a PWR and BWR respectively. The external event
analyses (through core damage frequency calculations) were completed in
June 1989, with final documentation available in September.

In keeping with the philosophy of the internal events analyses for
NUREG-1150, which are ircended to be “"smart" PRAs making full use of ail
insights gained during the past ten years developments in risk
assessment methodologies, the corresponding external event analysis will
also be performed by newly-developed simplified methods. These methods
have b2en under development at Sandia Naitional Labs under the
sponsorship of the NRC's Division of Risk Assessment as part of their
Dependent Failure Methodology Development Program. The first
application of these new methods was to the seismic analysis of six
power plants as part of the NRC-NRR's 