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PREFACE
|

\

(- This report contains summaries of papers'en reactor safety research to be i
i

presented at the 17th Water Reactor Safety Information Meeting at the Holiday [
tinn Crowne Plaza in Rockville, Maryland, October 23 2$. 1989, The summaries
t

briefly describe the pro 5 rams and results of nucicar safety research sponsored !

by the Office of Nuclear Regulatory Research, USNRC. Summaries of invited papers j
concerning nuclear safety issues from tho electric utilities, the Electric Power |

Research Institute (EPRI), the nuclear industry, and from the governments and [)
!-

industry in Europe and Japan are also included. The summaries have been compiled
1-in one report to provide a basis for meaningful discussion and information |

exchange during the course of the meeting, and are given in tho order of their k
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 ntaber in the Table of Contents. f
I

?

A summary of the agenda is printed on the Inside of the back cover. '
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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 Regulatory Commission (NRC) and the industry are both )
participating in the identification of measures that can prevent the progression i

of a severe accident or mitigate its consequences. Infomation important for :

evaluating these accident management strategies for specific plants is expected i

to result from the ongoing Individual Plant Evaluation (IPE) program. However, 1
NRC staff have identified a number of generic strategies which may not have to j
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, 2) 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. i

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 plants, 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. |
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Responding to Emergenciest How Organisation and Management Make a Difference

Daniel S. Metlay, Sonja B. Haber, and William J.1.uckas I
En6 neering Technology Divisioni
Brookhaven National Laboratory i

Upton, New York 11973 ;

,

There is an observable and definable process that occurs during the course I
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

,

allocation of authority and responsibility and the skill of the personnel, 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 i
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 wss 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 i

discussion of the work processes important for safety performance. In this work ;

a NPP has been classified as a "machinn 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
philosophy for dealing with accident and emergency conditions at a NPP. By their

l very nature, however, accidents and emergencies carry with them varying degrees
I of uncertainty and ur.axpected 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 hoc responses, are significant, and the conflict between conformance to i
procedures and the ability to improvise can result in dysfunctional behavior. .

Based on the documentation reviewed during the first task of this project,I

| it is possible to specify an observable and definable process for responso to
| accident and emergency situations in a NPP. The process can be described by

eight major elements; the initiating transient, information about plant behavior,i

diagnosing the problem, availability of emergency procedures, adequacy of
emergency procedures, implementing emergency procedures, developing an ad hoc
response, evaluating an ad hoc response and implementing an ad hoc response. <

i
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( Importantly, the process to be described is an iterative one. Procedures and
improvised responses are executed sequentially and the results of action are ,

assessed and additional steps are taken if necessary. |
t

Each of the eight elements in the process involves, to varying degrees, j

group decisions. Initially, there is a team of operators who are likely to make
choices only after considering the situation among themselves. Once the

,

Technical Support Center is activated, collaboration becomes more complicated t

and structured. Similarly, decision making in the Emergency Operations Facility
is often a team activity. Consequently, organizational, rather than individual i

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, i

'
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 involved
in resolving uncertainty.

References t

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

of 1988 IEEE Fourth Conference on Human Factors and Power Plants, New York, ;

IEEE, 1988, pp. 349 352. ;

2) Mintzberg, H. , 'The Structuring of Organizetions," New Jersey: Prentice.
Hall, 1979.
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FRAMEWORK FOR ACCIDENT MANAGEMENT *
'

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

;

Idaho National Engineering Laboratory '

Idaho Falls, ID 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 i

,

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 is currently conducting an Accident Management Program [that is intended to aid in defining the scope and attributes of an >

accident management program for nuclear power plants. The fundamental |objective of the Program is:
|

"Each NRC licensee shall implement for each nuclear plant an ' Accident ;

Management Plan' which provides a framework for evaluating information t

on severe accidents, including (that developed through conduct of theIndividual Plant Examinations IPEs), for preparing and implementing '

severe accident operating procedures, and for training operators and
managers in these procedures."

t

The accident management plan will ensure that a plant specific program is
developed and implemented to promote the most effective use of available
utility resources (peo)1e and hardware) to prevent and mitigate severe
accidents. Hardware c1anges or other plant modifications to reduce the i

,

frequency of severe accidents are no_t. a central aim of this program t

To accomplish the outlined objectives, the NRC has developed an
accident management framework that is comprised of five elements:
(1) Accident Management Strategies, (2) Trainin , (3) Guidance and
Computational Aids, (4) Instrumentation, and (5 Delineation of Decision '

Making Responsibilities. A process for the dev lopment of an accident
management program has been identified using these NRC framework :
elements. A brief description of each of the six steps in this process
follows:

>

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 '

characteristics 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
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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
issues and are not specific to an individual strategy. For example,
assessment of the general netds for the strategy framework element
would address the capability of existing strategies to prevent or
mitigate severe accidents, identify whether there is a need for j

strategies in addition to those already existing, and determine the
'

necessary capabilities for any additional strategies.

Step 3 Identify Strategy Specific Development Needs
t

The objective of this step is to identify the specific needs for
strategies that were identified in Step 2 as being needed for the i
prevention or mitigation of severe accidents. The process would: 1

(1) provide a means for identifying and selecting potential strategies
to meet the general needs identified, (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 i
'both feasibility and effectiveness.

Step 4 Develop and Implement Accident Management Program e

The objective of this step is to implement the general and strategy t

specific needs from Steps 2 and 3 into a severe accident management .

program that is integrated and coordinated with the plants 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 m nagement program to ensure that it will provide the desired
level of performance for the program. 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 of 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 c

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.

...
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EVALUATION OF STRATEGIES FOR
SEVERE ACCIDENi PREVENTiOM AND MITIGATION (E) e

'
Project Manager R. Tokarz

Pacific Northwest t.aboratory
..

,

The NRC is planning to establish regulatory oversight en severe accident
management capability in the U. S. nuclear reactor industry, Accident
management includes certain preparatory and recovery measures that can be
taken by the plant h 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 m the vessel,
3) maintain containment integrity if the 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 paaer will describe work performed to date b
Laboratory (PNL)-and Battelle Memorial Institute (BMI)y Pacific Northwestrelative to severe
cccident strategy evaluation, as well as work to be performed and expected
results. Working with Brookhaven National Laboratory, PNL evaluated a series
of NRC suggested acident management strategies. The evaluation of these
strate 3 1es was ' divided between PNL and Brookhaven National Laboratory and

'a similar paper will be presented by Brookhaven regarding their strategy
,

evaluatior !

L Work performed to date includes the following:
,

a preliminary evaluation of the feasibility of developing selectede

emergency operating procedures for management of accidents that
exceed a plant's design basis.

evaluation of these strategies in terms of plant-specific*

l' procedures.

; evaluation of the feasibility and potential for risk reduction of*

similar procedures for both PWRs and BWRs where applicable.!

cv.hc,ds development research on means of identifying nuclear plant*

vulnerabilities to severe accidents and accommodating them with
candidate strategies.

_

(a) Prepared for the U.S. Nuclear Regulatory Comn.ission under
Contract DE-AC06-76RL0 1830, NRC FIN 2930.
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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 hRC proposed strategies directed at a more |
complete evaluation of accident prevention and mitigation. The tasks are
as fo? lows:

Task 1: Evaluate a set of Candidate Strategies for accident*

managenent, including development of guidelines for accident
management procedures and evaluation of the procedures according
to six specific criteria. '

Task 2: Review of Candidate Procedures, including review against* 1

existing 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 safety issues related to the research
and emphasize the strategies that are applicable to major safety issues. -

The relationship of these research activities to other projects is discussed, ;

as well as planning for future changes in the direction of work to be
undertaken.

.

f
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RECRITICALITYINABOILINGWATERREACTORFOLLOWINGACOREDAMAGEACCIDENT(a)

Project Manager R. Tokarz
Principal Investigator R. Libby

,

!

Pacific Northwest Laboratory

This paper will address the potential for a recriticality following core
damage after a hy)othetical loss-of-coolant accident in a boiling water
reactor (BWR). T1e domain of conditions under which a recriticality is
possible, as well as the consequences of a recriticality accident, will be
discussed.

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 (or is the first available water supply), it is important that
is possible. In the event that only unborated water is

accessible
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 fonnation of both
smaller particles (through fuel shattering) and larger particles (through
melting and agglomeration) is possible. The reactivity is thus a function
of fuel particle size, water-to-fuel ratio, and the concentration of boron
in the reflood water.

,

Accident consequences will primarily be functions of the total energy
release and the peak pressure pulse obtained during the event. These will,
in turn, be functions of the system reactivity and the )ositive reactivity
insertion rate. The system reactivity will depend on tie 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.
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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 possible reflood rate (hence reactivity insertion
rate) and hioh ',nitial reactivity. Although the standing core reactivity .

is slightly hss than that for the optimum combination of fuel 3 article '

size and water-to-fuel ratio, the rate of reflood is at the hig1est rate
possible. In addition, no fuel melting 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 to onset of significant
fuel damage.

Although a modest core collapse could increase the reactivity compared
to an intact core, the reactivity insertion 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 core 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.
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MitiguRRm tttDirect Containment Heating by intentional Reactor Coolant
System Depressurization |

Daniel W. Golden
John D. Miller ;

Idaho National Engineering Laboratory j

EG&G Idaho, Inc.
Idaho Falls, Idaho j

Frank Odar
United States Nuclear Regulatory Commission

Rockville, Maryland

An investigation of intentional depressurization of the reactor co'olant system (RCS) as a t

means to mitigate direct containment heating (DCH) is presented. A DCH event could occur
as the result of the dispersal of molten corium into the containment caused by a high pressure
core melt election. The resulting containment pressure increase might be sufficient to cause
containmetr failure. The probability of occurrence for a DCH event is a function of the

. driving >ressure for the core melt ejection, the quantity of molten core ejected and the
compos tion of the core melt. Although the latter two parameters are important, the RCS e
pressure is monitored and can be controlled to some extent by the plant operators during a
severe accident. Possible strategies to mitigate DCH include (a) prevent core melting,(b) -
depressurize the RCS, or (c) take no action. Primary and secondary feed and bleed strategies
are considered as basic options to prevent core damage. For a station blackout, where the ac
power is lost, there is no safety injection. For a TMLB' transient, the additional failure of
the auxiliary feedwater is assumed. For this transient, a primary or secondary feed 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 primary 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 early.
dentessurization. In the second case, the depressurization is initiated at the time of core
uncovery. This case is called late dentessurization. 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 to rapid depressurization of the primary. In the late
depressurization, surge line failure is 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 serpoint. The accumulator flow into the RCS is calculated to be insufficient to

i

* Work supported by the U.SINuclear Regulatory Commission, Office of Nuclear
'

Regulatory Research, under DOE Contract No. DE AC07-76TD01570.

I
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prevent core heatup.' The t;arly depressurization calculations estimate that the RCS pressure
can be reduesdee4ene than 1.5 MPa (220 psis) at the time of reactor pressure Fessel 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

2cooling. 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 late
depressunzation calculation. Surge line failure also results in accumulator injection,
quenching, and reflooding of the core. However, this occurs only after significant core heatup
(peak cladding temperature calculated to be ~2000 K) has taken 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) perfortn feed and bleed operation if the ac
power is recovered within a certain period of time; (b) establish an emergency source of
feedwater independent of the ac power for a feed and bleed operation;(c) depressurize the
primary system if an emergency source of feedwater is not available; and (d) take no action.

1

|
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Figure 1. Calculated pressure for the three depressurization strategies.
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| Reactivity Accidents:

A Reassessment of the Design Basis Events >

D. J. Diamond
C. J. Hsu '

R. Fitzpatrick

Brookhaven National Laboratory
Department of Nuclear Energy

Upton, New York 11973 '

t

The required safety analysis for light water reactors includes various
reactivity events which must be shown to result in acceptable consequences inorder for plants to be licensed. Although it is possibic to hypothesize
reactivity events that might lead to unacceptable consequences, in the past such
unanalyzed events were either 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
possible of hypothetical reactivity events and then to screen these events in
light of current knowledge to determine if any might require detailed analysis.
The: goal of the study was to either reconfirm or bring into question prrdous
judgements on the adequacy of the reactivity events required for analysis. The
screening was done by performing probabilistic and/or deterministic calculations '

and, where available using the research of others.

The focu:; 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. All 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 control blades have been removed and are

|
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inoperative. The NRC is studying this event and related sequences
in a follow-on study so that it will be able to act in a timely
manner on any corrective actions (such as changes in Technical
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 low 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. [

t
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:
U. S. NUCLEAR INDUSTRY ACCIDENT MANAGEMENT GUIDELINES

BY
,
,

DAVID J. M00EEN
m NUCLEAR MANAGEMENT AND RESOURCES COUNCIL

AND

RICHARD N. OEHLBERG
ELECTRIC POWER RESEARCH INSTITUTE

...........................................................................
INTRODUCTION

The Nuclear Management and Resources Council (NUMARC) serves as the '

United States nuclear power industry's principal mechanism 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 management 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

| Severe Accidents 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 Manaaement refers to actions taken during the course of an accident
| by the plant operating and technical staff to: (I) 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 Evaluatina Accident Manaaement Capabilities provides an
industry-wide standard approach to plant-specific assessment of current

1-17
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accident management capabilities, and a listing and schedule for implementing
plant-specific enhancements to that capability.

Plant-Soecific Accident Manaaement Proaram are those enhancement items |
identified and scheduled for implementation as an outcome of a utility-specific !
evaluation of accident management capabilities, j

BACKGROUND

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

While the SECY 89-012 partitioning 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:

Steo 1: Identify categories of severe accident sequences for the
pl ant.

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

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

Step 4: Test candidate enhancements against specifics of sequences.

Steo 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 systematic basis for assessing and applying those insights.

1-19
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Heavy-Section Steel Technology Program - Fracture Issues

W. E. Pennell >

,

Oak Ridge National Laboratory
Oak Ridge. Tennessee 37831

ABSTRACT
,

Fracture prevention technology for steel reactor vessels in comercial
nuclear power plants licensed by the Nuclear Regulatory Comission 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 Laboratory (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 comercial 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. Iower 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
limits. Surveillance and research reactor data from the High-Flux Isotope
Reactor (HFIR) at ORNL have indicated accelerated irradiation embrittlement j

under conditions which raise concerns relative to the lon8 term i
structural integrity of some reactor vessel supports. Upcoming plant life- ;

extension actions further emphasize the need to upgrade fracture prevention 1

! technology and the associated regulatory Codes and Standards to fully I

| 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

| requiremants. 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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Objectives for the current phase of the HSST program include (a)
development and validation of fracture methodology for the prediction of
mixed-mode crack propagation in low-toughness materials, (b) development
and validation of innovative testing techniques for crack-arrest toughness
testing at temperatures and driving forces representative of those
encountered in potential PTS transients. (c) generation of crack-arrest
data and interpretive analyses in support of an initiative to justify
extension of the ASME Code K a curve beyond its current 200 KSI41n. limit,I

(d) completion of a benchmark PIS test on a heavy-section steel vessel
containing a low-upper-shelf weld and (e) providing continued support for
the ongoing NRC evaluation- of the effect of low-temperature low-flu;t
irradiation embrittlement on the flaw tolerance of reactor vessel supports.
Data 'and fracture prevention methodology derived from these progran
elements will contribute directly to resolution of fracture prevention
issues associated with both the near tem and extended life operation of
nuclear reactor vessels. An example of this contriibution is to be found
in results from prior PTS experiments which have included a demonstration
of significant ductile tearing in advance of the initiation of cleavage
fracture in a low-upper-shelf material under sinulated PTS loading. A
second example is the denonstration of crack-arrest toughness greatly in
excess of the current ASME Code limit under temperature and toughness
conditions similar to those associated with a PTS event in an irradiation
embrittled reactor pressure vessel.

Close ties are maintained between the HSST Program and related programs
both within the USA and abroad. Interaction with the sister Heavy-Section
Steel Irradiation Program at ORNL is particularly closely coupled. Direct

involvement of consultants and organizations with expertise and experience
in the area of fracture prevention in steel structures is used to assure
the HSST program benefits from a broad spectrum of informed input.
Cooperative international infomation exchange programs, coordinated by the
NRC, are in place with organizations in Europe and Japan. A major benefit
from the international information exchange programs is the opportunity to
participate in round-robin analyses of large scale fracture experiments and
thereby obtain additional bases for the refinement and validation of
fracture prevention technology advances. Cooperation with related
international programs is further enhanced through HSST personnel
memberships on appropriate Working Groups in the International Atomic
Energy Agency and the Organization for Economic Cooperation and Development
Comnittee on Safety of Nuclear Installations.

'Rennarch sponsored by the office of Nuclear Regulatory Research. U.S. Nuclear Regulatory
Quission under Interagency Agreement 1886-8011 9B with the U.C. Department of Energy under
Contract DE-AC05-84oR21400 with Martin Marietta Energy Systems. Inc.

'Ihe subetitted manuscript has been authored by a contractor of the U. S. Covernment under
Contract DE-AC05 840R21400. Accordingly. the U. S. Government retcins 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.
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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 which 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 vesselintegrity. The program includes the
direct continuation of irradiation studies previously conducted within the i

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 spectrum, and post-Irradiation annealing are
being examined on a wide range of fracture properties including fracture
toughness (Kic nd Jlc), crack arrest toughness (Kla), ductile tearing resistancea
(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

t principal materials examined within the HSSI Program are high copper welds
since their post-irradiation properties are most frequently limiting in the
continued safe operation of commercial RPVs. In addition, a !imited effort will,

[ focus on 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 affecting the extonsion of small surface flaws during overcooling
transients.

l
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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 ci and KIR 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 shelf (LUS) welds in which the resistance to ductile tearing falls to !

particularly low levels following irradiation. The Fifth and Sixth irradiation l

Series, addressing the shifts in the K c and KIR curves, respectively, are bothi
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 c curve can change such that its actual shift is slightly greater thani
that predicted by small specimens. Testing of the irradiated crack arrest 1

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 No.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 K cl and KIR curves and
the degree of recovery and rate of re embrittlement of their fracture toughness
associated with post-irradiation annealing.

Results from the HSSI studies will be integrated to aid in resolving major
regulatory issues facing the U.S. Nuclear Regulatory Commission which involvt
RPV irradiation embrittlement such as pressurized-thermal shock, operating
pressure-tefnperature limits, luw temperature overpressurization, and the

i
specialized problems associated with low upper-shelf welds. Taken together
the results of these studies also provide guidance and bases for waluating both I'
the aging behavior and the potential for plant life extension of light-water reactor I

pressure vessels.

'Research sponsored by the Office of Nuclear Regulatory Research, u.s. Nuclear Regulatory
Commission under Interagency Agreement 1886 8011 981 with the u.s. Department of Energy under
Contract DE-Ac05-840R21400 with Martin Marietta Energy systems, Inc.

The submitted manusedpt has been authored by a contractor of the u. s. 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 to do so, for u. S.
Government purposes.
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USE OF J/Jg R CURVES IN ASSESSINC THE FRACTURE BEHAVIOR OF |

LOW UPPER SHELF TOUCHNESS MATERIALS j

!
'

By
,

E.M. Hackett
Pavid 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/Jg 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 Jo,1 -

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,

i still involves extension of the J R curve beyond the ASTM E1152
'limits for 1/2T and IT laboratory specimens. ,

|
l The experimental test matrix included J-R curve tests on

1/2T, IT and 2T compact [C(T)) and three point-bend [SE(B))
specimens of sevural medium to high strength steels (ASTM A710,

L
A516, A106, A302 Cr B, and A533B steels and a high yield

I. strength, 3tNi steel). The J-R curve tests were conducted in
L accordance with ASTM E1152 87 with the exception that crack
L 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 (Jg). For the A302 Cr B and the 3%Ni steel, the
effects of the micromechanisms of the fracture process on the
R-curve bchavior were examined.

1'
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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 (Jo,1 and To,1) was
shown to simplify structural instability analyses.

?
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POWER REACTOR EMBRITTLENENT. DATA BASE *

F. B. K. Kam, F. W. Sta11mann, and J. A. Wang '

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831

SUMMARY

Regulatory anu 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 can 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 Nuc1 car Regulatory Research, Division
of Engirieering, U.S. Nuclear Regulatory Commission under interagency Agreement
DOE 188680415B with the U.S. Department of Energy under contract DE AC05-
840R21400 vith Martin Marietta Energy Systems, Inc.

The submitted manuscript has been authored by a contractor of the U.S.
Covernment under 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.
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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 E9B and will be supplementing the stata base with
additional data and documentation. Also EPRI, the BWR OC Supplemental Material
Surveillance Committee, and General 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 mechcnism 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 |

I same capsule. 1

| 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.
I

I

'
|

|

|

|
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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 trepar.ned from
the decommissioned KRB A pressure vessel and archive material irradiated
in the UBR test reactor presented a major anomaly in relative radiation !

sabrittlement sensitivity. Poor correspondence of material behavior in
test vs. power reactor environments was described for the weak test i

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 h;retofore unobserved fluence-rate-effect.

Crossly dissimilar radiation sensitivities between strong and weak
material test orientations in terms of Charpy-V (C ) 41-J transitiony
temperature elevation, have not been observed previously in surveillance
program irradiations or test reactor irradiations of pressure vessel
steels. Differences in relative irradiation effect to the C upper shelfy
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 c

reflected in the postirradiation upper shelf energy values wherein that
orientation having 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, 0.01* P, 0.75 Ni, 0.38 Cr, 0.62 Mo and 0.16 Cu (wt-t values) andJ
matched very closely, the composition of the archive material obtained
from the General Electric Company by the NRC. To resolve the cited
anomaly directly, C specimens from an essentially-nil fluence region ofy
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.

2-9
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EMBRITTLEMENT 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

r

| 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 sugger.t 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 fabricated 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/cm2 (E>1 MeV) over a life of 9.25 effective full power years. This
corresponds to a fast flux of 2.1x109 n/cm2.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 slightly 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 fluem.e
~10-6 less than the inner wall, was used to obtain the unirradiated baseline data.

The results indicate that irradiation increases the 15 ft lb Charpy transition
temperature (CTT) by ~25'C (45'F) and decreases the upper shelf energy. The shift in
CTF is not as severe as that observed in the HFIR surveillance specimens and is
consistent with that expected from the MTR data base. However, the actual value of
CTT is high, and the toughness at service 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.
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! Some effects of the location across the thickness of the wall are also observed for the
I LT specimens; CTr is slightly greater for the specimens from the inner region of the,

wall. I

Annealing studies indicate a complete recovery of irradiation embrittlement
after a 2-h anneal at 400*C, The transition curve for the annealed 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.
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FUTURE PIANS FOR NRC THERMAL-HYDRAULIC RESEARCH

Louis M. Shotkin, Chief
Reactor And Plant Systems Branch

Division Of Systems Research
sOffice of Nuclear Regulatory Research '

Water Reactor Safety Information Meeting
October, 1989

NRC has been developing thermal-hydraulic Systems Codes for 15+ i
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.

L 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 typec.

Implementation of these plans will provide the NRC with an expanded
applications capability to systematically assess reactor behavior

i in operating LWRs, advanced LWRs, CANDU and PIUS reactors.
|

|-

|[
.
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The UK Contributi:n ta improvements in TRAC cnd RELAP5
1

by

1.Brittain (AEA Technology, Winfrith, Dorset) '

and

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

Surnmary

The re-organization of the UK electricity industry continues to bring many changes not only
,

to the CEGB but also to the UK Atomic Energy Authority. These changes 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 1988, it 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 present paper focusses on the work that has been performed by UK staff on the
development of the new versions, namely RELAP5/ MOD 3 and TRAC PF1/ MOD 2. 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 problem 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 t, mall bleaks and intact circuit faults, where it is very important to provide on accurate
calculation of the mixture level in the core and in the steam-generators. The third area is the
implementation of an improved offtake model in order to make better predletions of the flow
and quality from a junction or a break in a horizontal pipe, such as the PWR hot leg, where
stratifled conditions might exist. The Interphase drag and offtake model 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
inat 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/ MOD 2. This consists of a reflood hydraulics model, which provides much closer -

correspondence in terms of physical behaviour to that observed in separate cIIoct rePood
experiments. In particular, a much less oscillatory flow of entrained liquid is predicted. Also
heat transfer correlations are selected which correspond to those measured both in transient
reflood experiments and in steady-state hot patch experiments. Another development, which
is 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 front region.

The paper also contains a description of a model to represent the external thermocouples,
which has also been implemented in TRAC PF1/ MOD 2. This should allow the direct use of the
important LOFT targe break data in code validction, without having to make separate (and
controversial)|udgements on the effects of the external thermocouples in particular transients.

The new interphase drag model which has been implemented in RELAP5/ MOD 3 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 offtake model, which
has also bnen implemented in RELAP5/ MOD 3, has previously been described and assessed
in the context of a special version of RELAPS/ MOD 2, so there is little discussion of this work
in the present paper.
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Sunn:ry of ROSA-IV/LSTF First Phase Test Program
and Station Blackout (TMLB') Test Results

K. Tasaka, Y. Kukita and Y. Anoda

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

This paper summarizes 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 is 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 (SBLOCAs) and operational / abnormal transients. It is a
1/48 volumetrically-scaled, full-height, full pressure simulator
of a Westinghouse-type 4-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 program was to define
the fundamental plant responses during SBLOCAs and transients.
Most of the tests were performed with assumed component / operator
failure (s) which tended to simplify the system thermal-hydraulic
responses. These assumptions included failure of the high pressure
injection system (HPI) and auxiliary feedvater (AFW) system, as
well as no operator actions taken 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 accident management measures for prevention of
high-pressure core melt situation.

The forty-two first-phase tests included twenty-nine SBLOCA tests,
three abnormal transient tests and ten steady-state natural
circulation tests. The SDLOCA 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 brea k-loca tion dependency of the
break flow rate.

The cold-leg break tests focused on the steam generator liquid
holdup effects on the core liquid level depression during loop seal
clearing. One of these tests (Run SB-CL-18) has been chosen by
the OECD-NEA Committee on the Safety of Nuclear Installations
(CSNI) for its International Standard Problem No. 26 (ISP-26). This
ISP is open to participation from non-0EOD 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, SG heat
transfer under degraded secondary cooling conditions, primary

3-5
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i coolant inventory distribution including counter-current flow
limiting (CCFL) phenomena at the hot leg and U-tube inlet, and |
parallel-channel non-uniform behavior of U-tubes.

,

The transient test conducted at the end of first phase prcgram,
Run TR-LF-03, simulated the vell-known THLB' sequence. Since the*

system response for this scenario is sensitive to ambient heat
losses and fluid leakage, the LSTF facility scale, largest among
the currently-operating full-pressure pWR simulators, was 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.

,

I all at the same time. The transient responses during this test
are summarized in Fig. 1. Since the emergency a.c. power and
turbine-driven AFW vere assumed unavailable, the core decay power,
transferred to S0s by single phase natural circulation, boiled off
the S0 secondary inventory through the S0 safety valves that opened
cyclically. The primcry pressure increase, due to SO heat transfer
degradation, lifted the pressurizer safety valve intermittently
after 4200 s, causing coolant inventory loss as well as liquid
holdup in the pressurizer. The natural circulation stopped as soon
as tnt hot les fluid saturated, at 7800 s, as vapor plugs formed
at 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.y
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EPRI RESEARCH ON WATER HAMMER PREVENTION,
MITIGATION,AND ACCOMMODATION

N

Mati Marilo, EPRI
D.A. Van Duyne, Stone & Webster

i,

H. H. Safwat, Bechtel ',

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 accommodation of water
hammer.

The initial tasks of this project focussed on compilation of nuclear plant t

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 conder<sation of steam, whereas the

others involve steam propelled water slugs, filling of volded 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
L analyzing some specific problems relevant to waterhammer are discussed.
1

|

|

.
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MIST Program: Risk Dominant Transient Testing

G. O. Geissler
| Babcock & Wilcox, Nuclear Powr Division
'

Lynchburg, Virginia

and,

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

Alliance, Ohio

Abstract

We Multi-Loop Integral System 'Nst (MIST) racility is a scaled
rhysical model of a Babcock & Wilcox lowered loop, nuclear steam system.
MIST was part of a multi-phase program to address small-break loss-of-
coolant accidents (SB!EAs) specific to the Babcock & Wilcox-designed
plants. Data from MIST are used to benchmark the adequacy of system
codes, such as REIAP5 and TRAC, for predicting abnormal plant transients.

Toward the end of the test program, a series of tests were performed
to explore operating procedures 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 accid?nt was accompanied by the lack of particular auxiliary
equipment or control systems that would normally be employed to mitigate
the accident condition.

Two of these tests examined SBIEA transients without the benefit of
the high-pressure injection (MPI) system. The first of these utilized
standard abnormal transient operating guideline (A'IOG) control Schemes,
and the r,econd employed .t taore aggressive steam generator pressure control

| strategy to cool the plEnt. The third Risk Dominant Transient was a
i station blackout test. h is transient is characterized as an SBIR A

accompanied by the loss of all AC power, which disables some emergency
equipment, reduces the capacity of others, and makes the operator reliant
on tation batteries to provade power to the plant's critical instruments.
We results snd observations from these tests are summarized in the
publication,

e

L

i

,

i
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UNCP MIST COUNTERPART TEST !

M. di Marzo, K. Almenas, Y. Y. Hau, G. Pertner ;

University of Maryland at college Park
i

Two small Break LocA transients are compared to illustrate a i
scaling methodology for reduced pressure integral facilities. !

Mapping test 3004 is conducted in the MIST full pressure, !
full height facility. The counter-part test MIS 0317 is

'

scaled and performed in the reduced height, reduced pressure
UNCP 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 syotem behavior.

,

The appropriately normalized results conclusively demonstrate i

thatt a) the same phenomena are observed in the twc !

facilities; b) the sequence of events is analogous and c) the |

trends described by the normalized pressure versus inventory
traces are in good quantitative agreement. Each energy
transport mode tra orked 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 boundaty 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 litnitatione of the !

quantitative results. |
'

:

I

;
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NDERELIABILITYANDADVANCEDNDETECHNOLOGYVALIDATION(a) [
!

S. R. Doctor, J. D. Deffenbaugh, M. S. Good, E. R. Green, |
P. G. Heasier, P. H. Hutton, L. D. Reid, F. A. Simonen, ,

J. C. Spanner, T. V. Yo |

Pacific Northwest Laboratory I
Operated by Battelle Meserial Institute i

Richland, Washington 99352
i
!

SUMMARY

This paper reports on progress for three programs: (1) Evaluation and ;

Improvement in Nondestructive Examination Reliability for Inservice Inspection !

of Light Water Reactors (LWR) (NDE Reliability Program), (2) Field Validation. |

Acceptance, and Training for Advanced NDE Technology, and (3) Evaluation of
Computer-based NDE Techniques and Regional Support of Inspection Activities. ;

Activities for each of the programs is 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 concerning ASME Code activities, re-analysis of the PISC-II data, i
the equipment interaction matrix study, new inspection criteria, and PISC- i

!!!.

One of the emphases of the past five years on this program has been the )
development of requirements for NDE/ISI qualifications for persennel, !

equipment, and procedures. This work has achieved a major milestone since the
requirements in Section XI Appendices VII and VIII have )assed the formal
acceptance process of ASME Code. Some work remains in t1at supplements for
several inspection applications are still under development.'

!

A re-analysis of the PISC-II round robin test data was made to apply
commonly employed statistical analysis procedures to the data and to relate r

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 )arameters for ultrasonic
test systems. The work this past year focused on t1e development of worst case
flaws that would cause the maximum adverse variation 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 10%. For narrow band systems, ;

:

(a) Work supported by the U.S. Nuclear Regulatory Commission under Contract
DE-AC06-76RLO 1830; Dr. J. Muscara, NRC Program Manager, FIN B2289

i
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it was found that for small changes 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 meat goals of failure
probability, radiation releeses, or core melt probabilities. Work on the use
of probabilistic risk analysis (PRA) has been conducted on eight nuclear
plants, and results have shown a significant trend in the data indicating
that PRAs can be used to look generically 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 addressing the inspectability of coarse grained
materials, and a topical report is being written. A cooperative program in
conjunction with the Center for NDE at towa State University, under EPRI :

funding, is being conducted to develop engineering tools for requirements of i

surface specifications for ASME Code. Currently, Code has no UT surface .

requirements, and the gnal of this work is to develop requirements to insure ;

that the surface conditions do not preclude an effective examination from j
being conducted, i

!

Participation continues in the PISC-III Program to relate the work of this
'

international program to conditions and practices in the USA.

The objectives of the second program are to develop field procedures for
,

the AE 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
ttchnologies. 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-III Progrem. ,

The AE technology is undergoing evaluetion in an on-reactor 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 to 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.

,

!

d ,'



IMPROVED EDDY CURRENT INSPECTION FOR STEAM CENERATOR 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 !
deposits., magnetite deposits, denting, wastage, pitting, cracking and ICA. 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 sampling 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 each of these probe types. Experimental measurements have been made for the
different probes, including the application of the reflection probe to ICA
standards. These reflection probe measurements were made on the tube outer
surface with a very sharply focused 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.

- - - . . - .-
W act 8.k N

o,,.7*,*." YM.*

r,a.T. ,27 ".0:":
. . . s. u a o-
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* Research sponsored by the Office Nuclear Regulatory Research, Division of
Engineering, U. S. Nuclear Regulatory Commission under Interagency Agreement
DOE 1886 8041 7B with the U. S. Depa-taent of Energy under Contract
DE AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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itYDROGEN WATER CHEMISRY POR BWRS: A REVIEW OF 1HE EPRI |

DEVELopMENTPROGRAM !
!

!
I

Robin L. Jones and J.Iawrenos Nelson !

!
Electric Power Researth Institute, Palo Als Califomia, USA

i
!

ABSR ACT i

!

Boiling etter reactors (BWRs) in the United States have experienced extensive intergrraular spess
'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 i
exposure 4. A major rossarch pregram to provide remedies for BWR pape cracking was oofunded

;,

by EPRI. 05, and the BWR Owners Group for IOSCC Research between 1979 and 1988. r

Results fWom this program show that the hhHhand of IOSCC depends on rencer water chemistry ;

(particuirly on the concentrations ofionic impurities and oaktising radiolysis products) as well as i

on material condidon and the level of tensile stress. Tests have demonstrated that the concentration !
of oxiditing radiolysis products in the recirculating reactor water of a BWR can be reduced *

substantit.lly by injecdng hydrogen into the feedwater. Recent plant data show that the use of !

hydrogen injection can reduce the rate of IGSCC during power operadon to insignificant levels if I

the concentration ofionic impurities in the reactor water is kept sufficiently low. This approach to,

,
the control of BWR pipe cracking is called hydrogen water chemistry (HWC). 'Ihis paper presents !

'

a brief sdmmary of the results of EPRTs HWC dre:Lyost program from 1982 to the present. In

| addition, ongoing and future work to invesdgate the feasibility of adaptating HWC to protect the

BWR vessel and major intemals evir.ycseas from stress corrosion cracking damage is described.i '

;

I
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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 i

9700 South Cass Avenue !

Argonne, Illinois 60439 j
i

|

:

A program is being conducted to investigate the significance of low-tempera- |
ture embrittlement of cast duplex stainless steels under LWR operating conditions j,

and to evaluate possible remedies to 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 accelerated 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 heats (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 impact energy, Jlc, 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.
,

$
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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-
t;on of n' 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, the 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- i

boundary separation. For some materials although a portion of the material may j

fall in a brittle fashion, the surrounding austenite provides ductility and toughness, I
'

c.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 l

steel depend on the relative contributions of carbide and G phase precipitation; the
activation energies can range between 65 and 230 kJ/ 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 annent 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-
Iponents 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 I

toughness for cast stainless steels at LWR operating temperatures are defined.

1

!
|

|
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Enviremuneatady Assisted Cracklag la L4ght Water Reactors ;

W. J. Shack. T. F. Massner, P. S. Malya, J. Y. Park, and W. E. Ruther

!
Materials and Components Technology Division |

Argonne National I aboratory
Argonne, Illinois 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'Iype 316NG SS, and (3) SCC of ferritic steels used in reactor piping, pressure

,

vessels, and steam generators. ;
,

Fractu.vanechanics crack growth rate tests on compact tension (1TC'll specimens of
'Iypes 304, 316NG, and 347 SS were performed to determine the effects of water *

chemistry on the SCC Because operating reacton; have made significant improvements in
coolant purity over the past several years, recent attention has focussed on quantifying the
effects of low levels of organic impurttles that are typically harder to detect and remove
with conventional water cleanup systems. 'Ihe tests show that some organic substances ;

detected in reactor coolant systems at low concentrations actually inhibit SCC of sensitized [
Type 304 SS under simulated DWR 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 that the organic substances block sites on the specimen surface where
cathodic reduction of dissolved (wygen 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 SS 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 !
cffects of impurity concentration (i.e., water conductivity). ECP, degree of sensitization, and !

loading history. Theoretical and empirical moc'els for the crack tip strain rate provide a
better correlation of crack growth rates with loading history than more conventional r

parameters such as the stress-intensity factor K or the change in stress intensity AK under
cyclic loading conditions. However, the existtng models significantly underestimate the t

effect ofload rattu 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 electrochemical potentiokinetic reactivation

(EPR) technique.

Fatigue tests on Type 31GNG SS were conducted in air and in a simulated DWR
;

environment at frequencies of 0.5,0.05, and 0.005 liz. Baseline tests were performed in
air under strain corn 01 during which the stroke histories were monitored. Comparison |

tests were then conducted under variable stroke control that simulated the stroke histories
in the strain <ontrol tests. This was not done on a cycle-by-cycle basis but instead, the
average stroke amplitude over a range of cycles was matched (e.g., for cycles 0-100. 100-

,-,

1
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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 simulated HWR environment. Even at a relatively high frequency of 0.5 Hz the fatigue
lives in the environment were about one half of those in air, and the reduction in life
increased as the frequency decreased.

SCC tests *re also conducted on 17CT specimens prepared from a plate of A533-Gr H
pressure veswl steel containing 0.018% sulfur in addi'.lon to conventional specimens,
composite ITCT specimens of A533-Gr D/inconel-182/Inconel-GOO 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 H specimens and specimens of this material that

'

were plated with either nickel or gold to reduce contact between the surface of low-alloy j

steel and the emtronment are also being tested. Comparison of the crack growth rates
,

from the bare and plated specimens under identical water chemistry and loading !

condtlions 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 i

steel vessel, where only the crack surface of low-alloy steel is exposed to the environment. I

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 charactertze 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, i.e, a SCC crack in the In-182 or a fatigue precrack in

,

the conventional specimens. These tests are being perfonned in high-purity water with
O.2-0.3 ppm dissolved oxygen at 289*C at a load ratio of 0.95 and a frequency of 0.08 Hz.

,

>

t
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IMPROVING CHECK VALVE RELIABILITY

THROUGH RESEARCH REGARDING DEGRADATION OF INTERNALS
r

|-
M. S. Kalsi, T. Horst, J. K. Wcng
Kalsi Engineering, Inc.
Sugar Land, Texas

i

Since the multiple check valve failures that occurred in 1985 at U.S. nuclear.'

?ower plants, a significant amount of research has been done toward predicting
the performance and degradation of check valves in operation, ideally, check
valves should be sized to provide full disc lif t under normal flow conditions,
and should be located sufficiently away from upstream flow disturbances to

I achieve long term, trouble f ree operation, in practice, however, a vast
majority of the check valves at power pisnts do not fulfill these ideal '
requirements, in spite of .this apparent misapplication, only a small

j, percentage of these valves suffer from accelerated degradation.
t .

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 swing check valve internals. Under the Phase I research program sponsored

i 'by NRC/Small Business innovation Research (SBIR), over 2,000 tests were run on
instrumented swing check valves. The effects of upstream disturbancei

' proximity, flow conditions, and valve geometry were systematically varied
according to a predefined matrix. Disc motion and impact force against the
backstop were measured in the tests. These measurements form the basis of
predictive f atigue and wear models being developed under Phase 11 of a
continuing research program. The theoretical wear models are being refined by,

| comparison against controlled wear tests using aluminum hinge pins to
i accelerate wear. Bending stress caused by disc stud impact against the stop

is also being measured by strain gages to refine the fatigue prediction model.

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

,
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**==* EVALUATION OF CRECK VALVE MONITORING METHODS * |
l

\

H. D. Haynes>

Oak Ridge National laboratory i
!

)
Summary

:

)
)

1
Check valves are used extensively in nuclear plant safety systems and balance !

of plant (BOP) systems. Catastrophic failures of swing check valves have i
occurred in several nuclear plants and have resulted in water hammer, t

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 fros |
instability (fluttar) 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 degradation.
;

The NRC has had a continuing strong interest in resolving check valve problems.
;

s. In support of the NRC's Uuclear Plant Aging Research (NPAR) Program, ORNL has i
'' 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 focussed 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 cont. rolled laboratory conditions. In some'

;

cases, field test data acquired in situ are also presented. The advan*. ages and
,

disadvantages of each method are compared and suggested areas in need of further ;
developmen'. are identified,

r

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

* Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear
Regulatory 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. G. DeWall

Idaho National Engineering Laboratory
EG&G Idaho, Inc.

!

Recent testing sponsored by the U.S. Nuclear Regulatory Commission

(NRC) showed that for at least some valves installed in nuclear
applications, tfie 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 tecting was conducted by researchars from the Idaho National Engineering
Laboratory (INEL) to provide to the NRC a portior, of the technical data base

,

for the NRC effort regarding Generic Issue 87 (GI 87) " Failure of HPCI Steam i

Line Without Isolation." The test program also provides information
:

applicable to Generic Issue II.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 lines 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. All three GI-87 process lines have common features. All
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

5-5



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 degree of
inlet water subcooling and the pressure. Break flows were maintained
throughout the 30 second valve closure. The four Valve B tests were all
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 cell 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.

.
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_ Valve Testing foe UK PWR Bafety Applications

P T George I

8 Bryant

CENTRAL ELECTRICITY GENERA'I1NG BOARD
(PWR Project Group) !

United Kingdom
|
I

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 j
constructed at the CEGB Marchwood Engineering Laboratory to reproduce PWR

|

Pressuriser fluid conditions for the full scale testing of Pressuriser Relief System |(PRS) valves. A full size tandem pair of Pilot Operated Safety 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 1

of the valve. l

Also, a full size pressuriser safety valve has been tested under full PRS fluid
|

conditions to develop a methodology for the pre-service testing of the Sizewell l
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

,

MSSVs. :

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 have influenced the selection of hardware for Sizewell,
supported the licensing process and provided an input to the specification of in-
service testing procedures.

,
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| OVERVIEW AND STATUS Of EPRI MOV TEST PROGRAM

L J. Hosler P. Damerell |
EPRI M. Albtrs iPalo Alto, CA MPR Associates, Inc.

Washington, D. C.

I

An MOV Test Program is being planned by EPRI in coordination with other
MOV-related activities in the nuclear power industry. The objective of i

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
hrs focused on determining the data needs of the industry and on
identifying 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 I 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.

'

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. .

p

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

:
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SUMMARY

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

iAUTHORS: H. G. Knoodler, 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.

,

t

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, epplied 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. Recommended 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 computer 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. '

5-11
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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 conditien 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 dttring insitu (diagnostic) testing. The number of
variables are reduced allowing the comparison of measured

,

values 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 jnline 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. The 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

l 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.

|
1
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GOOD PRACTICES FOR EFFECTIVE MAINTENANCE TO MANAGE AGING AT NPPs(a)i

! Walter B. Scott Walter 1. Enderlin, and Ira S. Levy
| Pacific Northwest Laboratory

Richland, Washington 99352

IN1RODUCTION

The Nuclear Regulatory Comission'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 correcting the effects of aging degradation at nuclear power
plants. Maintenance effectiveness directly affects the safety of nuclear
power plants. Several recent plant events have shown that improper mair.tenance

I or a lack of maintenance can be a significant contributory cause of plant
incidents (e.g., transients at Rancho Seco an'i Davis Besse, and the Salem
anticipated transient without scram event). In these, and other events, safety
related plant equi 3 ment functions have been impaired by poor maintenance
practices or a lac ( of maintenance on the specific equipment or in ancillary
equipment that affects the ability of the safety 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
de radation, detection, mitigation, and correction practices for safety-

!
si nificant structures, systems and components that can be factored into
ma ntenance 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 msnagement,*

the conduct of maintenance tasks for detecting, mitigating and correctinge

aging degradation,

the qualification and training of maintenance personnel in aging modes,e

effects, and consequences,

(a) Work supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear
Regulatory Research, under U.S. DOE Contract DE-AC06-76RLO 1830.

6-1
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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 epplications to maintenance programs. The selection of MOVs provides
a basis for comparison with one of the other industry programs being
investigated. In addition, the hardware studies at PNL (i.e., on diesel
generators 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 practices,*

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

U.S. Navy submarine maintenance practices, and*

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.

6-0
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9 AGING RISK ASSESSMENT METHODOLOGY: DEMONSTRATION STUDY ON A
h PWR AUXILIARY FEEDWATER SYSTEM

)|
'

3 Andrew J. Wolford, Corwin L. Atwood, W. Scott Roesener
q
y Idaho National Engineering Laboratory :u

i

9 The problem of analyzing age dependent plant risk necessitates rethinking
h a basic principle of PRA; the assumption that all equipment failure

! probabilities are constant. This paper presents a methodology to detect and
y quantify increasing failure rates. The methodology is applied to a 16 year old
i PWR auxiliary feedwater system. Based on plant specific maintenance data and
3 the accompanying PRA, this study concludes that statistically significant
; age dependent trends exist and that the implied core damage frequency is '

% increasing, and identifies which equipment items are the major age-dependent
E contributors to core damage frequency. A useful product of the work is the

development of a step by-step procedure for aging risk assessment.

3 A number of assumptions were made in order to accomplish this work. The
i. assumptions involve the interpretation of raw data, the analysis of data, and'

use of data analysis results in PRA models. Regarding the data itself, it was
J assumed that the component maintenance records obtained for use in this study

,

q 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 wase

a assumed that component failugs obey a nonhomogeneous Poisson process, with
hazard function A(t) = e0+ Diagnostic checks indicate that-

.

the data are consistent with this model. It was further ass 9med that the
c

beginning of the observation coincided with installation, and that the PRA is
adequately complete as modeled, for all but the auxiliary feedwater system.

t
3 Results of the data analysis are presented in Table 1. Note thatj 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 generateda

J 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%.

s

@i
Using failure probability estimates for the equipment listed in Table 1 as

inputs to PRA models of the AFW system, the implied, age dependent core damage 1

1 frequency was calculated. Results indicate a total ine m oo of one order of
magnitude in ten years by propagating the mean values of the basic events

4 throughout the PRA. Nearly a two order of magnitude increare is calculated byj sampling the distributions for the individual basic events. Table 2 shows the
4 age dependent results for employing a broad and narrow definition of failure,

respectively. For the period 8 to 10 years. Figure 1 indicates the,

; contributors to the increase in risk by shaded regions beneath the total
f 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

A
,

|
- .
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develop age dependent PRA for aging management of nuclear power plants. The
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. This use of aging risk
analysis is consistent with the primary use of PRA in general.

TABLE 1. I

Hazard |

Significance Level Doubling Time
Comoonent Groun _ Failure Mode- (%) (Years) j

Pump discharge Back leakage <0.02 1

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 1

,

TABLE 2. TOTAL TIME-DEPENDENT PLANT CORE DAMAGE FREQUENCY

Broad Failure Definition Narrow Failure Definition
'

Propagating Propagating Propagating Propagating
yggr Means Uncertainties Means Uncertaintdg.g

,

0 6.6E-04 6.5E 04 6.9-04 7.2E 04
5 7.4E-04 7.4E 04 6.8-04 6.8E 04
7 1.5E-03 1.4E-03 6.9 04 6.8E 04
8 2.6E-03 2.7E-03 7.1-04 8.7E 04 *

10 6.6E-03 3.3E-02 2.8-03 2.9E 02

7 '
i i i i
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SAND 89-1755A*
,

,

Loss-of-Coolant Accident (LOCA) Testing of Aged
|

Cables for Nuclear Plant Life Extension
.

!

Mark J. Jacobus !
Sandia National Laboratories '

P. O. Box 5800 [

j Albuquerque, NM 87185

.

SUMMARY [

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 thene cables for extended life ;

'(beyond 40 year design basis) and to assess various cable
condition monitoring (CM) techniques 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, i

and 60 Mrads. During aging, small cable specimens, insulation
specimens, and jacket specimens were removed at 1-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 followed by a
simulated design basis loss-of-coolant 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 steam

.
'conditions) for the first 4 days. The remainder of the

profile was 121*C for 6 days.
.

P

|

*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.

l
,
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During the IhCA tests, the cables worn energized to a nominal
voltage of 110 Vdc. Individual cable insulation resistances
(irs) were monitored automatically throughout the LOCA test at
varying scan intervals from 10 seconds during the transient i

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 I
cables will be presented. Several cables had low irs during i

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 i

LOCA tests, indicating a good potential for life extension for |
many popular cable products.

'

,

;

i

(

|

|

,

>
i

!
|

|
|

|
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aLife Assessment Procedures for Major LWR Components

V. N. Shah, Idaho National Engineering Laboratory
A. P. L. Turner, Dominion Engineering, Inc.

C. E. Jaske Battelle Columbus Division
P. E. MacDonald, Idaho National Engineering Laboratory

G. H. Weidenhamer United States Nuclear Regulatory Commission

Summary

The Aging Assessment and Hitigation Project is a part of the USNRC
Nuclear Plant Aging Research Program. The main objective of the project
is to develop an understtnding of the aging degradation of the major light
water reactor (LWR) structures and components and to develop procedures
for predicting the useful life of these components so that the impact of
aging on the safe operation of nuclear power plants can be evaluated and
addressed. 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 information 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 life 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, -

i 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.
t

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 (perating period, (c) evaluate component integrity at '

the end of the opera'.ing per.iod to ensure that acceptable safety margins
L exist, and (d) establish an inservice inspection program.

The heat-exchanger tubes are the life-limiting components of a PWR
steam generator. Statistical modelling is used to predict the rate of
heat-exchanger tube degradation because of the large number of tubes in i

each generator and because of the periodic assessment of tube condition

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

V7
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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 life assessment procedure presented in this report uses a Weibull
distribution to describe the times to failure of steam generator tubes for
failures caused by most of the corrosion and stress corrosion cracking
mechanisms. The Weibull 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 provide
useful predictions of future behavio*. With the aid of Weibull
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 (IGSCC) 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 avoided ,

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 life assessment procedure for steam generator tubes specifies the
types of information regarding the construction and operating history of ;

the generator that should be gathered and explains how this information ,

Lshould 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 life 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 operating period is estimated using
an analytical model 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.

i-8
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COMPREMENSIVE AGING A55ESf4 KENT OP I

CIRCUIT BREARERS AND RELAYS |
POR NUCLEAR PLANT AGING RESEARCE (NPAR) PROGRAM i

PRASE II |

1

J.F. Gleason j

Wyle Laboratories
Huntsville, Al 35807

SUMMARY |

I

The Phase I 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 i

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 i
objectives of Phase II are to (1) identify and characterize '

aging 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 end relays caused by aging and service wear.

The relays and circuit breakers which are being reviewed are:
|

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

o Auxiliary Relays - actuated by protective relays for high -

current applications
I o control Relays - used in nuclear protective system logic v
| o Timing Relays - delays operating function until initiating i

condition has existed for a selected time
o Electronic Relays - solid state device used in protective

or control relay applications
o 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

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

4-9
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individual circuits for major safety related equipment such as
medium sized motors

o Metal clad 4KV circuit Breakers - these are housed in
large metal 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) 5ethods.
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 voltage, Inrush / Holding current,
Current Signature Analysis, Operability, Set point Drift, Timing
tests, Magnetic Flux Monitoring, Contact / coil Resistance, High
Potential Test, Insulation Resistance, Infrared Thermal Scanning,
Infrared Pyrometry, On-contact Temperature measurement, Ion
Detection, Lubrication, Visual inspection and Root cause Failure
Analysis. Some techniques are intrusive, requiring disturbing of |
leads, etc.; the following are the most encouraging in that they 1

are non-intrusive, car. be used with all types of circuit breakers i
6and 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 devices experience '

differences in amplitude and frequency
o Infrared Thermal scanning - this technique 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 (3)
application and for development of methodology which will provide
a service life prediction and define surveillance and inspection
intervals.

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 counterfeit
and refurbished circuit breakers.

|
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| BEYOND DESIGN BASl& ACCIDENTS IN SPENT FUEL POOLS I

J' DENERIC ISSUE 82

| Edward D.Throm, Senior Task Manager
Reactor and Plant Safety issues Branch

| Division of Safety Issue Resolution
Office of Nuclear Regulatory Research

! U. S. Nuclear Regulaiory Commission
Washington, DC 20555

INTRODUC5 i

Nuclear reactor plants includ 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 into shipping casks. It was concluded, m WASH 1400, that the risks from spent fuel
storage were orders of magnitude below those involving the reactor core because of the simplicity of
the spent fuel storage pool design,

.

The ressons 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 er cooled environment. In additico, b recen! years, 'ncreasing knowledge in the geosciences has
led to a better understanding that, although stil highly unlikely, it is more I!kely that nuclear power
plants in the Eastern Ur'ited States (i.e., east of the Rocky Mountains) could be subjected to earthquake
ground motion greater than for which the plants were designed.

SUMMARY OF TECHNICAL FINDINGS

Assuming that the water is drained, or boiled of' . rom ;he SFP, the fuel rods will heat up until the
buoyancy-driven air ficw 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, resu! ting in
a Zircasoy 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 wthin 100 to
200 C (WO to 400 F) of the self sustelning 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
| fe' PWRs and 0.25 for BWRs. The PWR value is based on the use of high-density storage racks and the

BWR value 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 would 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 of spent fuel in the SFP at light water reactors is dominated by the beyond
| design basis aarthquake accident scenarlo. 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
j shutdown earthquake (SSE) des'gn level. The hCLPF values are estimated to be in the 0.5 to 0.65 g

|
~

1
1
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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 c. add;ng fire, resulting

4from the loss of water from the SFP, is estimated to have a mean value of 2x10 per teactor year for
either the PWR or the BWR SFP. The seismic event contr!butes 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
dominated by the long lived isotopes, such as ceslun, and strontium. The health consequences are
dominated by the risk of latent cancer fatalltles due to long term exposures.

SUMMARY OF VALUE/ IMPACT STUDY

The best estimate values are based on a population density of 340 peo, ole per square mile within a 50

mile radius from the site and result from the release of radiongclides 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

6an equivalent reactor core is 8x10 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 I
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), includmg five years of replacement power to replace the
4damaged 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 property damage is estimated to be
$124,300 and the present valut of the onsite property damage is estimated to be $32,400.

The value/ impact and cost-benefit evaluations for the proposed attematives 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 fuel has a best estimate
value/ impact ratio of $32,000 per averted person rem based on a reduction in spent fuel damage

4frequency of 2x10 per reactor year. The use of a post accident spray system, with an assumed
decontamination factor of 45, to mitigate the consequences of a SFP 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 subst?ntial 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" attemative is recommended for the resolution of GI-82.

The risk and consequences of a SFP accident appear to meet the Safety Goal Policy Statement
4objectives. 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 resolution, the "No Action" attemative, 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 safo-shutdown earthquake. Therefore, reducing the risk from SFPs due to events beyond
the safe-shutdown earthquake would still leave a comparable r;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.
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Generic Safety Issue 106
Piping and the Use of Highly Combustible

Gases in Vital Areas ,

.

-

Charles C. Graves ,

U. S. Nuclear Regulatory Commissicn
Washington, DC, 20555

3

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 system during plant operation
and, hence, reduce the potential for intergranular stress corrosion
cracking. This HWC application for BWRs involves the use of large
quantities 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 BWRs via small diameter, field-run
piping. Liquid 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 todistribution to the plant buildings.
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 generators, batteries,,

I switchgear, and motor control centers in the turbine building. Theauxiliary building in PWRs which contains the volume control tank
I
!
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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 also represents, to a
lesser degree, a 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 s

quantities of hydrogen and oxygen in BWRs for the HWC system. The
staff approval of EPRI topical 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 EPRI 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 distribution systems and design features to ensure safe
opuration of the plant have not normally been included in the Final
Safety Analysis Report (FSAR). At this tine, 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.
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GENERIC ISSUE 57
EFFECTS OF FIRE PROTECTION SYSTEM ACTUATION .

ON SAFETI-RELATED EQUIPMENT
.'

>

By <

Demetrios L. Basdekas
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555

i

SUMMARY

Generic issue 57 is concerned with fire protection system (FPS) actuations >

i which have resulted in adverse interactions with safety-related equipment
at operating nuclear power plants. Operational experience showed that

,!safety-related equipment subjected to fire suppressants could be rendered
|- inoperable and even cause a fire. This operational experience also
L' indicated numerous-spurious actuations of the FPS initiated by operator

testing errors or by maintenance activities (e.g., welding), steam, orl

high humidity -in the vicinity of FPS detectors.
.

On June 22, 1983, IE information Notice 83-41 was issued to alert 4

licensees and provide examples of recent experiences i.: which actuation of
fire protection systems caused damage or e .cc-' Ability 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 also consideration of the effects
of fire-fighting activities. ;

,

On June 8, 1988 a prioritization of this issue was performed and a MEDIUM
priority ranking was assigned. Consistent with existing procedures, a
quick review was performed to determine if a resolution was possible
without the need for expending large amounts of time and other resources.

A fire risk scoping (NUREG/CR-5088) indicated that the frequency and
study by Sandia National Laboratories (SNL) completed

at about that time
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.
H
i FPS actuations which result in adverse interaction with plant systems

important to safety reduce the availability of such systems needed to
ac11 eve 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

i cause initiators include earthquakes, smoke intrusion into multiple fire
i

l
,
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zones, and fire suppressant intrusion into multiple fire zones affecting
several safety-related systems. Examples of comon 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

induced thermal stresses and cracking
emergency diescl-generator sett, CO,f offsite power during an earthquake.station battery casings, with loss b
It 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 i
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 frequency (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
proceed with a comprehensive program using fire zone methodology to '

develop more reclistic estimates of areas of vulnerability is under
consideration.

,
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RESOLUTION OF GENERIC ISSUE 115 -

" ENHANCEMENT OF THE RELIABILITY OF ,

WESTINGHOUSE SOLID STATE PROTECTION SYSTEM"a ;
t

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 theI

.

Idaho National Engineering Laboratory '

Idaho Falls, Idaho
.

'

l

SUMMARY

| This paper presents the regulatory resolution of Generic Issue 115,
i " Enhancement of the Reliability of Westinghouse Solid State Protection
'

System." Generic Issue (GI) 115 addresses the reliability impact of the
Westinghouse (W) Solid State Protection System (SSPS) reactor trip function
on the fre4Jency of Anticipated Transients Without Scram (ATWS) events at M
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 (benefit) of alternative enhancements to the W SSPS
reactor 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 :
vendor-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 all
W plants. The RTBs used in W plants are y,-su) plied DS-416 and DB-50 series
breakers, appropriately modified for use in t1e Reactor Protection System

|- (RPS). There has been no appreciable change in the failure rates of tLase
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 implemented, all other
options would provide a reduction in risk corresponding to a range of

Work supported by the United States Nuclear Regulatory Commission (NRC),a.
.

Office of Nuclear Regulatory Research, Division of Safety Issue Resolution,
under DOE Contract No. DE-AC07-76ID01570.
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reduction in core damage frequency (CDF) by 1.0E-7 to 2.lE-6
events / reactor-year and a cost benefit ratio generally higher than the
$1,000/ person-REM nominal screening value of backfit considerations.

Based on the technical evaluation, a regulatory analysis was performed and a
decision rationale develo>ed for the resolution of GI 115. The regulatory
analysis concluded from t1e 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 50.109(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:

o Decrease the RTB surveillance test frequency in conjunction with
the addition of an automatic tri) function to the contactors
supplying the field current to tie Rod Control Motor-Gev rator
(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 licensees and applicants, and (2) extending
the life of the RTBs ts well as providing a diverse and. redundant
interruption of power to the control rods, thus improving, or at
least maintaining, the current reliability of the reactor trip
function.

!

o The licensees proposing to adopt an a)proach such as the above'

should be allowed to do so assuming t1at the recommendations
contained in l' Technical Bulletin NSID-TB-8516 have been
implemented. These recommendations, developed in accordance with
the requirements of 10 CFR Part 21, have already been implemented
at several W plants.

i o Incorporate the above insights in the design of the advanced light
|

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 basis of industry
initiatives for design and/or Technical Specification changes.

|
|

|
:

?-8

_ _ _ _ - - . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . . _ __ _ _



'

|- s

1: ;

i

i

| sexuhRY

RESOLUTION OF GSI B-56
EMERGENCY DIESEL GENERATOR RELIABILITY '

A2eck W. serkis '

U.S. Nuclear Regulatory 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,
HLoss of All Alternating Current Power," which requires that
licensees assess their station blackout coping and recovery
capability. EDGs are the principal emergency so power sources
for avoiding a station 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,H '

also provides guidance on such needs.

The resolution of G8I B-56," Diesel Reliability" will be ac-
complished by issuing Regulatory Guide 1.9,Rev. 3, " Selection,
Design, Qualification, Testing, and Reliability of Diesel Genera- ,

tor Units Used as Onsite Electric Power Systems at Nuclear
Plants." This revision will integrate into a single regulatory
guide pertinent guidance 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-
canded to define the principal elements of an EDG re?iability
program for monitoring and maintaining EDG reliability levels
selected for SBO. 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, Nt' MARC, EPRI, ASME,
IEEE, IMO DeLaval and one individual. The staff revised RG 1.9,
Rev. 3 based on comments received and through a series of infor-
nation exchange nieetings held with NUMARC's B-56 Task Force.
NUMARC has revised Appendix D of NUMARC 8700 to provide a greater

p level of guidance regarding industry-wide practices related to -

I maintaining EDG reliability levels. These two references are
| therefore complementary with respect to EDG reliability and will
I be implemented through current industry practices and compliance
| with the station blackout rule.
|

|

|

| M

1
. . - .- _. . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ __ _ __



,

:

GENERIC ISSUE 113
DYNAMIC QUALIFICATION AND TESTING OF LARGE BORE HYDRAULIC SNUBBERS

A. G. Ware, M. E. Nitzel, T. E. Rahl, and J. L. Edson
Idano National Engineering Laboratory

EG&G Idaho, Inc.
Idaho Falls, Idaho

1

I; J. D. Page
'

United Ctates Nuclear Regulatory Commission
Washington, D. C.

i

Summary

The reliability of large bore hydraulic snubbers (LBHSs) is a present safety -

concern in, 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 operating commercial nuclear power plants. For the purposes of
this research, LBHSs are defined as those hydraulic snubbers with rated load
capacities eoual to or greater than 50 Kips. -

Initially there were no test machines capable of testing LBHSs for functionality,
so'they were exempted from surveillance testing prior to 1980. When LBHSs were
later tested, numerous deficiencies, many of which would render the LBMSs
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 amieve 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 6nd 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 reconsnendations and conclusions generated
in the final stages of the program, are currently planned to be published as a.
NUREG/CR in late 1989.

1

1
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IMPROVING THE RELIABILITY OF SERVICE-WATER :
SYSTEMS AT NUCLEAR POWER PLANTS l

D. A. Neitzel, K. I. Johnson, P. M. Daling
L Pacific Northwest Laboratory
L T. Y. Chang

U. S. Nuclear Regulatory Commission
4

Fouling and clogging caused by sedimentation, corrosion, and the buildup of i
biological organisms is 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 Nuclear Regulatory Comission (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 judged in many
instances inadequate to ensure safety system reliability. Not all of the
facilities with high potential for biofouling had adopted effective control
programs. By 1982, leveral 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
survoillance and control programs to minimize service water system fouling.

| The PNL study is completed in early 1989, and following is a sumary of the
| findings:

,

Bivalve fouling occurs because environmental conditions within the
service-water :ystem 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
!

|'
|
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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 is 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. 1

A comprehensive program will keep fouling to a level that will not jeopardize I

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
continuous chlorination (for example during bivalve spawning seasons) program,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 organisms, sediment, and corrosion. If this baseline
fouling program is followed, the problems ossociated with fouling caused by
biofouling, sedimentation and corrosion products would be greatly reduced.

The NRC recommendation for the resolution of Generic Issue 51 is the
imolementation of the baseline fouling program as described above. This
Luseline fouling program 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 and other additional concerns that the NRC staff has regarding
service water system problems affecting safety-related equipment.

.
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PRELIMINARY OBSERVATIONS OF UPCOMING PHASE II

GATE VALVE FLOW INTERRUPTION TESTS
.

!

R. Steele
>

Idaho National Engineering Labocatory
EG&G Idaho, Inc.

\

A current research program sponsored by the U.S. Nuclear Regulator
Commission (NRC) and conducted by researchers from the Idaho National

''

Engineering Laboratory (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 II.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 r.re being
analyzed. The objective of Phase II of the program is to expead the |
technical data base in determining whether isolation valves in high energy
BWR piping systems will close against high flows in the event of a pipe break |
out:,ide containment. Generic Issue 87 includes those BWR process lines that |,

communicate with the primary system, pass through containment, and contain !
normally open isolation valves. Three process lines fall under this i

description: (I) the high pressure coolant injection (HPCI) steam supply
line, (2) .the reactor core isolation cooling (RCIC) steam supply line, and
(3) the reacter water cleanup (RWOU) supply line. Of the three, an

;

unisolated break b the RWCU supply line was determined to have the greatest
safety impact and the subject of the Phase I test program. The Phase II

7-15
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test program will be configured to answer questions raised by results of the
Phase I testing on the RWCU valves and will include steam flow interruption
testing representative of the HPCI system.

The Phase II 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 then 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 positien, 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 wot!d have
been calculated in the original motor operator sizing. Phase II testing will
increase the number of valve designs tested under both steam and water
environments and attempt to isolate the parameters that affect valve closure
requirements. Phase II of the test program will be conducted in August and
September 1989.

7-!6
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INSITU TESTING OF MOTOR-0PERATED
VALVES IN NUCLEAR POWER PLANTS

17th Water Reactor Safety Meeting
.

'

Rockville, Maryland
October 23-25, 1989 1

Owen 0. Rothberg, Senior Task Manager ,

'

Engincering Issues Branch'

Division of Safety issue Resolution
Office of. Nuclear Regulatory Research
U. S. Nuclear Regulatory Commission

Washington, DC 20555

Thispapergresentsaperspectiveofthestatusofinsitutestingofmotor
operated vaives in nuclear 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, ,

,

|

!
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OVERVIEW OF NRC's HUMAN FACTORS REGULATORY RESEARCH PROGRAM
Franklin D. Coffman, Jr.

USNRC

The purpose of human factors research at the NRC is to
provide the technical basis for supporting re.gulatory 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 hinnan factors research are to (1) broaden
our underctanding of human performance and identify the
causes of human errors related to safe 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 performance 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 actions
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 >

researching 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 causos of human errors is needed
to support regulatory actions. Planned human factors

||
resear,::h will provide the methods and causal data required to
establish the technical basis for actions that depend on an

I understanding of human performance during operations and
maintenance for both nuclear power plants and materials
licensees.

|

|
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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 limithtions, 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 Personnel Performance Measurement activity is te 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 collecting and maneging personnsi performance
data. Personnel Subsystem research will broaden the
understanding of such factors as staffing, qualifications,
and training t, hat influence human performance in the nuclear
system 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 )
resisarch will result in the development of tools for |
evaluating organization and management issues within the I

nuclear industry. And finally, the Reliability Assessment I
Igroup of activities includes multidisciplinary research that

will integrate human and hardware considerations for
evaluating reliability and risk in NRC licensing, inspection,
and regulatory decisions.
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SUMMARY

With the fast development of compu'er technology, the potential existoc
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 control 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
Systems (OOSSs) 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 COSS'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 officiency, 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 roome 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 IWf4 LAB 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 operation at the end of

| 1990..

When the concept for ISACS was developed, 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
L was to arrive at an optimum division of tasks between the operator and
| 00SSs. In handling of a specific situation, whether optimisation of

rcrmal operation or coping with a disturbance or accident, the operator
|
t

|^

|

\

9-?

.-_. _ _ _ _ _ _ - - - _ _ _ _ _ _ - - _ .. . -- . - . - . -



. - _ _ _ . _ .

always goes through a sequence of tasks. Starting with the
identification of the process state, he considers alternative strategies
for coping with the situation, and finally implements the preferred
strategy. If 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 ISACS.

The need for an integrated approach whan designing the operator
interface is obvious. First of all, the addition of COSSs creates new
information, adding to what already exists. Knowing that conventional !

control rooms today create an overflow of information, especially fn
disturbances and eccidents, the need increases for prioritising
information to be presented. Also, I?ACS 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 drawn and reconsnandations made. This
high-level reasoning requires a module in the integrated system that
keeps an overview of the process and the tasks performed by the specific
CDSSs. 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 to
validate the system, to ensure that the goal of improving safety is
reached, will also be presented.

|
'

.
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HUMAN FACTORS SURVEY OF ADVANCED INSTRUMENTATION AND CONTROLS

Richard J. Carter

Oak Ridge National Laboratory

The nuclear power industry has used enalog instrumc.ntation and controls (16C) 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 16C. The utilization of digital I&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. I t: has been demonstrated in other industries that digital 160 provides
almost error-free performance that is three-to-four orders of magnitude better
than analog . components performing the same function. With the increase in
sophinication 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 will be driven to the use of
advanced I6C.

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 I6C 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 ceducted. The survey was oriented towards determining the human
facto issues related to the current, planned, and potential future uses of
digital systems !.n control rooms and technical support centers.

The survey vas administered at all of the U.S. nuclear vendors and five utilities
who have begun to use advanced 16C, iluman factors / digital system issues were
also discusied with one utility and vendor in Canada. Groups of persons
interviewed et each facility included human factors personnel, control room
operators, software developers, 16C engineers, and trainers / instructors.

The survey instrument consisted of open-ended questions which were constructed
through an iterative process and pilot-tested at a number of nationel
laboratories. The instrument was divided into six main areas: computer-
generated displays (CCD), controls, expert systems, organizational support,
training, und 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
I 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:
f

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

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

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

4. Need for an advanced I&C guideline equivalent to NUREG-0700 (i.e.,
interface of the human, displays, and controls)/ lack of consistency
among ha2an-advanced I&C interfaces.

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

advanced 160 control room / locus of control between the human and.the
advanced I&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 I&C.

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

9. CCDs for multiple users,

r

10. User friendliness of CGDs and human computer interfaces,

11. Effect of advanced 16C 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 roota (the operator
needs to know the status of plant equipment).

1

L 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.
:
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The Effects of Local Control Station Design Variation on Plant Risk

John O'Hara
Brookhaven National Laboratory
Engineering Technology Division

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 variations, and typical human engineering deficiencies (HEDs) at LCSs;
(2) to determine the effect of LCS design variations on human performance,
i.e., on risk-significant human errors (HEs); (3) to determine the effect of

r

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 design 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 sourcen: (1) The NRC Office of Nuclear Reactor Regulation's Emergency
Operating Procedure 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 unambiguously
modeled several human activities in the operation of the plant's safe shutdown
facility and auxiliary shutdown panel.

i 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
i 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 configurations 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

|

|
|

!
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related to the way in which safety functions handled by LCSs were 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 individuc1 panels along
criteria such as those provided in bUREG 0700. Again, low, medium, and 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 tF3 nine LCS design configurations was then entered
into the PRA and the CMF was calculated. Using the change in CMF as a measure i

of benefit and limited data on the costs of upgrading local control panels, a j

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 a

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 generalizacion 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 acre expensive and led to lower VIRs.
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EMPIRICAL EVALUATION OF THE EFFECTS OF POWER PLANT LIGHTING
ON HUMAN PERFORMANCE

E'igene .U -. Silverman, Ph.D. Richard L. Horat, Ph.D. John O'Brien, Ph.D.
ARD Corporation ARD Corporation Electric Power Research
9151 Rumsey Rd. 9151 Rumsey Rd. Institute
columbia, Md. 21045 Columbia, Md. P.1045 3412 llillview Ave.

Palo Alto, Calif. 94303

$The illumination in the control rooms of many operating nuclear plants falls
below the level s specified in the NUREG-0700 guidelines. However, a c1cse
ey. amination of the research literature upon which these guidelines were based
revealed that the underlying human performance . data were acquired with
icaburatory conditions and with t.cska very different from those typicnity tound
in control rooms. In a pilot s t.udy , empirical methods were developed and
empirical data were gathered regarding the levels of illumination suf ficient
for performing tasks analogous to those performed in control rooms.

iin a computerized' laboratory test-bed, the speed and accuracy of performance on ithe 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, dat.a wern !

likewise enliteted ir a meter reading task under a ranne of illumination
levels. 1he rasults obtained from bot,h set t.ings suggested that adequate
performance in control room tar,ka can be achieved at illumination 1cvels well
below t. hose recommended in N0 KEG-0700.

The preacnt report will summarize t.he results of a ceries of follow-on studies
;

which attempted to confirm and expand the results obtained in the previous i
pilot, study. The objectives of this follow-on work were to a t. temp t to
repifcate tne results of the pilot study using more subj ects and more
i'uumination levels: to examine the ef fects of glare, fatigue, aging, and their
possible inters.ctions with illumination, and to validate Inboretory findings by
examining performance during realistic operational scenarios in a control room
simulator under diff erent lighting conditions. A series of four studies was
conducted

A laborat.ory study of meter reading performance with illumination and glareo

being varied, using subjects who spanned a wide age range,

A laboratory study using other tasks that are characteristic of power planto
operations and maintenance activities. The tasks of interest included a
meter ca11 brat.fon task, hard-copy reading task, and plant drawings
inte r p retation task. Illumination and contrast were manipuls.te.1 wi th
subject.s spanning a wide range of ages.

o A study in a nucler.r ;)ower plant control room simulat or in which brief, but
realistic, operational scenarios were present.ed under various illumination
conditions.

ARD
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s A laboratory study using the aforement.foned meter reading task, to focus on
the int oracting ef fect s of illumination, glare and f atigue.

It is anticipated that the results of ' all of these studies will be available
for presentation in October, 1989. preliminary results suggest the following
conclusions

o The primary findings of the pilot study were replicated. Again,
performance deteriorated only at illumination levels well below those
recommended by NUREG-0700.

Glare had a more debilitating effect on performance under some illuminationo
levels than others,

o The pertormance ot older subjecr.s 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
standard tests of visual acuity and contrast sensitivity.

o Subjective ratings suggested that praferred levole of illumination wet e ,

higher than the 3evels at which actual performance deteriorated.

The results .of this series of ar.udies may expand the options that plants have
in meeting their lighting requincents.

.

ABRG/61-188-89
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An Approach Toward Estimating the Safety Significance of Normal
and Abnormal Operating Procedures in Nuclear Power Plants |

,

Thomas C. Grant
Battelle Hura Affairs Research Centers

Michael S. Harri-
Battelle Pacific Northwest Laboratories
The Nuclear Regulatory Commission's TMI Action Plan calls 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 the recommendation of improvements
in nuclear power plant normal and abnormal operating procedures
(NOPs and A0Ps) 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 A0Ps 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 action which, in this case, required determining
the safety significance of N0Ps and AOPs. In order to estimate
this safety significance, a multi-step methodology was created
that relies on an existing Probabilistic Risk Assessment (PRA) to
provide a quantitative framework for modeling the role of
operating procedures. The particular PRA used was chosen for 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
improvement of NOPs and A0Ps 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

L transient initiating events that might be affected by improved
| NOPs and A0Ps. The PRA was reviewed also to identify potential

human errors and operator recovery events modeled to occur during
norroal 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 HOPS or A0Ps 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.

e-u
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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 pror.edure-related
errors to the frequency of the transient initiatiag events
identified previously. This produced an estimace of the portion
of those frequencies that could be affected by a procedure
improvement program. Likewise, expert judgment was consulted to
evaluate the role of written procedures in the operator
actions / errors identified previously which, in turn, )roduced that
part of those events' given probabilities that could )e 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 whet.her and to what extent improved NOPs and A0Ps 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 A0Ps was accomplished by evaluating the costs
of a proposed NRC program involving the NRC and its licensees
directed at upgrading NOPs and A0Ps. 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 program based on these policies. As part of this
planning, plant personnel would identify those procedures that are
safety-related and would, therefore, require particuler emphasis
in the upgrade program. Each plant would then execute its own
plant-unique upgrade program. The NRC would complete the overall
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,
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Procedure Violations in U.S. Nuclear
Power Plants

Valerie Barnes, PhD
Jon Olson, PhD

Battelle's Human Affairs Research Centers

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 powe,r plants. The issue of procedure
violations is of interest because, in addition to the design flaws of the -

RBMK reactor, procedure violations, or intentional departures from procedural i

guidance, by plant en ineering and operations staff were among the root
causes of the Chernob 1 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

;previous incidents in U.S. nuclear power plants. However, the available
literature does not report whether these failures to follow procedures were
intentional or accidental nor what the causal mechanisms were that led to the
failures. And because any steps that might 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, exercising a minimal degree of care, would r.ot have performed
| the actions; and (3) Level C violations, in which the worker performs actions
I that deviate from the procedure, is unaware of his or her actions (slips), or

is unaware that his or her actions deviate from the procedure's intent
(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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net.vity/ procedure involved, personnel involved, and the results of the I?

violatisn. |

)
Preliminary analyses of these data indicated that the large majority of i
failures to follow procedures described in the incident reports fell into the i
Level C category. Causal factors that were mentioned in tie reports included ;

insufficient detail in the procedures, ambiguity in how the infondation was !

presented, and inaccuracies in the procedures. The analyses also suggested i
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 !

violations were apparent.

Preliminary findings also suggested that the majority of failures to follow :
procedures at all levels involved licensed and non-licensed operators, but '

maintenance and health physics technicians, contractor personnel, and
security personnel were also represented in a substantial number of the
incidents. The larger number of operations personnel involved in the
incidents is likely a result of the fact that operations tasks are more ,

highly procedurt'' zed and under greater scrutiny than other plant functions,
rather than implying that cperations personnel are more prone to violate
procedures.

:

Consequences associated with the failures to follow procedures varied in '

seriousness. Many of the failures to follow procedures resulted in !

violations of technical specification requirements or in no consequences for i

worker or public health and safety. However, some of the inciaents resulted
in unplanned worker exposures to radiation, safety system actuations, and
damage to plant equipment.

.

Other findings and a discussion of the conclusions to be drawn from the data
await the completion of the project.

i

e

&
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!Operator Alertness and Performance on 8-Hour and 12-Hour Work Shtf tg

Theodore L Baker, Scott S Camptell, Drew Dawson, and Mar tin Mooredde [
I

Human Alertre.s Research Center

|
Institute for Circadian Phystonow

Boston, Manechusetts

Human reliability becomos an acute problem when people are required to work in continuous, ;

24-hour per dw onerattons, particularly when tre wor k tasks involve susteined vigilance and ;

monotonous procedures. Rotating shiftwor k schedules requ! ring susteined, monotonous vigilance |
tasks are commonplace m utility power plant operations. The most bportant problum is that :

i
the physiological characteristics of the human bodi make it difficult for operators to sustein
punk eier(ness and performance when warking night shifts. The bod /s endogenous ciroedian ,

rhythms dictete a natural perlod of low aieriness between 1 a.m. and 6 a m. , which carresponds
to the haottuel human sleep per100. As e result, human vigilance and dactslon-making abillty is ,

'

often severely compromised during night work. This fundamental problem is compounded by
difficulties associated with tha f reQuent der-nl0ht inversion of the opera or's sleep / activity ;

cycts required by rotating work schedules. Consequently, operators typically exporlence
dif ficulty sleeping during the dertime and are relatively sleep-deprived when working the first
few night shtfts. A final factor to be considered is fell 0ue and loss of alertNss, which me/ be |
associated with extended hours of work.

Attention has recently been d|rected to the alertness and performance problems of rotettonel
shiftworkers in the nuclear power industry, Growing awareness of elevated rates of huinan .

ierrors and accidents on night shifts and reports of operations personnel falling asleep on the job
have contr(buted hoevily heightened interest in this subject. The indstry is now carefully ,

'

mnsidering the effects of different shif t rotation systems, including evaluation of the most
recent of industry trends in shift scheduling - schedules that include 12 hour work shtits.

'

Surveys shew that within the past 5 years about 20 percent of commercially operational
nuclear power plants have instituted cedules that use nrly 12 hour shifts, or schedules using a ,

combinetton of 8-hour and 12-hour shi;ts. Many 'nore plants routinely use 12-hour work
shtfis durIng plant outages ar# refueling operations.

In respose to this growing trend, the NRC has funded resserch which is e first ettempt to
compare alertness, operator performance, and'leep-wake petterns in subjects working .

'

simulated 6-hour and 12-hour shifts et the Human Alertness Research Center (HARC), located
et the Institute of Ciroodien Physiology in Boston, MA. This pape describes a study that
addresses important questions about eiertness and performance in rotational shiftwork and

'

nightwork in general, and in extended 12-hour wor k shifts in per ticular.
|

'

| Rawrch and Simulation Facilities of HARC

I T he HARC is a unique research f acility that was established to stud / the determinants of
l human aleriness and performance in persons performing simulated work tasks in

round-the-clock operetions. Ihe NRC study is designed to mntr01 for many confounding factors
that influenz a shif tworker's aleriness and performanm, such as environmental lighting,
ambient temperature, quality and quantity of sleep when off duty, diet, ceffeine and almhol
intake, workload and work task design. It is nearly impossible to control for such f actors in the
workplace (although applied research in actuel work situations will be an important validetton
step for later investigations). The HARC frility provides a simuleted control r com where
factors such as environment and work task con be mntrelled. The KARC control room is
mmplete with control panels, e Foxboro process control simulator, and computer test stattons.

t

*
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Dnwimental Desion and Mettekrw

Subjects war k in teams of two, alterneting work tasks that r equire vigilance over system
vartables, responding to auditory and silent alarm signels, record keeping, and monitive and
decision meking task to take norrective actions. Delors in recognizing and responding to alarms
are computed and recorded throughout the work shift for later analysis of work task efficiency.

At hourly intervals during the work shif t, each resserch subject lowes the command conter
to complete a 10- 15 minute computer-based performance routtre that has been developed at
the Walter Reed Army Research instiute. The Welter Reed performanm essessmeat hettery
includes subtests for logical reasoning, reaction time, numeriosi column addition, sertal
addition / subtraction, and time estimation. Each subject also completes hourly rating scales
for subjective clertness.

,

ihroughout the simulated wark shift, physiological eiertress is monitored continuously by
racording electroencephalogram (EEG - brain weves), electrocculogram (E00 - eye

.

movements), and electromyogram (EMO - muscle tone). This is amomplished using a portable I
remrding device celled the Medilog, which stores the date for later visual and computer
analyses. At two hour intervals each subject's physiological alterress level is essessed using the

j
;

Multiple Sleep I.atency test ( M5L T), which is a standarditori research protocol involving 1,

'

reposted opportunities to lie Wwn and fell asleep in a derk room. EEG is monitored continuously !
end the subject is awakened shorfly after sleep onset in order to to prevent the accumulation of !

brief rostorative sleep periods derirg the work shift.

Ore of two simulated duty shif ts are worked: ( 1) Six 8-hour evening shifts (3 p.m. to 11 -

p.m.), three dets off, then six night shifts (l1 p.m. to 7 Em.) or (2) four 12-hour night i

shifts ( 7 p.m. to 7 a m.), three ders of' then four additional 12-hour night shifts ( 7 p m. to 7
a.m.). Every subject sleeps in the laboratory for two nights of haultuation immediately before j

,

the first simulated work shift in either protocal.
;
i

When not *on duty" in the control room, subjects reside in one of two attacled and '

self-contained two-bedroom residential apartments with complete kitchen facilities. They are
restricted to bed for an 8-hour sleep period beginning approximately one hour sfter the end of
each work shift. Physiologloel variables for determining sleep-waking state are recorded !

continuously during this sleep period. Electrodes and recording devims are removed, then
replaced before the rext scheduled work shift. Caffeine, alcohol, and psych 33ctive drugs are
disellowed throughout the study. Subjects leave HARC for the three days between shifts, but
keep detailed logs of sleep-wake activilles and caffeine and alcohol consumption.

This paper will describe in greater detail the design of the study, measurement techniques for
alertress and sleep, wor k routire, wor k task per for manz measures, and cognitive per formance '

test protocols. It will review the role of circadian factors in human alertness and performona,
and discuss previous research findings in this area. It will discuss other vartables that are
known toinfluen human aler tness in the work place, such as caffeine, eloohol, ark! working
environment. The physiological bests for shiftworker sleep problems will be explained in the
context of the ongoing research project at HARC. Finally, the paper presents previous research

,

on shiftwork and fatigue which mer be relevant to a comparison of 8-hour and 12-hour shifts.
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O ,*.**" *',",,,f"",**,',,M Aging Assessment ot' Auxiliary Feedwater Syatems*,

'.*"".'.l"wT. ," 7 '.'iZ.. i. v s w -a Donald A. Casada" ~'
Oak Ridge National Laboratory

A Phase 1 study of Auxiliary Teedwater (AW) Systems has been conducted at Oak |
Ridge National Laboratory (CRNL) as Jr part of the Nuclear Regulatory Commission
(NRC) Nuclear Plant Aging Research Program. This study has largely focused on
two areas:

1. A review of historical failure data for AW System components.

2. The detailed review of the AW System design and operating practices at a
plant owned by a cooperating utility. .

Historical failure data from the Institute of Nuclear Power Operations' Nuclear
Plant Reliability Data System, S.M. Sto11er's Nuclear Power Expurience, and the
NRC's Sequence Coding and Search System were combined to form a single AW System
failure database. In developing the u."bined database, the data 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
porspective.

The review of the failure database has identified that AW pump drivers,
including turbine, motor, and diesel drivers, have been historically the
principal sources of AW System degradation. Turbine drivers, in particular,
have been a dominant single source of degradation for the AW System. Failure
of valve operators was also a significant source of system degradation. There
were 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 also indicated that a significant number of A W 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 AW 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 AW 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 cot.$1tions found by the review which could exist and not be detected were
i largely related to one or both of two categories:
I

|

o:
|
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l' 1. Inability to perform as required under design basis conditions.

2. Failure of various 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
an excessive imposition of test related wear on certain components, l

i
The Phase one study resulted in the following recommendations * |

j
1. Conduct a detailed review of AFW turbines and their controls, i

I
2. Conduct a Phase II AFW System study, the primary goal of which should be to j
develop a recommended structure for surveillance requirements and practices, j
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 avoid excessive testing of certain components.

|

,

;

I

f

I
!

,

i

t

!

!
r

!

I
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*Research sponsored by the Of fice of Nuclear ReEulatory Research, U.S. Nuclear
,

Reg'.slatory Commission under Interagency Agreement 1886-8082 8B with the U.S.
Department of Energy undet contract DE-AC05 840R21400 with the Martin Marietta
Er.ergy Systems , Inc.
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IINSTRUMENT AIR SYSTEM - AGING IMPACT ON SYSTEM AVAILABILITY

M. V111 aran 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 much 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. Nuc1 car

'

,

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 iindings 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 ze 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 la later years.

Compressors, air system valves, and air dryers were found to make*

up the m ajority of failures. The increase in failures iound in
passive sonpononts such as piping, af tercoolers/ moisture separators,
and rersivers was greater over time, but these still constituted
only a small percentage of overall failures.

The effectiveness and r,uantiry of preventive maintenance devoted to*

a component significantly affected the amount of failures
experienced.

2 Work dono under the auspices of the U.S. Nuclear Regulatory Commission.
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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
3 performing aging analyses.

As a continuously operating system, with minimal control room*

instrumentation due to its non safety classification, moot air
system problems are detected by local monitoring and indication,
walkdowns and inspection, and preventive maintenance inspection /sur-

,

veillance. '

Review of compressed air system designs and studies using a PRA- i
*

based system model revealed that the redundancy of key components '

(compressors, dryers, IA/SA cronsconnect valve) was an important ifactor in system availability. Overall design configuration had an j
impact on the pervasiveness of air system problems, i

l

Total loss of air events are uncommon. The majority of uvents i
.

resulted in degraded operation (Iow IA pressure, IA quality out of |
,

limits). Procedures and testing for the response of pe.eu rnel and j
equipment to these conditions should be developed. |

4
}{uman error was a significant cause of failures in critical compo. ).

nents such as compressors and dryers, as well an at the system and
intersystem level. Training should be augmented in two key areas: '

1) operation and maintenance of critical air system componer.ts, and ;

2) importance of instrument air to other plant systems particularly
safety systems, i

The systems outside of instrument air that were most of ten affected I.

by IA problems are containment isolation, main feedwater/ main steam, ;

auxiliary feedwater, ano the BWR scram system. The most commonly j

affected conponents were AOV's and SOV's. |

The probabilistic work entailed the development of a computer pro- I*
,

gram (PRAAGE IA) using a PRA baseu JA system model to perform time- !

dependent PRA calculations. Time dependent failure rates were |
developed from the data base findings and input to the program to !calculate system unavailability and component importances for vari- '

ous ages. Results from the probabilistic work showed that when the itime 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 ;

ass. During early operation, leakage in both IA/SA piping and j
support system piping was the most important contributor to system '

,

unavailability, llowever, during later years aging can cause com-
,

pressors and air dryers / filters to become increasingly important. |
t

fThe findings presented in this report form a sound technical basis for
j

understanding and managing the effects of aging in IA systems. Future work will !
include improvements to current maintenance, monitoring, training, off normal i

response procedures, and surveillance practices to mitigate aging degradation. I

t

:
1
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ACING EFFECI'S IN COMPONENT FAILURE AND DOWNTIME DATA AND i
IMPACTS ON PIANT RISK i

|
'

i

W.E. Vesely

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 analyses approaches to evaluate aging effects in component !
,

failure and downtime data. The objective of the second nase of the work is to
develop and apply approaches to determine the core me t frequency impacts and
plant risk impacts rom component aging effects.

In the first phase of the work, data anal >ses procedures and software are being i

developed to audit plant records and N/RDS data to determine if aging effects are
,

exhibited. The procedures which are being developed are more powerful than |
previous techniques in that component time line histories can be se amented for .

maximum aging resolutions, partial histories can be analyzed, specific causes can bc ;

examined, and component data can be optimally aggregated to increase the power i

to identify aging effects. Software are being developed to automate the analyses in
an intelligent manner. The arocedures have been applied to selected component
failure and dow ntime recorc s to not only dernonstrate the process but to determine !
if aging effects are indeed exhibited in the data. The results to date indicate even
more strongly that significant aging effects are exhibited in avide number of !
components and plants. event though maintenance and testing are being carried out. ;

In the second phase of the work, procedures and software are being developed to i
allow PRAs such as the NUREG 1150 PRAs to be ud for agin,g evaluations. The

'

procedures allon aging effects to be quantified and to be prioritized with regard to .

their impacts on core melt frequency, accident sequence frequer.cy, and public i

health risk. The, procedures separate t!.e evaluations of component effects of aging :

from the evaluations of the resulting risk impacts. This allows g,eneral types of aging i

effects to be considered and allows efficient calculation of the risk impacts. The
demonstrations which have been carried out show how aging effects can be
prioritized and how means of controlling the impacts can be identified.

,

; ,
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THE USE OF NPAR RESULTS IN FLANT INSPECTION ACTIVITIES 1

W. Cunther and J. Taylor
Brookhaven National Laboratory

SUMMARY

The Nuclear Plant Aging Research (NPAR) Program is a 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 Inspection
Program and discussions with NRC inspection personnel have revealed several
areas where NPAR research rasults would be valuable to tho 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 ast.ociated with administra-
tive, managerial, engineering, and operational aspects of licensee activities.
The Program recognizes that liccusees may satisfy NRC requirements differently,
and therefore expresses inspection guidance in the form of performance objec-
tives and evaluation criteria. For the resident and regional inspectors, proce.
dures have been written covering various subject areas, such as operations,
maintenance, and surveillai.ce. Some of these procedures contain guidance
related to aging degradation.

Associated with each NPAR study is the need to determine the role of
inspection, maintenance, and monitoring in counteracting aging and service wear
effects. The role of malj{snance 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 measurable parameters .'nd predicted functional capa-
bility." The output from NPAR in this area could assist the inspector in de ter-
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 can be of use to the inspector when provided in a format
directed to their activities.

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

1 Work done under ti.e auspices of the U.S. Nuclear Regulatory Commission,
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functional indicators NPAR reports identify parameters which can*

be monitored or measured to detect aging degradation. The inspector
can apply these results to enhance visual inspections (walkdowns)
and to evaluate licensee programs for assuring equipment and system
operability.

failure modes, causes, effects operating experience data evaluatede
,,

in NPAP. studies can alert the inspector to prevalent system and
equipment failure mechanisms. The potential for failure rate
changes with pl:nt age is an NPAR output of interest to the inspec-
tor in evaluating preventivs maintenance retources.

stresses which cause degradation an inspector can ben 6 fit frome

knowing the environmental ar.d operational stresses which cause aging
,

'

degradation.

maintenance recommendations the inspector is required to evaluate 1.

aspects of a licensee's maintenance program for a number of dif-
ferent inspections, including special team inspections. NPAR
reports contain a review of current maintenanco practic s, a suarary |
of vendor recommended maintenance, and recommendations for preven- j
tive and corrective maintenance which can be used to detect and
mitigate the effects of aging. ,

t

'
inspection prioritization based on the failure rate determinede

through a detailed operating 1xperience review and a model developed
through Probabilistic Risk Assessment (PRA) techniques, NPAR system
reports present the relationship between age degradation and plant
risk. These results een be applied in the Inspection Program for ;

redirecting inspection resources as the plant ages.
!
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NPAR APPROACH TO MANAGING AGING IN NUCLEAR POWER PLANTS (a)

J. A. Christensen '

Pacific Northwest Laboratory :
Richland, Washington 99352 .

Over the past five years, the Nuclear Plant Aging Research program '

(NPAR)hasbeendevotedtodevelopingtechnicalunderstandingofthetime '

cependent processes that, through detericration 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 understanding 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 agin
the existing body of codes, g studies, and interfacing of all of these withstandards and regulatory instruments that convey
aging-related guidance to NPP licensees. Producis of these efforts are
applied to structuring and providing aging-related technical recommendations
in forms that are useful in: *

1. developing and imple.nenting good aging management practices,

2. developing regulatory guidance and requirements for understanding
and managing aging during normal plant operatic , and in support of
license renewal, and

3. planning and implementing other regulatory actions and initiatives
in which aging-related concerns have a bearing on scope or
priority.

identify the C/ ping good practices for managing aging, it is
~ssary to 1)In develo .

S/S in which aging is an important concern; 2; uevelop an
understanding of the active aging processes and their relationships to ,

specific materials, eraironments, and strassors; and 3) specify and
prioritize monitoring and mitigation prarams.

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 ecceptable safety envelope.

Understanding aging involves developing and applying both empirical and
mechanistic relationshi)s at an appropriata level of detail to selected
C/S/S. The variables t1at govern these relationships reflect C/S/S design
and composition (i.e., materials of construction and their condition);
environments to which C/S/S are exposed, e.g., elevated temperature,
corrosive media, ionizing 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-AC05-76RLO 1830.
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e.g., 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 affective practices for monitoring and
mitigating aging. These practices, implemented princi) ally through ;

maintenance programs, involve the use of appropriate oaservational methods in
testing, inspection, surveill:nce, and condition monitoring an1 prevetive 1

and corrective maintenance of the type and frequency needed to avert C/S/S '

failures that could threaten plant safety. ;
1

The products of NPAR studies, in general, deliberately address each of |
'

the key elements discussed ooove. In addition, good practices for managing
aging are being compiled in manuals and documents specifically devoted to |

that subject. The principal compendium of good aging management practices
catalogues all currently available information on understanding and managing
aging in a format that mirrors that of the Standard Review Plan (NUREG 0800)
and Regulatory Guide 1.70 (Standard Format and Content of Safety Analysis
Reports). This systems-oriented format is commonly used and well understood
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
mr, aging aging is being developed. This will be a living document that

olues as the state-of-the-art of the understanding of nuclear plant aging
expands,

i
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NDE Research At NASA Langley Research Center
Joseph'S. Heyman, NASA Langley Research Center. |

Hampton, VA. 23665 i

The Nondestructive Measurement Science Branch at NASA
Langley is the Agency's lear' Center for MDE research. The
focus of the laboratory is to improve the science base for

NDE, evolve a more quantitative, interptstable technology to
,

insure safety and reliability, and transfer that technology :

to the commercial Lector.

The task is broad and requires a multidiscipline of
professional researchers to achieve its soals. Involved in ,

,

the current program are about 50 people, split evenly between
;

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 developed expertise in many areas, some of which are in
ultrasonics, nonlinear acoustics, nano and microstructure

characterization, thermal NDE, x-ray tomography, optical
fiber sensors, magnetic probing, process monitoring sensors,
and image / signal processing, i

Our laboratory has recently dedicated its new 20,000
,

square foot research facility bringing our lab space to '

30.000 square i'eet. Th? new building is designed to permit
aach office to have computer access to each lab so that
experimentation can be monitored throughout the building.
The new facility includes a high bay for the x-ray CAT

I X scanner, a revolutionary new concept in materials
measurement. The CAT scanner is called QUEST, for -

quantitative e>serimental stress tomography lab. This system ,

combines for the first time a microfocus x-ray source and
detector with a fatigue load frame. Three dimensional imaging

,

a

b

|

\
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of density / geometry of the tested sample is thus possible
during tension / compression loading.

This system provides the first 3D 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 nonpinner geometries and in

anisotropic materials such as composites. New signal
processing concepts have led to minimum ector 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
structurn. 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, thermal NDE and smart
structures.

i
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A Method to Integrate Numan Factors

Estpertise into the PRA Process

| by!
James E. Wells -;'

I William W. Banks || Lawtonoe Livesmore national Laboratory
l

i |
' Background

!

N trty years ago the U.S. military and U.S. aviation industry, and more '

recently, in response to the U.S. Three Mile Island and U.S.S.R. Chernobyl .

accidents, the U.S. commercial nuclear 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 systems unreliability and risk. A 1985 U.S. Nuclear
Regulatory Commission (USNRC) stuoy of Licensee Event Reports (LERs) suggests
that upwards of 65% of conmercial nuclear system failures involve human error.

Numan Perfosmance Assessment in PRA I

Until very recently, PRAs adhered to a very engineering-centered
approach with primary atter. tion given to the hardware component of the ;

commercial nuclear power plant. The human compenent 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 cognisant of the individual operator and the single
piece of equipment directly in front of him. Additionally, analysis of human
performance was usually limited to taske performed after onset of an abnormal
situation, focusing prinarily on errors of 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 hu'aan errors of commission, especially cognitive errors, or to human
errors preceding the onset of the abnormality such as maintenance and testing,
or hcw workspace Jayout and habitability factors influence hunan performance.
Particularly conspicuous was a lack of attention to person person factors such
as group processes, direct supervision, management policy, organizational, and
external environment enaracteristics, which collectively have been determined
to be both significant proximal and distal (latent, benign) causal factors in
accidents 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 estinet9, with any real degree of certainty,

g the magnitude and nature of human error, or its associated causal factors.
\

\ UJNRC Integration ant Applications Research

In response to the atove recognition of need, the USNRC has initiated
resear;h direc*.ed toward the integration of human factors and hardware
enginisring expertise throughout the PRA process. Success in chiu area is
percelsed as vital to the overall credibility of future PRAs. That is, no
matter how adequate state of knowledge single task and sequence evaluation
methodu 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.

|

|

!

1
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Also, in response to the prevailing state of PRA, the USNRC has
initiated researah directed toward nethods for systematically applying FRA
results as a technical base tos (1) retrofit / redesign equipment-centered ant!
personnel-centered components of commercial nuclear power plants, (2)
prioritise and resolve industry-wide safety issues in',olving human behavior,
(3) establish risk-based performance measures for monitoring the effectivenes6
of operations, maintainability, teet and surveillance programs, rnd (4)
establish criteria fer selecting, Lraining and lice.. sing, and subsequently
evaluating the performance of plant personnel.

This paper presents a method for integrating broad-based human factors |
'expertise into the probabilistic risk assessment (PRA)/ human reliability

analysis (HRA) process 4,n 1 4tandardiJed manner to achieve results whicht (1) <

provide more realistic estimatos of the impact of human performance on nuclear l

power safety, (2) can be fully auulted, (3) provide a firm tocanical base for i
equipment-centered and personnel-centered retrof.t/ redesign of plents enabling
thma to uset internally hnd externally imposed safety standards, and (4) yield
hu.an and hardware data 1apable of supporting inquiries into human performance
issues which transcend the individual plant.

The TALENT Concept

Research on a 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 source data, quantificatian methods, and
broad-based human factors expertise. TALENT is based on the premise that '

hunane in complex 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 factors. TALENT is eclectic in that Jt takes advantage, wherever
possible, of products from the other topic areas of the USNRC reliability
assessment research program, products from other reliability aa9essment
research p ograms within the U.S. such as EPRI, and products of international.

commercial nuclear communities such as the United Kingdom Atomic Energy
Directorate, and the Commission of European 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 |

i the core of TALENT, are constructed from detailed reviews cf system
documentation, operating experience data, inte rviews with system parsonnel,

| and observations of system operatiene and maintenance activities. They
| describe, in detail, the what, why, when, where, and by whom of both human and

hardware initiatives and/or responses required by the system during startup,
normal operation, accident udtigation, accident recovery, r.'d shut-down. They
provide the PRA team with a credible technical basis fort (1) identifying

! safety related tasks and task sequences neeoing probabilistic assessments, (2)
| specifying endogenous and exogenous factors believed to !.nfluence human

performance on each task action snd task action sequence, (3) scoling thei

!
nature of that influence from positive to negative, and (4) contributiny
inputs to logic c, plant models used as a gereral framework for estimating'

I 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 2015, as well as guidelines developed inside and outside the
NRC to integrate humat. reliability analysis (HRA) and PRA such as a TEEM and
SRARP respectively,

i
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The Cognitive Enytronment Simulation as a |
!Tool for Modeling Ruman Performance and Reliability

David D. Woods

Department of Industrial and Systems Engineering !
The Ohio State University !

Columbus, OH
i

H. Pople, Jr.

University of Pittsburgh and Seer Systems
|

Pittsburgh, PA !

.

ABSTRACT
,

'

;

Various studies have shown that Intention errors, or 'cognitivs error,' are a major i

contributor to the risk of disaster. Intention formation refers to the cognitive ;
*

processes by which an agent decides on what actions are appropriate to carry out
(information gathering, situation assrooment, diagnosis, response selection).
Ocanitive errors in the coordination of abnormal operation 6 a.re critical to risk and i
safety because, when an erroneous intention to act b formed, the problem solving
agent not only will omit correct acts (omission errorj, but will also carry out other ,

'acts thut are correct given the perceiven' d!ustion, but are incorrect ghen the
actual situation. This means that Intention errors lead to a kind of common mode a

failure. -

Understandins, measuring, predleting and correcting cognitive errors depends on the ;

answers to the question-what are difficult problems? The answer to this question '

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
system manage poorly and evolve towards negative outcomes. Difficult problems I

'are related to the ability to carry out the cognitive activities involved In intention
formation: what Information must be monitored and gathered? what knowledge ,

must be activated and utilised to determine the state of the process and [
'

appropriate responses?
+

We have made progress in the development of such measuring devices through ani

NRC sponsored research program on cognitive modeling of operator performance.
The approach is based on the demand res>srce match view of human crrot In

ithis approach the difficulty of a problem depends on both the nature of the
problem itself 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 incide:.t through a cognitive simulation that carries out t

the cognitive activities of 4. limited resource problem solver in a dynamic, ,

uncertain, risky and highly doctrinal (pre-planned routlea r.nd procedures) world. >

The cognitive simulation that we have developed to do se in NPP accidents is
called the Cognitive Environment Simulation (CES). |

>

|
We will illustrate the power of this approach by comparing the behavior of
operators in variants on a simulated accident to the behavior of CES In the name :!

accidents.

1

!
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SUMMARY [

!

ORGANIZATIONAL LEARNING IN COMMERCIAL NUCLEAR POWER PIANT SATETY !
AN EMPTPICAL ANALYSIS !

I

Dr. Alfred A. Marcus j
| Dr. Philip Bromiley i

Dr. Mary L. Nichols |

Strategic Management Research center
University of Minnesota !

i

| The need for knowledge in organizations that manage end run
,

high risk technologies is very high. When first introduced,
'

,

; bridges, natural gns lines, and commercial air travel a)1
i appeared to be dangerous. Today, these innovations are accepted :

and commonplace. By recognizing and daaling with the problems in ;

these systems, the number and severity of incidents have been !
reduced and society is better able to live with the consequences ;

of the residual danger. To the extent that the members of high i
risk organizations develop useful knowledge about the problems i

they confront, these organizetions will be more effective. |
Useful knowledge in this context is knowledge about the
relationship between the organization's actions and various j
safety outcomes.

;

The acquisition of useful knowledge is referred to as |
organizational 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 solving and learning as it relates to the ;

safe and efficient management of commercial nuclear power plants. ,

The authors are co-investigators on a larger team working under
contract with the Nuclear Regulatory Commission to develop a '

logical framework that enables systematic examination of
potential linkages between management and organizational factors ,

and safety.in nuclear power plant performance. Managemenc and
organizational factors that facilitate or impede organizational
learning are only a part of the larger study, but are the major ii

focus of tt:is phper. In this paper, the theorotical roots of the
i

concept of organizational learning are ditcussed, relationshipst

| to 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:
,

l. research appears-promising; implications for further research, ,

'

regulatory application, and nuclear power plant management are
described.

,

|

| 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 j

|
scrams, significant events, forced outage rate, safety system ,

10-5
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actuations, and safety system failures. Results showed that the
efficiency measures are significantly positively correlated with
each other. The safety measures also tend to be significantly
positively correlated with each other, with the exception of
safety system failures, which appear to be a different dimension
of safety. Efficiency measures and safety measures were not
correlated with each other, thus suggestir.g that efficiency and
safety are distinct performance outcomes, and one does not come
at the expense of the other.

Organizational problem solving and learning capacity in
nuclear power plants is hypothesized to be influenced by the
ability and willingness to recognize problems t.nd having the
resources to correst perceived deficiencies. In this research,
problem recognition is operationalized in terms of number of
reported major violations and licensee event report data. !

Problem recognition is not enough though, for without adequate !
resources the insights gained from knowledge cannot be translated |

into action. For purposes of this research, resources were !

operationalized in terms of retorn on assets, which is a !
Iprofitability measure which controls for size, and debt to equity

ratio, which reflects the soundness of the utility's overali
financial position and its access to debt markets co fund ctrital ,

investments that may be needed for safety. Pr alem 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 subsequent 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
effects on the outcomo variables when time is properly taken into
account. !

,

The reaults of this study require further corroboration, for
there were limitations to the measures employed and restrictions
on the amount of data available. The limitations are described
in the paper. However, the results are pt ennising, and suggest,

I that further study of factors which promote problem solving :
capacity and learning may provide important insights into the
management and organization of nuclear power plants to promote
plant safety and efficiency.,

i
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GENERALIZING HUMAN ERROR R ATES: A TA%ONOMIC APPROACH !:

! i

|.

LOUIS BUFFARDI EDWIN FLEISilMAN JOHN ALLEN [

| CENTER FOR BEllAVIORAL AND COGNITIVE STUDIES f
GEORGE MASON UNIVERSITY !

FAIRFAX, VA.

It is well established that human error plays a major role in malfunctioning of complex,
'echnological systems and in accidents associatad with their operation. Estimates of the
sate of human e.ror in the nuclear industry range from 20-65% of all system failurcs. In ;

response to this, the Nuclear Regulatory Commission has developed a variety of techniques 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 probabihtles exist
for nuclear environments. Thus, when human reliability estimates are required, for example
in computer simulation modeling of system reliability, only subjective estimates (usually i

'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 invcives 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 j
anchors for the tasks in nuclear settings based on the non-nuclear tasks.

i

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 differences, thus
providing a basis for generalizing human error estimates across tasks. In recent years
signifi: ant 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 nuclear tasks in terms of these schemes.

'

Three standardize 6 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.

;

,

!

|

|
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SAI'ETY SYSTEM ITNCTION TREND INDICATOR: THEORY AND TEST APPLICATION *i

M. A. Azarm, J.F. Carbonaro, J.L. Boccio, and W.E. Vesely** !
.

Engineering Technology Division
Department of Nuclear Energy ,

; Brookhaven National Leboratory
Upton, New York 11973 |

,

** Science Applications International Corporation

i

The purpose of this paper is to summarize research conducted on the
development and validation of quantitative indicators of safety performance.
This work, performed un3er the " Risk Based Performance Indicator (ROPI) Pro-
ject," FIN A 3295, for the Office of Research (RES), is considered part of

'
7

NRC's Performance Indicator Program which is being coordinated through 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. It is understood that identification :of plants with degrading or unacceptable performance is a cornerstone of a f

safety philosophy 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< tious options available 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"lement the indicators, and

2. the evaluation / validation of these indicators in terms of their '

r.bilities for,
,
,

a. detecting degraded performance (trends),
b, detecting unacceptable performance (alerts), and
c. identifying the various pes t 3re unce contributors.

Several reports have been generated to address the aforenoted tasks. The pro-
gram originally focussed on risk based indicators at high levels of safety in- '

dices! (e.g., core damage frequency, functional unavailabilities, and sequence -

monitoring). The program was then redirected towards a more amenable goal,
safety system 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 auspices of the U.S. Nuclear Regulatory Commission,
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8alternatives of monitoring safety system unavailabilities . Further simplifi-
cation of these indicators was requested by NRC to facilitate their applica-
tions to all plants in a timely manner. This resulted in the development of
Safety System Function Trend (SSFT) indicators which minimize the need for de- !
tailed system model as well as component history, The theoretical bases for '

these indicators were developed through various simulation studies to deter- |
8mine the ease of detecting a trend and/or unacceptable performance . These

indicators, along with several other indicators, (including Option 2 INPO in. i
dicators) were then generated and compared using plant data as a part of a 1

test application'. The SSFT indicators, specifically, were constructed for a !

total of eight plants, consisting of two systems per plant. Emphasis was
placed on examining relative changes, as well as the indicator's actual level.
Both 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 SSIT 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 FY89, we are concentrating on the implementation is-
sues of these indicators, such as utilization of NPRDS dati,, 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 NUREC 1150 or IPEs).

REFERENCES
,

1. Azara, M.A. et al., " Incorporating Risk Perspectives Into Present Indica.
ters Using Risk Categorization Scheme: Procedure Guide," BNL Technical
Report A-3295, March 1987. ;

2. Vesely, W.E. and Azarm, M.A., " System Unavailability Indicators," B?'L ;

Technical Report A 3205 9 30 87, September 1987.
,

3. Azara, M.A. and Vesely, W.E., et al., "Short Term Indicators of Unavaila-
bility and Unreliability," BNL Technical Report A-3295, April 1988.

4. Boccio, J.L. , Vesely, W.E. , et al. , " Validation of Risk Based Performance
Indicators: Safety System Function Trends," BNL Technical Report A 3295
4 4 89, Draft NUREC/CR, April 1989.
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RISK BASED CONFIGURATION CONTROL SYSTEK: ANAL.YSIS AND APPROACHES *-

P.K. Samanta, W.E. Vesely**, I.S. Kim, and E.V. Lofgren**

Engineering Technology Division
Department of Nuclear Energy

Brookhaven National Laboratory ;

Upton, New York 11973 ;

** Science Applications International Corporation
i
:

This paper presents an evaluation of the configuration risks associated '

with.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 plant are ;

analyzed and the alternative types criteria for a risk based configuration >

control systems are described.
{

The risk based configuration calculations which are studied here focus on i
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 i
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 configurations i

which can cause large core melt frequency increases but instead focus on many ;
risk unimportant allowed outage times. Hence, risk-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.

,

I !* Work performed under the auspices of the U.S. Nuclear Regulatory Commission.

.
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Configuration risks are finally analyzed in order to (valuate the alter-
native strategies for control. The characteristics of configuration risks

r
i analyzed are: the risk significant configuratic-us that can occur during plant

' operation, the risk level associated with such occurrences the expected fre.;

'[ quency of occurrence of such configurations and the risks allowed in current
toch specs from these configurations. Also, the historical occurrences of

I configuration risks at a plant site are studied using plant specific component i

outage data from the Nuclear Plant Reliability Data System (NPRDS), Based on |'

these evaluations, approaches and the criteria for effectively detecting and I!

controlling configuration risks will be discussed. !
,
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DEVELOPMENT AND INTEGRATION OF PROGRAMMATIC PERFORMANCE
INDICATOR $ !,

John Wreathall
. Peter L. Appignani

!'

Science Applications International Corporation

Mohammad Modarres
;University of Maryland :

This paper describes the results of an evaluation of maintenance-related !
programmatic performance indicators, and summarizes the direction being taken i

in a new project to 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
.

!

indicators associated with maintenance for continued analysis. This
evaluation focused on two aspects of the selected indicators:---

;
9

(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 evaluation 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 tha higher frequencies are those plants considered to '

exhibit a lack 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 repcrt " discipline" 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 maxiinum dependable capacity, calculated on a daily basis. Data associated

'

with this measure are currently reported to NP.C in the dccheted monthly
| operating reports. An example of this DPL measure is shown in Figure 1, which
l

i
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includes annotations of the causes of losses; these are almost entirely caused
by balance of-plant (BOP) equipment failures. The frequency and duration of
the DPL parameter represent broadly the re11 ability of the BOP equipment,
which, in turn, is a product of the maintenance programs. Other causes of
losser. include tech. spec. forced outages. Further work is being performed on
developing an indicator associated with DPL based on systems analytical |
methods such as fast fourier transforms; such methods can provide unique j
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 position of the plant based on the individua1 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.

References

1. Identification and Evaluation of Programmatic Performance Indicators
Associated with Maintenance and Training, Joseph R. Fragoia & John
Wreathall, Sixteenth Water Reactor Safety Information Meeting, NUREG/CP-
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Extending the Evaluation of MAPPS: Results of User Participation

D. I. Gertman
Idaho National Engineering Laboratory

Felix Kopstein
FKA Associates

Ron J. Endicott
Research and Development Group, PSE&G

SUMMARY

An evaluation of the user friendliness and usefulness of the
Maintenance Personnel Performance Simulation model (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 evaluated 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 I

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 Jerformed. Constructive ;

criticisms and commentary were elicited throug1 use of face to face ,

interviews and through the application of a standardized survey. t
,

L 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 link to the IBM 370 mainframe. After this linkup is
achieveu, personnel must define ttsk aru suhtask parameters on-line.

'

,

i
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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 a 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 model
defaults for basic parameter values.

MAPPS simulation output includes success proportion, the number of
crew attempts to perform a task, detected and undetected crew errors,
falsa alarms (crew misperceptions that they had committed errors),
and the time required to complete the task. This outaut is available
for up to one hundred iterations of a particular tas( 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 is
anticipated to t'e accomplished prior to the end of FY 1990.
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SEVLHE ACLibENT ZlELALUY UAIDA110h/hYUk0uth i

GENERA 110h BEHAVIOR N01ED FkOh IN-PlLE TEST DA1Au
|

.

A. W. Cronenberg D. d. Usetek
ESA Los Alaiaos Technical Assoc.
64b Shoup Ave./ Suite-330 bbul Americas Parkway, NL
Idaho Falls, 10 63402 Albuquerque, N.H. 67110

R. O. Gauntt F. E. Panisko
Sanoia National Laboratory Battelle-Pacific Northwest Laos
Box bbOO- Box 999
Albuquerque, N.H. b? led Richlano, WA 9%b2
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Tne primaty source of ieyorogen tag uuring severe Lhn accioents is i

froin ophation of Zitraloy (Zry) cleouing D., steoia. In a PkR like 1NI-1,
couplete Zry reaction woulu prvuace : lubb ig hg; e cwparable uwh would
yield. early 2vuu A9 ha. Kelease et such large quantities of Sg to<

containaent' structures with are air atiaospliere coulo produce oestructive -

deflagrations or explosion.s, with pressures in exces, et design Waues.
An unoers1.ancing of tne processes affecting hg ploduction are tnus of
importance to LWR risA assessraent. '

In this paper Zry-oucation/Hg-generation cata froia several in-pile
'

severe-fuel dawage (SFD) test programs are presented ano compared for
comiaon findings. The experiments evaluateo incluue thi. partial-length '

(:0.5 m) 32-rod ounale tests perfonaeu in tne Power Burst Facility (Pbf),
the full-length high-temperature (FLhT) tests perfonnea in the Natio:;al
Research Universal (NRU) reactor at Chalk kiver (Canada), and the smaller

;(0.5 m rod length) BWR DF-4 test conductea in the Annular Core Research
Reactor (ACkR). Although these tests were conducteit over a wiae range of
experiment conditions, a nusauer of coiaraon tilidings are observed which have
a signiricant fiapact on the in-vessel hg source teria for severe
acciuents. lhe principal issues assesseu concern the effects of Zry
melting anu bunale reconfiguration on h2 generation. r

With respWt to Zry inelting, a comparison of on-iine Hg and
cladding tuenoocouple data for the PbF, BWk UF-4, and kRU-FLHi tests
indit&te tnat the ma,;or portivn of hydrow i. release occurred af ter ideite
teweratures were reachec. Extensive inetaliurgraphy was perfonaed for the
PBt anu DF-4 tests, inuicating that Zry-oeuring laelt continuet to oxiui;.e >

.mring and following melt relontion. Arguuents for cutoit or
s.gnificantly ueidinisheu h2 generation upon Zry Iaelting anu relocation
are not supp.;rtea by these test data.

,

e. . This work was sponsoreu by the U.s. Nuclear kegulatory Lolauission in
cooperation with an international partnersnip whico incluues belgiuin,
Canada, Feueral Republic or benuany, F1nianu, Italy, depan, Netherlanos,
Republic of Korea, Spain, Sweuen, Switzerlano, United Kinguon, ninerican
Institute or Taiwan, anu the Electric Power Research Institute.
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for BWR canned f uel asseiablies, it has ceen postulated (b,y the iDL0k
program) that Zry saelting and debris relocation will lead to a cuapletely
olockeu BWR fuel assuably and flow civersion to peripherai bundles. As a
resuit steaiu eccess anu hyuru en proouction are teriainated at raelt reiocation,s
using the IUCOR-WP-BWR coue. 1he valiuity of this hypothesif, ninges on two
key assuiaptions, total flow area blockage anu an intact BWh channel uox. Thi
DF-4 test was specTmally aesigneo tu auoress weltdown behavior of bFk
structural ano control cu..ponents. Results of tue BWn UF-4 test f noicate
early chtnnel oox tailure uue to attack by contrvl. ? Tu iaelt oeuris,
specifically ebtectic interaction between stainless-steel inelt (the clodding
niaterial or tne B 0 control Haue) ano try channel box. hetallurgical4
examination revealed that all out the lower lu-percent of the channel box had
been destroyed by eutectic melt interaction.

The DF-4 theruocoupie cata also indicate that Zry-oxication irmuced
tempeitture escalation continueo weil atter initiaticn of Zircaloy melting anu ;

relocation, with continueo steaia access to the cegraded bundle throughout the
test. These findings are corroborated by post-test metallurgical observations
of residual open flow area anu a high cegree of oxidation of
once-molten /relocateo Zry debris. Only partial flow area blockages were also
noteo for the PBF and NRb test bundl6s. Neither the bF-4, or any of the PbF
and NRU tests, have indicateu complete flow area biockage requireo for
termination of steam accsss anu continued h2 generation in degraded test
bundles.

In suuaary, in-pile test data indicate: (a) a continued nigh rate or
oxidation during and af ter Zin;aloy laelting anu relocation; (b) only partial

|

flow area blockages; and (c) destruction or the BWk channel box by Zr-Fe'

i eutectic melt interaction which allows for continueo stea'.. access and he
| generation in oegr46eu fuel uundles. Observation f roia these tests uo not

indicate inhe ent limitations on h; 9ener tion by core uegradation, other|
r u

i thar, that oue to steain supply conuitions.
|
1

|

\
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HYDROGEN MIXING EXPERIMENTS IN THE
HDR FACILITY

L. Wolf *, L. Valencia
KfK/PHDR HT, Kortsruhe, FRG

*Bottelle Institut e.V., Frankfurt, FRG

During severe occidents in light water reactors, substantial amount of hydrogen con
be generated by the metalwater reaction during core heat up and by core-
uncovery as well os by virtue of core concrete interactions offer vessellower head
failure. This hydrogen a released into the contolnment. A key issue within this context
relates to the global and local hydrogen distribution and associated mixing
phenomena in multi compartment geometry in order to plan for proper mitigation
measures.

During Phase 11 of the HDR Safety Program, a preliminary H, distribution experiment,
T 31.5, was performed in December 1987 in the offermath of the International .

Standard Problem (ISP) 23 for the purpose of obtainInc o first set of experimental
data for long term gas transport behavior in a large scale, multi compartment facility
in the presence of steam under natural convection conditions. This preliminary

1,
' experiment was needed for reliably planning the moJor H,-distribution test series

E 11.1 through E 11.5 to be performed between May and August 1989.

Once a realistic temperature grodlent was established in the contcinment as Initial
and boundary condition resu; ting from the large break LCOA experiment of ISP 23
it was decided to initlate the steam injection 20 min after blowdown begin ' for
15 min. Immedlately after shut off of the steam injection, the H,/He mixture (He:
85 vol %; H,: 15 vol %) was injected for-12 min. Into the HDR contolnment.

The presentation glves a consistent and detailed overview of experimental data of
measured temperatures, hydrogen concentrations and velocitles In different regions
of the HDR facility.

The paper presents major experimental results in form of the transient built up and
| decoy of gas concentraton as well as the time evolution of other Important

quantitles influencing the gas transport. With these informations os background,
L reasons for the gas concentration redistribution at later t|mes in the transient will be
|

provider'

|' These experimentos data will be supplemented by a summary of the comparison
between meosnme .. and pre test predictions with different codes by various

! Institutions. Possibie reasons for some observed devlotions will be Identified. Emerging
modeling opproaches by different codes for the complex HDR experiments will be
summortzed.

The measured results presented for T 31.5 evolve from a typical representative HDR
large break LOCA scenarlo. Other scenarlos, especially those for small break
scenarlos may lead to quite different patterns. P !! the subject of the H,-d!str!bu'on
test group E 11.1 E 11.5 in the first half of 190

in fact, prior to the major Test Group Ell, c scoping experiment E 11.0 was
'

performed to examine the HDR containment response for a slow steam heatup

11-3



process, experimental resuh. of which will be presented because of their importance
with respect to blindly predict the E 11.2 and E 11.4 experiment, chosen as PHDR-
Benchmark Exercises. The experimental dato of E 11.0 Indicate extreme stratificotlon
phenomeno as well as a thorough heotup of all components as well os the annular
gap between steel shell and secondary concrete containment. These phenomeno
are quite different from those observed in all previous HDR-oxperiments but show
simliarities with effects observed during the previous DEMONA experiments and
FIPLOC verification tests in the Battello model contolnment. The presentation
concludes with the descriptions of the actual, revised experimental p.acedures used
for E 11.2 and E 11.4.

|
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Multi-compartment Hydrogen Deflagration Experiments

in the Battelle-Frankfurt Model Containment

'oy T.F. Kanzleiter (Battelle-Institut e.V. , Am R6merhof 35,
D-6000 Frankfurt 90, FRG)

Introduction:
Hydrogen combustion (deflagration, detonation) in an LWR

| containment during a severe accident is an important concern in
I reactor safety. So tar, deflagration phenomena have been

experimentally investigated mainly in single-volume facilities;
i these resulted in moderate pressure build-ups. Therefore, recent
| research has been directed predominantly at a possible 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 containment
geometries, which turned out to yield much higher pressure build-

'

ups than had been expected on the basis of the findings 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 Ha combustion codes.

Investigate in particular: Acceleration of a flame front pro-
pagating through a chain of compartments and interconnecting vent
openings, and its effect on pressure increase. Influence of trans-
verse venting. Effect of H concentration gradients along the flame2

path. Interaction of combustion and gas distribution.

Experimental Facility and Ir.strumentation:
1 The experiments are being performed 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
| .hain. Before ignition, one to three upstream compartments (41 m2

| c ch) tre filled with a hydrogen-air mixture, the remaining
i downstream compartments being filled with air of 1 bar. The maximum
L admissible pressure differential acting on the partition 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 mehsured are: initiml Ha concentration; transient

pressure, temperature, flow velocity in vent openings, and flame
front location (IR detectors).

Test Matrix:
A two-compartment deflagration pre-test with 14 % initial H2

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

|

compartments filled with max. 11 vol. % hydrogen were successfullyo
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performed in April and May 1989. Another set of at least four tests
'is scheduled for the end of 1990.

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 Ha
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'

resultintf pressure build-up. In the further course of the test
series, the code modifications and the plant-specific parameters i

'

were improved from experiment to ex?criment, resulting in an
accuracy of the peak prescure prediction of < 0.1 bar.

Major Findings and Conclusions:
I

) - Hydrogen combustion phenomena in a multi-compartment geometry
|

diffor significantly from those in a single-compartment geometry.

- In the vent openings between the compartments (blockage ratios
I 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 venting effect of the downstream openings and
yielding high local overpressures.

- This " jet-ignition" effect was observed even in cases of moderate
initial pressure build-ups in the upstream compartment (> 10 kPa) r

and/or of low H, concentrations (> 5 vol. %) in the downstream
compartment.

- 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 combustio1. 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 observed in the present Battelle
model containment geometry. Thorough analysis of these phenomena
and subsequent development 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.

11-c
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TMI-2 Reactor Vessel Metalluraical Samolino Pro.iect ,

'N. M. Cole, B. L. Lipford, T. J. Friderichs
MPR Associates, Inc.

.

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

The current general plar and sequence for taking samples from the bottom of ,

the TMI-2 vessel is described 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 .

i water is needed in the reactor vessel to shield personnel operating the long
|

handled tools to obtain the reactor vessel samples.

Sampling is currently planned to be performed at both in-core nozzle locations
and at open areas away from-the nozzles. All work is to be performed through,

I an 18 inch wide slot in a shielded work platform. The slot is about 40 feet
above the sampling area ar.d all tooling will be required to operate remotely
through this opening.

The first step in the reactor vessel sarhpling effort will be to sever 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
point. This number will include both those severed for nozzle penetration
sarrples and those removed to permit ease of access in the bottom head area.
The nonle catting 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.

lhe first reactor vessel samples will be taken from locations without in-core
nozzle penetrations. The samples will be removed with a Metal Disintegration
Machine (NOM) cutting device (electrical discharge cutting process). This
device is being developed by PCI Energy Services. The MDM head has two
U-shaped graphite electrodes that cut into the vessel surface at an

,

I approximate 45 degree angle so as to cut a triangular sample about three
| inches on a side and approximately 6-1/2 inches long. This will locally

[ remove about one half of the vessel total wall thickness.

The HDM device is positioned in the vessel by means of a manual tool
! positioner that is mounted in the ae " r the reactor vessel on top of the

msists of several straight pipework platform. The manual tool m ., me

1

|
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sections and was developed by GPUN for use with the plasma arc cutting torch.4

MDR 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 to 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 a load of about 600 lbs at angles up to 45 degrees.

While the positioning of the MOM cutting head is done manually from within the
cor.tainment building, the controls for the MDM cutting process are located in
the command center outside of containment. We estimate, at this time, that
the sample cutting time will take approximately 10 to 15 hours, depending on- >

the cutting process parameters and assuming that we do not run into 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 sar.ples will be taken at in-core nozzle locations.
Prior to cutting a sample that contains an in-core nozzle, a number of
preparatory steps must be done as discussed below.

Eacl in-core penetration in the reactor vessel bottom head (there are 52)
consists of a 1/4 inch-schedule 160 Inconel 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 these nozzle locations
will remove the seal and retaining nozzle-to-pipe weld. To create a replaca-
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, doout
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 bore 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 lbs. To install these plugs, the in-core 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.

r

We basically have only 30 calendar days to do this entire operation. The goal
is to remove between 8 and 20 samples, and if past history at THI-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 preoared for
a few surprises,

u -9



Bottom Head Failure Program Plan

Ralph O. Meyer
USNRC

:

Earlier this year the NRC staff presented a Revised Severe Accident
Research Program Plan (SECY-89-123) to the Commission and initiated
work on that plan. Two of the near-term issues in that plan
involve failure of the bottom head of the reactor pressure vessel.

| These two issues are (1) Depressurization and DCH and (2) BWR
Mark I containment 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 L failure
elsewhere in the reactor coolant system as a result of natural
circulation. And the mode of vossel 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. Dabris 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 (quantity, composition, ruperheat) at the time of
failure. These conditions have a particularly atrong impact on
subsequent events.

Some work on bottom head failure has already been done in
connection with the analyses performed for the NUREG-ll50 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 medels for several competing failure mechanisms
for BWRs. The modes of failure considered are (a) failure of the
penetration welds at the vessel wall, (b) failure of the inetrument
tube side wall, and (c) failure of the vessel wall itself. In
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 wherear, gross failure of the bottom head is
not predicted to occur until 3-1/2 hours later. i

!

INEL has performed analytical and experimental work directly
| related to bottom head failure in connection with several programs.

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/RELAPS studies to determine coupling between
system thermal hydraulics and debris behevior, and (d) TMI-2 core
and vessel examinations. Ia addition, INEL has made creep rupture
measurements, eFtablished master rupture curves, studied the

11-9
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influence of weldments on failure, and examinet 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 global ureep
rupture for PWRs is less likely than penetration failure.

SNL has conducted a number of analyses and experimental activities
to examine the failure of LWR vessels. (a) Jet impingement
experiments have been conducted to examine erosion of steel by high
temperature melta. Metallic melts were found to be much more
erosive than ceramics. (b) Flow of molten materi-1s into
penetrations has been analyzed with a code called PLUGM. Analyses
suggest that the melt would not hhve 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
conditione, differential 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
occurred 37 to 50 minutes after imposition 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. In 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 give more attention to this subject as called for by the revised
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 assuraptions
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 ACRS. Results of this exercise will be
presented in this paper.
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The 1886 Charleston Earthquake--An Oversiew of Geological Studies

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

The strongest historic earthquake in the southeastern finited
States occurred in 1886 r. ear Charleston, S.C. The northeLst-
trending meiroseismal zone (encompassing Modificd Mercalli
intensity-X effects) was about 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
reinforced by the discovery near Charleston of surficial features
interpreted to represent a class of eartnquake-induced palv0-
liquefaction features known as sand blows. A few of these
features can be ascribed to the 1886 earthquake, but most have
strongly developed soil profiles, and some contain wood and
carbonaceous clasta yielding radiocarbcn ages long predating the
historic earthquake near Charleston.

In South Carolina, Holocene liquefactio:s features are rare
in generally compact, hard-to-liquefy sediments more than 250,000
years old. In contrast, they are abundant in loose, easily
liqueriable, 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 South
Carolina coast southward to Blu fi' ton , S.C., and northward to
Southport, N.C. The ages and abe. dance of these features 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 charcoal 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) indicate that liq u e fac tion-p ro ducing
earthquakes occurred in the coastal South Carolina region around
100 YBP, 600 YBP, 1200 YBP, 1700 YBP, and 3200 YBP. The re fo re ,
the apparent average recurrence interval has been about 550 years
during the last 2,000 years. Although regular age distributions
in small samples can be produced by chance, the documented
sequence presently suggests periodic recurrence for earthquakes
strong enough to produce liq ue f a c tio n .

Other types of liquefaction features, also interpreted to be
earthquake induced, are found in the CN rleston area within the
vicinity of the 1886 meizoseismal zone. These include V-shr. ped
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 liq u e fac tion-p rodu c ing
earthquakes have taken place near CharJest.n during the Ho lo c e r.e .
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Recent seismic activity in the Charleston-Summerville area
V is occurring at depths of 3 to 15 km. These depths indicate that

the ultimate source of seismioity lies well below the Coastal
Plain cover. The origins of earthquakes within this basement
complex beneath the Charleston area reaain obscure despite
numerous geologio , geophysical, and seismio studies during the
past decade. A number of possible faults in the basement and

N deep Coastal Plain sediments have been located from geological
investigations and reflection surveys, but none of these
represents a major fault compatible with modern seismicity or
with the intensity distribution of the 1886 earthquake. Several
probable early Mesozoic basins and associated border faults have
been identified, but conclusive evidence linking them to modern t

seismioity in the area is absent, The only casement feature that
lacks obvious analog elsewhere in the Coastal Plain is a circular
structure 31 mi in diameter; this structure may be a Paleozoio
impact.orater or caldera structure.

4

Neither historio nor prehistoric surface faulting has been
documented in the Charleston area. The shallowest known fault is
a small, high-angle reverse fault cored nese Mount Holly, S.C.,
where middle Eocene Santeo Limestone 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 olay. The plastioity of tnis unit, which
underlies all of the Charlestou area, may retard or prevent the
propagation of faulting ipward above the level of the Santee
Limestona and res ;ric t near-surface sectonic expression to warps
rather than faults.

A scenario of near-surface wsrping is compatible with the
geometry of the Eocene-Oligocene unconformity within the Cooper-
Group. The geometry of this unconformity , defined by shallow
subsurface drilling, reveals three domes and two intervening
troughs, but no discrete faults. One domal feature, near Fort
Bull alon; Ashley River Road south of the Ashley River, is ove r -
lain by D4te Pleistocene marine sediments at elevations highe'
than expacted in the Charleston area. The anoralous elevatioa of
this unic 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 Ashley River seismogenic zone,
which terminates at its southeast end near Middleton Place. The
other two domes, located near Mount Holly and Bonneau Ferry, are
overlain by early to middle Pleistocene sediments that do not
readily reveal evidence of recent upwarring. The northeast
border of the Mount Holly dome, however, lies parallel to and
just southwest of the Wett Branch of the Coop er River. The
alignment of the river's course just beyond the edge of the dome
suggests relatdvely recent tectonio activity in thic area. These
geomorphic observations link two of the domes *o geologically,

recent tectonism in the Charleston aren but it remains
undemonstrated whe.ner or not these features are directly linked
to deep-lying seismogenic ftulted basement blocks.
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PALEOLIQUEFACTION INVESTIGATIONS ALONG THE ATLANTIC SEABOARD
IMPLICATIONS FOR LONG-TERM SEISMIC HAZARD

by
DAVID AMICK, ROBERT GELINAS, GARFU MARAUTH, and ROBERT CANNON i

EARTH SCIENCE GROUP, EBASCC SERVICES INCORPORATED -

2211 WEST MEADOWVIEW RD., GHEENSBORO, N.C. 27407
. .

'

The Charleston S.C. earthquake of August 31,1886 (MM intensity X, estimated body wave
magnitude 6.6-7.1) stands out 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 genera'ly,

accepted within the seismological and engineering communitf that seismicity occurring in
the Charleston, S.C. area was related to a tectonic structure er structures unicae to 'he
epicentral area 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.

| However, over the past two decades, extensive multidisciplinary investigations have failed
I to conclusively identify the cause- or seismogenic source of the 1886 Charleston

,

: earthquake. Consequently, some investigators have taken the posl:lon that soismic
| events, similar to the 1886 earthquake, may occur along the Atlantic Seabcard outside the

Charleston, S.C. area.

Within the past five years, invest;gations by the USGS, the University of South
Carolina, and Ebasco Services incorporated have documerled the existence of
liquefaction features caused by the 1886 Charleston earthquake and at least threc large
prehistoric earthquakeE 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 Charlecton area the recurrence interval for large events
similar to the 1806 earthquake is on the order of about one to two inousand years in
light of the very long return period documented in the Charleston area, the absence of
large earthquakes elsewhere in the eastern U.S. during the Nited historical record does
not in and of itself preclude the possible future occurrence of similar rare earthquakes in
other eastern U.S. locales.

For the past three years the United States Nuclecr Regulatory Commission has supported
a search for seismically induced paleotiquefaction features elong the Atlantic Seaboard.

|
~These investigations are designed to determir.a in a systemade fashion whether or not

| seismically induced prehistoric liquefection features, such as those associated with the
| 1886 Charleston, South Carolina earthquake, are present elsewhere in young sediments of

| the Atlantic Coastal Plain. The discovery of similar liquefaction Teatures in other areas
L along the Atlantic Seaboard could indicate that large potentially damaging earthquakes

have not been restncted 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 Plain of South Carolina, then the uniqueness

of this area in the context of eastern United States seismicity would tend to be
confirmed.

,.
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Initial phases of this study focued on developing a comprehensive control data set
based on the evaluation of liquefaction sites and features located in the Charlesten, S.C.y

area. A total of over 100 probable liquefaction sites were identified on the basis of the
detailed review of historical accounts of the 1886 earthquake, and results of more recent

'

studies ccnducted by investigators from the USGS, the Uniwrs;ty of South Carolina, and
the authors. After identification of liquefaction sites and features in the Charleston,
S.C. area, studies then centered on characterizing their geologic, stratigraphic, ands

hydrologic setting and identify!ng criteria by which similar locales could be identified
elsewhere in the Atiamic Coastal Plain. These studies also included the development of

. recognNon criteria wh!ch could be used to distinguish seismically inducsd liquefaction
features from pseudoliquefaction features (i.e. other features which look similar but are
not seismic in origin).

'

Based on these results, Ebasco is presently conducting a systemetic search for similar
seismically induced paleoliquefaction features in other parts of the Atlantic Coastal Plain.
To date the search has focused on lato Quaternary beach e.nd near shore deposits in
Virginia, North Carolina, South Carolina, and Georgia. These deposits are most similar to
the units where the great ma,iority of iiquefaction features have been identmed n the

i
Charleston area. In addition, limited stud:ss have also been conducted along s e James
River in Central Virginia and near Wi!rnington, Delaware (loca!es of moderate seismicity
in the 1800's). To date, reconnaissance investigations have been completed at over 600
potantial sites. iv. ore detailed investigations have beeri completed at over 250 of these

'3 same field sites, where conditions were determined to be especially conducive to the
development of liquefaction features under low to moderate levels of seismic ground
motion. Numerous psuedoliquefaction featurcu have been observed. However, to date,
conclusive evidence of seismically induced liquefaction has been found only in South
Carolina.

_

Of the liquefaction features identified within South Carolina, many lie as much as 100 to
150 kilometers from Charleston, well outside the epicentrai area of 'the 1886 event.
Further, based on the extensive soil profiles which have developed on these outlying
liquefaction features they are probably not associated with the 1BSG Charleston
earthquake. Cross cutting relationships observed at several of 7hese ott. lying liqu3 faction
sites clearly document the occurrence of at least two pre-1880 seismic events. The
largest of the outlying liquefaction featutes appear to be associated with the " older"
liquefat. tion episode. While smaller than the largest liquefaction featJres previously
documented in the Charleston area, they are comparablo in size to many liquefaction
features observed in the epicentral area of the 1886 earthquake. Detailed studies are
presently under way at soveral nowly discovered outlying Liter in South Carolina to
provide insight as to whether paleoliquefaction sites located well outside the epicentral
regic, of the 1886 earthquake are due to liquefaction associated with a larger pre-1886
Charleston earthquake, or liquefaction associated with earthquakes originating in locales
outside the Charleston, S.C. area.

<.- __ . . . ._
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PALEOSEICMIC HISTORY OF THE MEERS FAULT, SOUTHWESTERN OKIAHOMA
AND ITS IMPLICATIONS TO EVALUATIONS OF EARTHQUAIE HAZARDS IN THE

'
CENTRAL AND EASTERN UNTIED STATES

X
k F. H. Swan e'

\ Keith I. Kelson
*Kevin J. Coppersmith

Geomatrix consultants, Inc., San Francisco, California

The Meers fault gart of the northwest t rending Frontal Wichita fault,.

system,.which extenda, m than 700 km across south central Oklahoma and the.

Texas Panhandle. This system of faults separates a series of crustal uplifts
on m nouthwest from very deep sedimentary basins to the northeast. This
structural trend coincides with the Southern Oklahoma aulaengen, a fault-
bounded trough that formed in the Middle Cambrian and extendr into the craton
from the southern cargin of North Americ .

The Meers fault is one of the few faults in the United States east of
4 the Rocky Mountains that is known to exhibit evidence of late Quaternarys

tectonic displacement. Southwest-facing fault scarps wxtend along a 26-km
segment of the fault. Lineaments along the southeastern projection of this
trace sug est the total length of Quaternary faulting could be as nuch as 37

i km. Deapite the eviden::e for ecent faulting, southwestern Oklahorna has had
''

v;ry little historical earthquake activity. There have been no macroseismic
7 events associated with the faul.t and there is no pattern of microseismicityi

that would suggest it is a capable fault.
Detailed geologic mapping and trenching at four localities along the

northwestern part of the active trace indicate left-lateral oblique slip
(down te-the-southwest) on a staeply northeast dipping to nearly vertical
fault. The ratio of lat.ral to vertical slip is between 1:1 and 3:1. The
sumr.'srized displacement data from these sites are tabulated below.

Preliminary analysis of 19 radiocarbon dates from the trenches indteate
t'.iere have been at least two (porsibly three) surface f aulting events on the
Maers fault during approxinately the past 5000 years. The most recent event <

occurred, about 1500 y9 ara ago. Based on the inferred rupturo dimensions,
these paleoseismic events were probably associated with earthquakes in the
magnitudo range of M, 6% to |( 75.

Analysis of faulted alluvial terraces along Canyon Creek suggests the
recent episode of surface faulting was preceded by a long period of
quiescence. Estiraated terrace ages suggest that the quiescence lasted for at

n leant several tens of thousands of years and may have lasted for hundreds of
thousands of years.

Identification of earthquake sources and assessment of eatthquake
haz.uds in the central and eastern United States is complicated by the

1. ' generally poor correlation octween historical seismicity and geologic
'

L y' structure. This is certainly still the case for small to moderato magnitude
'

events, but a pattera may be present for the larSer events. Four late
v Precambrian or Pcleoroic eutrcogens extend into the erston from the Paleozoic

southern margin of North Arocrica From west to east t.hese are: the Delaware''

aulacogen in west Texas; the Southern Oklahoma aulacogen in southern Oklahoma;
,

! the Reelfoot aulacogen north of the liisuissippi E.mbayment; and the Mount '

'Rogets Aulacogen in South Carolina and North Carolina. If one inclu6c.. the

I
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paleoseismic events on the Meers fault, whid is alor.g the Southern Oklahoma
(. aulacogen, major earthquakes are spatially associated with threa of the four

aulacogen. The New Madrid 1811-1812 earthquake sequence was along the
' Reelicot nulaeogen and the 1886 Charleston, South Carolina earthquake was

spatially associated with the Mount Rogers aulacogen. Th. evidence for large
palcoseismic earthquakes on the Heers fault und the s;,atial association of the
large historical earthquakes to other late Precambrian or early 7aleozoi,:
aulacogen suggest the ' ate Cenozoic strain deformation may be L .:alized along
these major Jones (.T crustal weakness. Although identification of specific
source structures for majot historical carthquakes is still problematical, :

this pattern suggests that the occurrence of large earthquakes is not random.
Expansion _of the data set for largo earthquakes in the central and eastern U.
S. by examir.ing geologic avidence for paleor:eismic events is contributing to a i

'better understanding of the nature and causes of major ea. thquakes.
Ultiuntely, this will result in more reliable assessments of the potential
seismic hazards in the central and eastern United States.

SUMMARY OF DISPLACEMENT DATA

LATERAL: CUMULATIVE NUMBER NET SUP

Total VERTICAL NET SUP OF PER EVENT
Brittle Ductile

Seperation (m) EVENTS (m/ event)

SITE 1 3.610.3 1.8 1.810.3 a)2.5:1 a)9.712.0 ,, 2(?) a)4.8(?)
b)1.3:1'1 b)5.910.5* * b)3.0

SITE 2 2.410.4 1.810.2 OAto.4 1.3:1 3.911.4 2 2.0io.8

SITE 4
Upper 2.71.0 0.910.2 1.811.0 1.3:1 -

Channel
4.411.2 2 2.311.2

Lower 2.710.7 1.0i0.2 1.7to.7 1.4:1 -

channel

SITE 5
Browns 4.510.5 0.2 - 0.3 4.210.5#

--
- - . .

- --

Cr. al.

Porter 4.410.9 0.6 1.02 3.611.0 i---- -- - - - - _.

Hill al. I

*1. Assumes aspect ratio same as sites 2 and 4.
+2. From Luza et al. (1987).
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THE POTENTIAL FOR GREAT EARTHQUAKES IN THE CASCADIA SUBDUCTION
ZONE, COASTAL PACIFIC NORTHWEST EVALUATION OF GEOLOGIC METHODS OF

ASSESSMENT

I by

Alan R. Nelsun and Stephen F. Personius

j. U.S. Geoloscal Survey
Branch 6f Geologic Risk Assessment

MS 966, Box 25046
. Denver, CO 80225

{
j SUMMARY

A fundamental question in earthquake hazards research in the Pacific r4orthwest is the
patential for future great earthquakes on the Cascadm subduction zone in Oregon and
Washington. If plate-interface carthquakes have recurred in the late Holocene, determination of
their magnitude, exte-t, and age is critical for resolution of safety issues in the region. A
nt.mber of diffent geologic field studies aimed at resolving these issues'arejn progress in the
coastal areas of the Pacific Northwest. Because the record of paleoseismic eients is
fragmentary, a-variety of different methods are being used to piece together the late 0,uaternary
tectonic and painoseismic 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 marint .md fluvial terraces and
river valMy morphology.

Holccene studies are focused primarily on identifying small (<2 m), sudden changes 'm
relative s.ea level in coastal sedimentary sequences., Much debate has centered on whethe-

.

observed changes in these sedirnents are abrupt or unique enough to be due to coseismici
~

movements or whether they were produced by non-tectonic processes. The interbedded peats
r.nd muds so typical of late Holecene estut.rine sequences in '.he Pacific Northwest are not

'

unique to tectonicaHy active coasts, and +us they cannot be 2ssumed to hnve been caased by
coseismic subsidence.' Fo- this reason, the most convincing stud es have focused on evidence
suggesting sudden, significant rites in relative sea level caused by cosei:;mic subsidence of they

land surface, in Oregon, Peterson and Darienzo found no evidence of deposition within,.

T . marshes:during either major historic floods or large storm surges. Delic:,te plant macrofossils
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 estimrine muds located

a' directly above these contacts, Hemphill-Haley found transported shelf diatoms, apparently
carried by tsunan.is. Detailed field tad modeling studies of sand layers capping some of the
buried marsh surfaces by Reinhart und Bourgeois should show whether the large, landward-
directed surges of sandy water that accompanied some of the subsidence esents were Iceal:y-

; generated Wnamis, in more protectea environments, microfossil studies of modern diatom and
n foraminifma astemblages in Oregon marshes by Nelson, Jennings, and Karhima have shcwn that

similar assemblages in cores can be used to dist;nguish gradual from sudden changes in relative
sea level., These methods will help d3 cipher the character (relatNe amount cf pre , co , and
post-seismic subsidence and uplift) of individual subddence events.
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Initially, coastal sediment studies hinged on the assumption that 3'C dating of estuarine
sediments would be used to determine the age of coseismic subsidence events and to correlate
these events from site to site along the length of the subduction zonc.. However, work by
Atwater and others in Washington and our comparative dating program in central Oregon shows

Ithat conventional 'C ages of buried marshes correlated using field relationships vary widely |

depending on the type of orbanic material analyzed and methods of sample preparation. Our
lwork suggests that accelerator mass spectroraetry 'C analysis of carefully selected and i

extensively pretreated samples may be accurate enough to correlate events that are only 600-800
,

years apart. Tree-ring studies, such as those by Yamaguchi, offer 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 Qucternary record are also being used to identify regional patterns of
deformat. ion, 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-central Oregon showed that uplift rates were typical of rates from other active
subduction zones, in the san:e region McInelly and Kelsey used detailed terrace and fault
mapping to I,ighlight the important role that local structures play in the deformation of marine
terraces in southern Oregon. Active felds and associated flexucal-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. Mray subduction zone ferearcs have tectonically
active fold and thrust belts, but 8'C and thermoluminescence dating of fluvial terraces aleng the
Sileti., Siuslaw, Smith, and Umpqua rivers suggest slow, regional uplift and r. general lack of
active folds or faults in the Oregon Coast Range.

Another as7ect of regional assessment of deformation is Rhea's study cf river and drainage
,

basla morphology throughout the Oregon Coast Range. While this analysis revealed numerous ,

anomalies in stream gradbnt and valley geometry, further integration of geomorphic, lithologie,/

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 nt.mber,
age, character, and magnitude of the accompanying earthquakes remains to be documented. It
a 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 regional seismic events (>100-km-long ruptures) are plausible in northern Oregon
and southwestern Washington, but the sedimentary record in southern Oregon is best interpreted

- as the product of local events. These interpretations point 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, the:e regional studies may provide the most
convincing evidence for segmentation of the Cascadia subductior 70ne. 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.

1 ,
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*IHE NOVEMBER 25,1988 SAGUENAY EARTHQUAKE IN QUEBEC PROVINCE
AND ITS IMPLICATIONS FOR SEISMIC llAZARD ESTIMATES

leonardo Seeber, Manitia Tuttle, Sue Hough and John Armbruster
Lamont-Doherty Geological Observatory :

Palisades, New York 10964 |

The 25 November 1988, Ms=6.0, Saguenay earthquake is the largest in eastern
Nonh America since the 1935 Temiskaming earthquake, also in southeastern Canada.
Ongoing studies of this import >mt event have already produced a number of surprising
results concerning earthquake hazard estimates in eastern North America. Preliminary
obsenations at this point melude: 1. The epicentral region is characterized by low historic
seismicity; 2. *Ihe steeply-dipping rupture is confined to the lower crust (25-30 km deep)

'

and yet it seems to be geometrically correlated with fracture controlled topographic'

lineaments; 3. Several faults were activated in the eftershock sequence, possibly including
one at h 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 dis,:ussed in more detail below. '

'
The 1988 Saguenay canhquake was centered in the Laurentide Mts-Sagueinay River

region,70 km 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
histonc record in identifying all possibie sources of potentially damaging earthquakes in
eastern North America. Thus, seismic haze-d estimates cased on a source distribution that
reflects only the historic pattern of seismicity may underestimate the hazard in other regions
oflow historic seismicity.

Not only is the 1988 Saguenay epicentral region characterized by low beckground
seismicity, but the aftershock sequence is also thinly populated, when compared to other
sequences in eastern North America associated with mam shocks of similar size, such as
the 1982 Miramichi sequence in New Brunswick. Nevertheless, aftershocks recorded by c
temporary network operated for about a mon'h, when combined with data on the main
shock, provide sufficient data to tentatively resolve the rupturing fault: a northwest striking
fault d pping steepy to the northeast with reverse and left lateral 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 southwest of the main rupture,

i

j 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
L mechanism for the main shock. Topographic lineaments in the 1988 epicentral region show

a pronounced peak in azimuthal distribution in a direction subparallel to the inferred
northwest stnkmg rupture plane. Moreover, a major lineament, at Inst as long e.d the 1988
hypocenter is deep, is spatially correlated with the surface extrapolation of that plane.
Considering the recently discovered correlatic,n 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

,

i alausible and merits close attention. Such correlatiori, however, may remain hypothetical
'

3ecause of the u1usually large depth of the 1988 hypocenter. i

!

!
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Numerous studies have shawn that seismic wave attenuation is lower in eastern
than m western Nonh America. h rthc;uakes of comparable magnitudes s.nd distances tend
to generate higher ground motion in the East than in the West. Dats from the hguenay
earthquake not only support this general conclusion, but they suggest that the difference in
attenuation between the East and the West may be even more pronounced than previously
thought. Both peak and spectral ground motion amplitudes from this event were
significantly higher than predicted from gmund 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 htensity data and theore ical
modeling of seismic wave propagation suggest that ground rmion amplitudes of events in!'

the lower crust relative to amplitudes of events in the shWw crust are lower at short
distances, comparable at the hypocentral depth, and higher at larger 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 also provided the first instrumental evidence of attenuation
anisotropy. Wave propagation is significantly more efficient along the northeast structural
grain of the Appalachians than across this grain. A similar conclusion was reached from the
shape of isoscismal contours which tend to be elong<tted along structural trends of the
Appahtchians. The Saguenay carthquake is the first M26 eastern event to be recorded on
secle at distances ranging from few tens to one thousand kilometers. How representative I
this event is in terms of ground motion will be resolved only with new data. Befom then, it |

seems prudent to consider this earthquake repres.entative where it increases previous hazard
evaluations.

The Sagu nay 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 st 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
ground motions from similar earthquakes in the East than in the West, as discussed above.
In northeastern North America, there is a broad distribuuon 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
sediment 3 often rest on com?etent, high velocity bedrock that allows seismic energy to
reach the sediments with litt e attenuation. The abeve factors result in high liquefaction

| potential and may significantly contribute to seismic hazaais in eastern North America,
particularly in the glaciated Northeast.

.

The Saguenay earthquake triggered both liquefaction and slope failures. Similar
effects are expected from M26 earthquakes in the same area during the Holocene. Thus,

L palcoseismic techniques may be useful in reconstructing the distribution of large prehistoric
earthquakes improving seismic hazard estimates in the Laurentide Saguenay-Quebec'

region. Detailed descriptions of deformation structures at sites of documented liquefaction
provide information regarding the types of earthquake-induced structures that form in
glaciolacustaine and glaciofluvial de 30 sits. Furthermore, comparisons of site conditions
and liquefaction features that formec; 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.

C-1v
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A National Seismographic Network for Assessing Seismic Hazards
by

Robert P. Masse and Andrew J. Murphy

Network developed by National Earthquake Information Center,
U.S. Geological Survey '

To access the seiemic hazard of a region and to establish the design
and construction criteria for critical facilities such as nuclear power

,

plants, detailed information is required on the frequency of occurrence,
,

geographical distribution, magnitude, and energy spectra of earthquakes. '

Also importcut is information on the frequency-dependent attenuation of ;

seismic waves. This information can all be obtained from data recorded by ,

networks of seismograph statioas.

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 sad the Nuclear
Regulatory Commission. The USNSN will be installed and operated by the
HEIC. 4

1

The network will consist of approximately 150 seismograph stations
distributed across the lower 48 states and across Alaska, Hawaii, Puerto

,

Rico, and the Virgin Islands. The design goal for the network is the on- ;

scale recording by at least five well-diotributed stations of any cvent of
'

magnitude 2.5 or larger in the continental United States, Hawaii, and Puerto
Rico, and of any event of magnitude 3.5 or larger in Alaska.

t
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. 3ata
from each USNSN 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 waveform
data base and by satellite transmission in a bro,dcast tode. All earthquake
data will also be distributed on compact disk with read only memory (CD-ROM)
to all institutions having an interest in the seismic data.

.

t

'
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Overview of NUREG-ll50,
Severe Accident Risks: An Assessment for Five

U.S. Nuclear Power Plants"

| Mark. A. Cunningham
Joseph A. Murphy.

U.S. Nuclear Regulatory Commission
'

One principal 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
pit.nts - Surry, Sequoyah, Zion, Peach Bottom, and Grand Gulf. NUREG-ll50
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-ll50 was first issued in draft form in Jancary 1987 for public comment.
In response, 55 comments were received totaling 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

,

special committee of the American Nuclear Society reviewed NUREG-ll50 as a !
whole. All the comments received have been placed in the NRC Public Document i
Room. Appendix D provides a summary of these comments and NRC responses. The
current (second) version of NUREG-ll50 (Second Draft for Peer Review), dated
June 1989, reflects improvements made as a result of the comments on the
previous version of NUREG-ll50 and the continuing development of the
technology.

The objectives of NUREG-1150 are:

I 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 acciderit frequency analyses consider initiating events at fLil 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 improvements have been made in NUREG-ll50 since the first draft
was issued, especially in several areas. Expert judgment was used to fill in
gaps 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.

13-1
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In the NUREG-Il50 report,' the results of the five plant analyses are briefly
. described. The details of the analyses are reported fr. supplementary reports..

NUREG-ll50 highlights results and discusses perspectives that are to be gained
from the results and uses of the analyses as a resource in the regulatory
process. Principal results include:

Core damage frequency (with and without external events),-

Princ.ipal contributors to the mean core damage frequency,-

Probability (conditional and absolute) of early containment-

failure,

Source term results, and-

!

Several measures.of public risk, including a comparison .vith the !
-

Reactor Safety Study and safety goals. |

It is important to consider what NUREG-ll50 is and is not:

It is a snapshot in time of risk at five commercial nuclear power-

plants reflecting plant design and operational information as of
March 1988,

It'is a quantitative and qualitative resource document,-

It is not the sole basis for making regulatory decisions, and-

It is not an estimate of the risks at all commercial nuclear power-

pl anH .

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 provide its comments and views
on the following: the adequacy with which NUREG-1150 addresses the comments of
the Kastenberg Committee; the adequacy of the description 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
distributions; the degree to which the methods in NUREG-ll50 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, the risk analyses will be tpdated as
necessary, and final documents prepared.

13-2

_ _ _ _ _ _ _ _ _ _ _ _



|

SAND 88 2253C (Summary)
USE OF EXPERT JUDGMENT IN NUREG-1150*

T. A. Wheeler, F. T. Harper, N. R. Ortiz
Sandia National Laboratories

|

1. INTRODUCTION

The expert judgment process used in NUREC-1150, " Severe Accident Risks: An
Assessment for Five U. S. Nuclear Plants," is an advance over those processes
developed in previous probabilistic risk assessments. The new process was
used to obtain expert judgment on issues expected to be the main contributors
to the potential 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
had Neen lacking, in the earlier Reactor Safety Study,

i

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
draf t NUREC 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 cxport
judgment for risk assessment, is one of the major contributions of NUREG 1150.

Definition, Quality, and Use of Expert Judgment

2xpert judgments are expressions of opinion, based on knowledge and
experience, that expetts make in responding to technical problems.
Specifically, the judgments represent the expert's state of knowledge at the
time of response to the technical question (Keeney and von Winterfeldt, 1988).
Expert j udgment is not restricted to the experts' answer but includes the
experts' mental processes (definitions, assumptions, and algorithms) 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 larfe body of experiments on human
cognition and communication. Much of this research 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 avoid any systematic bias and include consistency checks with feedback
to the experts to allow for revisions of expressed judgments.

~

* This work supported 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 Judgment in Risk Assessment j

|- The use of expert judgment in risk assessment is of ten implicit. Floweve r,

L risk assessment frequently needs explicit expert judgment as a source of data,
'

particularly if one or more of the following situationa 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 needs to be supplemented, interpreted, or incorporated
with model or code calculations. I

5. Analysts need to determine the state of knowledge about what is
currently known, what is not known, and what is worth learning. -

II. EXPERT JUDCMENT PROCESS

The expert judgment process used in NUREG 1150 includes steps recommended by
state-of-the-art probability encoding studies. These tteps are:

,

,

1. Selection of issues and experts;
2 Elicitation training;
3. Presentation of issues to the experts;
4. . Preparation of issue analyses by the experts;
5. Discussion of issue analyses and elicitation of expert's j udgments ,

and
6. Recomposition and aggregation of expert's judgments.

III. CONCLUSION AND RECOMMENDATIONS

As with all scientific and statistical analyses, expert judgment can be
misinterpreted end misused. It is important to understand the proper use of
expert judgment to reduce the likelihood of improper use.r

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 f r. m solving the problems do not exist. They provide
quantitative representations of the state of knowledge of such problems at the
present time. These representations provide a basis for decision making and
communications throughout the industrial, scientific, and regulatory
communities interested in these issues. Interested parties (e.g., utility
groups, regulatory agencies) who disagree with or are concerned by the results
of expert assessments nay become motivated to do experimentation or analysis t

on particular issues. If these efforts result in improved understanding of
the issues and solutions that differ from the expert's assessment, then this
is et contribution or succers of the expert judgment process, not a failure.
The expert asses::ments serve as the best representation 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 upgrad ng the results, if
future experiments or analyses produce new information.

13-4,
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f,;q External Event Analysis Methods for NUREG-1150*,

, ,
,

LL , by !
n ; I

' M. P. Bohn and J . A. Lambright .

..E Sandia National Laboratories !

?

:| Abstract
4e

l

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 provided by the original
6 WASH-1400 risk assessments. In contrast to the WASH 1400 studies, at
p least two of the NUREC-1150 risk assessments will include an analysis of r

'; risks due to earthquakes, fires, floods, etc., which are collectively7
' known as " eternal events". This paper summarizes the methods'to be used

tw the external event analysis for NUREG-1150 and the results obtained
to date.

U

. 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 ;
F June 1989 -with final documentation available in September. ,

,

.In keeping with the philosophy of the internal events analyses for.

NUREG-1150, which are irtended to be " smart" PRAs making full use of all'

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 baen under development at Sandia National Labs under the t

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 program for the resolution of USI
A 45, Adequacy of Decay Heat Removal Systems. Extension of these
methods to fire, flood, etc., has been continuing during the past two
years.

In contrast to most past external event analyses, wherein rudimentary
systems models were developed reflecting each external event under
consideration, the-simplified NUREG 1150 analyses are based on the
availability of the full internal event PRA systems models (event trees
and fault trees) and make use of extensive computer-aided screening to
reduce them to sequence cut sets important to each external event. This
provides two major advantages in that consistency and scrutability with
respect to the internal event analysis is achieved, and the full gamut
of random and test / maintenance unavailabilities are automatically
included, while only those probabilistically important survive the

*This work is supported by the United States Nuclear Regulatory
Commission and performed at Sandia National Laboratories, which is e

operated for the US Department of Energy under Contract Number DE-AC04- |
76DP00789.
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screeningphocess. :Thus, full benefit of the internal event analysis is
obtained by' performing the internal and external event analyses
sequentially,

i. '1

.

The external event analysis begins with a review of the FSAR, related
h design documents;and the systems descriptions in the internal events
b PRA. Important components are located on general arrangement drawings,
n The fire study Appendix R submittals are the basis for the initial
| identification of area fire and flood boundaries and barriers. Shortly

encreafter a plant visit of 2-3 days duration is made, involving an'

'
integrated team of 6 8 specialists in the various external events and at
least one systems analyst from the internal events PRA team.

The seismic risk assessment is the critical path item due to the time it
,

takes to assemble the structural drawings and'models. A best estimate
structural-dynamic response calculation is made coupling design beam-
element models with a realistic model of the underlying soil column
using the CLASSI soil-structure interaction code. The result is
distributions-for floor slab accelerations, and estimates of variability
and correlations'. Component fragilities are obtained either from'a
generic data base or derived on a plant specific basis as needed. Dual
probabilistic screening methods are used to determine important cut sets
while allowing.for explicit incorporation of correlations. The seismic
hazard'itself is ob:ained by extrapolation from the results of the NRC
sponsored Eastern Seismic Hazard Characterization Program. These
results are directly modified to include local soil amplifications,as
needed.

The fire and internal flooding analysis tasks proceed in a parallel :

fashion. . Fire initiator frequencies are obtained from an updated
historical data set developed at SNL. Partitioning of building fire

~

i

!frequencies (for which data are available) down to sub. area frequencies ;

is based on cable loading, electrical cabinet distributions and
transient combustible estimates based on walkdown observations and a
transient combustible data base developed at Sandia. Component damage
temperatures (rather than auto. ignition temperatures) are based on SNL
fire tests. The COMPBRN III code is used to predict component
temperatures in fire areas where growth and separation are important
considerations. Vital area analysis using the SETS and COMCAN codes
provide sequence cut sets for quantification, including barrier failure
and random' failures as appropriate. A fire detection / suppression
histogram developed at SNL is used to incorporate fire fighting timing
into the analysis.

Similar approaches are used for intetnal and external flood, tornr.do,
,

winds, etc. A major economy is achieved by analyzing, fire and flood
together and seismic, wind and tornado together due to the commonality<

of the analysis processes. For example, it is a minor task to extend
the seismic fragility derivations to be applicable to wind fragilities.
Similar economies arise in the screening steps for fire and flood.

f
,

'
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UTILITY USE OF PRA
BY

Mario V. Bonaca
Northeast Utilities

Northeast Utilities (NU) operates four nuclear power plants in Connecticut:
Connecticut Yankee at Haddam Neck and Millstone Units 1, 2 and 3 in Waterford.
Differences in design and age add t7 the complexity of operating the four
units: Millstone Unit 1 is a G.E./Ebasco BWR, Millstone Unit 2 is a
C.E./Bechtel PWR, and Connecticut Yankee and Millstone Unit 3 are
Westinghouse /S&W PWRs with comercial cperation dates separated by 18 years.

>

NU's first involvement with PRA dates back to the late 1970's when limited
PRAs of decay heat removal systems of Millstone Unit 1 and of Connecticut
Yankee were performed. This work provided significant insights into systems
limitations and opportunities for improvements, thus inviting PRA application
on a larger scale. In particular, the success of limited scope PRA in 1,

identifying systems limitations left unanswered the question of whether '

limitations existed in other systems which may be more severe in terms of
overall plant safety. This developed within NU the recognition of the
strength of PRA as 6 system engineering and decisicn making tool, and of the
need for full plant PRA. The accident at Three Mile Island provided the final
impetus for a comprehensive PRA program. This program, initiated in the early
1980's, includes the in-house performance of full PRAs for the four units,
their maintenance as living PRA's, and their use in most facets of nuclear
power plant engineering and operations. FRA activities are currently carried

1 out by a dedicated staff of 13 engineers supported by other disciplines as
$ needed. This program is supported and complemented by an internal framework
% for action in response'to PRA insights,
d

d The importance of developing such a framework cannot be overestimated, because
P this is the process by which needs and uses of the living PRA program are"

specified. Without specific commitments to and from engineering andj operations, PRA role, characteristics and uses are not specified and the PRA
3 becomes ineffective, providing only a snapshot in time of plant risk. If,
d conversely, the PRA model is tied to the dynamics of engineering and
} operations, it beccmes a critical decision making tool and, in turn, is
t continuously improved with time. In fact, its use in critical plant decisions
! enhances the model, as PRA recommendations affecting plant operations receive
i great scrutiny by the people responsible for the areas most affected by them.
| Thus, modeling assumptions are routinely questioned and tested in the
! operational environment, and operator actions are tested on the plant specific
; simulator. Also, plant specific data bases are continuously refined. Thus,
j the organizational framework surrounding the PRA program is paramount to the
| quality, vitality and effectiveness of the PRA program,
i

|. NU's organizational framework supporting the PRA program includes:
.

2

i o A Corporate Policy Statement endorsing safety goals
; for core melt, individual and population risk and committing to |
! corrective action commensurate to the significance of PRA findings. |
| A routine and prompt notification procedure to maintain senioro
i

t 1

| |

|
|

!?-?
l
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management appraised of status of the risk assessment for each unit.
o A procedure requiring that all proposed design changes be reviewed at

the conceptual stage for PRA impact. Wis allows us to prevent
narrowly focused backfits which, inadvertently, achieve a' specific
engineering objective at the expenses of safety in some other plant
area,

o A procedure requiring that all plant changes requiring a 10CFR50.59
safety evaluation be PRA evaluated. This is done to assure that
changes which could be acceptable based on current regulation, but
increase risk, will not be implemented; and to assure that changes
which are unreviewed safety questions, but reduce risk, are proposed,

o PRA " Key Assumption Documents" to comunicate critical assunptions
and prevent changes without previous review and concurrence. !

o A project prioritization scheme to evaluate and prioritize all
proposed projects (ISAP). NU was the original utility participant in
the Integrated Safety Assessment Program (ISAP), for wh1ch Millstone ,

Unit 1 and Connecticut Yankee were pilot plants. ISAP provides means :
!to address through a comprehensive ranking methodology projects and

issues from all sources. %ese projects and issues are evaluated
according to public risk impact (PPA), reliability, economics, ;

personnel productivity, personnel safety and external impact. Based I

on weighting factors for the above attributes, all proposed projects
,

and issues are then ranked to establish a priority for'

implementation. In many instances, projects that have little value
or low benefit-to-cost ratios are dropped altogether. Experience
with the first two rounds of evaluation and project prioritization

j indicates that there is far more agreement than disagreement between
1: the utility and regulators. Because of the success with ISAP on
: Millstone Unit 1 and Connecticut Yankee, NU is extending ISAP to
I Millstone Units 2 and 3.
1.

In addition to the activities identified above, PRA input has also been used
in support of day-to-day plant operations including: y

I
o Prioritization of projects for Quality Assurance review during ,

scheduled outages. -

o Prioritization of Emergency Operating Procedures for operator
training.

o Licensing support, including justification for continued operation
and Technical Specificatirn & ages.

I o Providing recomendatior< 1 y, .ing preventive maintenance and
I uurveillance frequencies tw tical equipment.
|

L Our framework of PRA application has therefore evolved from the early
| application for dispositioning PRA identified plant vulnerabilities only, to
' the current broad application to all issues for which public risk is a

component. Our corporate policy comitment to reduction of Core Melt
Frequency (CMF) of our plants is an obstacle to operational strategies which
may increase CMP. As an example, in our ongoing transition to longer fuel

|

cycles, we may commit to midcycle shutdowns to test PRA identified critical|

safety systems if compensatory actions are not identified which will allow no
reduction in CMF. An additional use of our PRA program is in fulfillment of
NU's IPE commitments.

|

|
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" Main Results of the German Risk Study, Phase B"

F. W. Heuser '

Gesellschaft fur Reaktorsicherheit (GRS) mbH
Schwertnergasse 1, 5000 Cologne, FRG

+
,

|

| An overview is given on the investigations and main results of the German Risk
Study, Phase B. As reference for the analysis Biblis 8 a representative :

German nuclear power plant PWR of the 1300 MW-electric class was selected.

.

The investigations performed in Phase B only refer to plant internal analysis,
i.e., accident sequences leading to plant ' damage states (PRA level 1), core '

melt accidents, containment performance and fission product release (PRA level :

2) have been dealt with. Thereby, in addition to loss of coolant and |

transient initiating events, also contributions resulting from plant internal
fire and flooding and from external events have been considered.

Referring to accident sequences not coped with by the design safety systems
(accident ' sequences beyond safety design limits), special attention was given
to the analysis of plant internal accident management measures which still
can be applied to prevent core degradation or at least to mitigate its

consequences. Particularly, alternative emergency measures for depressuriza-
tion of the reactor coolant system and recovery of emergency core cooling, so
called bleed and feed measures, have been analyzed in detail.

With regard to core melt accidents, the course of a core melt event, i.e.,

in-vessel core melt and ex-vessel molten core concrete interaction, as well

as containment performance under various loads, have been analyzed taking into
account more recent results of safety research. Thereby, especially processes
and phencmena which could leaa to an early failure of the containment

structure have been considered.
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RISK SENSITIVITY DUE TO THE CONSEQUENCE PARAMETER UNCERTAINTIES *

E. Cazzoli, A. Tingle, C. Grimshaw, C. Park,**
M. Lee *** and W.T. Pratt

Department of Nuclear Energy
Brookhaven National Laboratory

Upton, NY 11973

As a part of the NUREG-Il50 analysis, consequences were calculated using i

the MACCS computer codo [1] for postulated releases following a severe accident :

at five selected power plants. Source terms associated with these accidents
reflected uncertainties in the physical processes, and were calculated in a
pararaetric form with inputs originated by a limited Latin Hypercube Sampling
(LHS) Monte Carlo technique [2]. Ranges and distributions for the relevant
parameters we*e obtained from expert elicitation. However, source term charac-
teristics for each type of accident had no uncertainty associated and were based
on previous analyses or results of computer simulations.

During the reanalysis of the PWR plants (Surry and Zion
Generator Tube Rupture (SGTR) with Secondary Valve stuck open wa)s identified in(3), a Steam.

the Level 1 assessment to be significant to the overall plant risk. An ad-hoc
Level 2 analysis of this sequence showed a potential for large releases and

;

provided some information about characteristics of the accident. Warning time, '

initial time of release, elevation and energy of release were left to engineer-
ing judgment, warning time being the most uncertain parameter. A warning

,

interval of five hours was agreed upon by the analysts.

A sensitivity study was performed with respect to all the release charac-
teristics of this accident. Distributions were sampled using the LHS technique

,

and fifty sets of consequences were calculated by MACCS on a unique high source
term from the NUREG-ll50 analysis for the Zion plant.,

|

Site specific meteorology, population and land characteristics were used,, ,

with the Zion assumption of total evacuation of 1.1 m/s following a 2.3 houri

| delay from operator warning [4].

A regression analysis of the results showed a strong dependency of all
conditional consequences to the accident warning interval. Overall risk cal-
culations for the Zion plant, however, do not appear to be very sensitive to
the uncertainties, due to a relatively low core damage frequency, with the
exception, perhaps of the risk of early health effects.

*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.

** Current address: Korea Advanced Energy Research Institute, Chungnam, Repub-
lic of Korea.

*** Current address: National Tsing Hua University, Hsinchu, Taiwan, Republic
of China.
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PERFORMANCE OF CONTAINMENT PENETRATIONS UNDER
SEVERE ACCIDENT 14ADINGS1

H. B. Parks
D. B. Clauss'

Sandia National Laboratories
Albuquerque, NM 87185

Sn===rv

The objective of the present paper is to provide a complete summary of
efforts to date to better understand the behavior of containment
penetrations when subjected to severe accident conditions. The research
activities discussed herein are a part of the Containment Integrity
Progranis , which are managed by Sandia National Laboratories for the U.S.
Nuclear Regulatory Commission. Because much of the information has been
widely published, a detailed presentation will be provided only for those
programs that have either been recently completed or are ongoing.

The overall goal of the Containment Integrity Programs is to develop test
validated methods to predict the ultimate pressure capacity, at elevated
temperatures, of light water reactor (IRR) containment structures. In

order to accomplish this goal, a series of scale model containment tests
have been conducted including a 1:8-scale steel model and a 1:6-scale
reinforced concrete model. Because of the reduced scale and limited number
of tests, the model tests could not include all of the various penetration
designs. Thus, several separate test programs have been conducted in which
various features of containment penetrations were tested in order to
determine their leakage behavior when subjected to severe accident ;

conditions. Past containment penetration res.earch programs have included '

testing of typical compression seals and gaskets, electrical penetration
assemblies (EPAs), and a personnel airlock.

Recently, a series of tests were conducted to determine the leakage
,

|
behavior of inflatsble seals when subjected to postulated severe accident
combinations of containment pressure and temperature. Also, there is an

i

ongoing research activity to determine the capacity of bellows that are
used at some containment penetrations. Further testing of the pressure-
unsecting equipment hatch in the 1/6-scale reinforced containment model is
also underway. These three research programs will form the major portion

! of this paper.
|

|
|

|

l;

1.This work was supported by the U.S. Nuclear Regulatory Commission and
performed at Sandia National Laboratories, which is operated by the U.S.
Department of Energy under contract number DE AC04-76DP00789.
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Inflatable seals are used to prevent leakage around the perimeter of
persormel and escape lock doors in approximately 10% of U.S. containments.
The test program included the two primary seal designs currently in use in
nuclear containments. For each seal design, a pair of unaged and a pair of
aged seals were subjected to a series of leakaSe tests; thus, a total of
four series of inflatable seals tests were conducted. During each test
series, leakage tests were performed first at room temperature and then
finally at elevated temperature. For oach leakage test, the seals were

first inflated to the desired level and then the chamber (containment)
pressure was increased until significant leakage (a10,000 std. ft3 per day)
began. The test results indicate that, regardless of seal design or
applied aging, significant leakage will not begin until the containment
pressure exceeds the normal operating seal pressure. A relatively simple,
empirically based, analytical model will be presented to predict the
containment pressure, for a given seal pressure and temperature, at which
significant leakage can be expected,

Bellows. are employed at most process piping penetrations of steel
containments in order to minimize the p sing loads applied to the
' containment shell while maintaining the containment pressure boundary.
Bellows are also used at the penetration of - the vent lines into the
suppression chamber in Mk 1 containments. Currently, plans are underway to
conduct a series of tests in which representative bellows are sabjected to
postulated severe accident loadings. During the tests, various

,combinations of internal and external pressure, axial compression,
elongation, and lateral deformation will be applied to typical bellows ,

geometries. The magnitudes of deformations to be applied will be
determined from global shell analyses of typical containments at the
position of the most critical bellows. The goal of these tests is to
develop methods to predict the pressure and deformation conditions that
will likely cause a tear in the bellows, which would result in a large leak
path past the containment.

A series of tests are underway on the pressure unseating equipment hatch in
the 1:6 scale reinforced concrete model. The tests are designed to provide
information on the effects of bolt preload, seal aging, temperature, and

,

type of gasket material on the containment pressure at which leakage can be
expected. An analytical. model has been developed to estimate the
containment pressure and temperature at which onset of leakage can be
expected and the rate of leakage for containment pressures beyond those
required to initiate leakage. The test results will be used to improve and
validate this analytical model.

Finally, the application of the penetration research programs in the
overall analysis methodology for predicting the performance of LWR
containment will be described.

14-2
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SIZEWELL 'B' CONTAINMENT MODEL TEST

Daniel S. Horschel
Sandia National Laboratories

Containment Technology Division
Albuquerque, NM

USA i

:

Peter T. Georgo |
!. Technology Manager
| PWR Project Group
L Central Electricity Generating Board

Knutsford, Cheshire
U.K. ,

INTRODUCTION

The United Kingdom's Central Electricity Generating Board (CECB) has tested i
a 1:10th scale model of the conte.inment building of Sizewell B to determine
its ultimate pressure carrying capability. Sizewell B is a pressurized
water reactor that is housed in a prestressed concrete containment. The .

"

design pressure used for the containment and the model is 0.345 MPa. The
containment structure is based on a Bechtel design -making it very similar

,

to some of the prestressed containments in the United States. The
containment model was tested to structural failure to demonstrate its *

pressure reserve and provide data to benchmark computer analyses.

A total of 712 sensors were employed to monitor and record the structural
behavior of the model during the hydrostatic tests. The data vill be used
to validate computer codes used for the design and ultimate load analyses
of full-scale containment structures. >

The Nuclear Regulatory Commission (NRC) is participating in this program to
further their understanding of containment performance. Previous
containment experimentacion has been conducted at Sandia National
Laboratories for the NRC, and has included the testing of five steel
containments and a 1:6-scale reinforced-concrete containment building.
Sandia personnel, acting as the NRC's technical agent, have been
participating on the peer review group for the Sizewell B model testing
program.

OBJECTIVE

!

The data generated during the test will be used to validate the analytical
techniques used in the U.K. to assess the ultimate capability of j

containment structures. The data also contributes to understanding of the J
failure mechanisms of similar structures. j

l
l

n3 l
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FEATURES OF THE MODEL

The model was scaled from the full size prototype, Sizewell 'B', and is
approximately 1:10 scale. The model cowprises a prestressed cylindrical
shell and hemispherical dome with a flat reinforced concrete base.

The model used a rubber bladder as the pressure boundary during the
hydrostatic tests. A steel liner was not included in the model structure.

Some of the major features included in the 1:10 scale model are:

a flat basemat that is 0.42 meters thick,
a 0.13 m thick cylinder wall,
a hemispherical done that is 0.10 m thick,
1 equipment hatch,
2 personnel air lock penetrations, j
3 buttresses used to anchor the hoop tendons, and ;

1 piping cluster,
j

TESTING

The low pressure testing of the model included pressurizing the containment
structure 4 times to 1.15 times its design pressure (1.15 x 0.345 MPa) for

,

a peak pressure of 0.397 MPa at the dome apex. Testing concluded with an
overpressurization of the model, which reached .77 MPa at the dome apex
before a failure of the basemat occurred.

During the low pressure tests the model behaved essentially elastic and
with essentially no sigas of permanent set in the structure.

|

The ultimate load test began with a slow steady pressurization of the model
while the sensors on the containment model were scanned. The majority of
the model behaved elastica 11y until a pressure of about 0.5 to 0.6 MPa was
reached. As the pressure was increased, the model began to show signs of
nonlinear behavior as reported by the sensors; however, very little visual
evidence, such as extensive crackin8, was obvious. (The pressures stated
are the applied pressure or conceptually the pressure at the doae apex.
Due to the weight of the water a hydrostatic pressure also exists that

i varies linearly from zero at the dome apex to approximately 0.065 MPa at
the top of the basemat.)

At approximately 0.77 MPa (pressure at the dome apex), the basemat began to
bulge significantly and no further increase in pressure could be applied.
As a result of the basemat bulging. the model tipped to one side, exposing
a large portion of the bottom of the basemat. Spalled concrete was evident "

over a region just inside the bearing plates for the meridional tendons and
j also towards the center of the basemat.
|

The full paper will further describe these tests and present data gathered
during the test.
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ASSESSMENT OF EFFECTS OF STRUCTURAL RESPONSE ;

ON PLANT RISK

PRELIMINARY RESULTS FOR ;

PEACH BOTTOM ATOMIC POWER STATION
|

|- by

M. P. Bohn
E. W. Klamerus

Sandia National Laboratories

J. J. Johnson
M. J. Mrat ,

EQE, Incorporated

1

Summary .

The U.S. Nuclear Regulatory Commission has been sponsoring tests at Los
Alamos National Laboratory on the dynamic response of Seismic Category I
reinforced concrete shear wall structures. As test results accumulated, '

it.became clear that there was a significant difference between
as calculated and measured shear wall stiffnesses and frequsncies, and
that these dif t'erences existed both in static and dynamic tests. For
very low level tests, measured frequencies were found to range between
50% and 80% of the computed values. During simulated earthquake tests,
measured frequencies were found to further decrease as the earthquake
level increased. The observed differences between calculated and
measured stiffnesses and frequencies represents a potentially important
issue relative to the seismic design and safety of nuclear power plants, -

for the following reasons:

a. In the typical PWR and BWR power plant, most of the safety
injection systems and piping, the emergency on-site . power

,

systems and the control room itself are located in shear wall'
3

Seismic Category I structures, and these structures have
(calculated) fixed base frequencies typically in the 5 Hz to 20

j' Hz range.
|

|

This work is supported by the United States Nuclear Rogulatory
Commission (NRC FIN No. A1851) and performed at Sandia National j

Laboratories, which is operated for the US Department of Energy under '

Memorandum of Understanding DOE 40 550-75
|
|

|

|
|-
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b. Based on the LANL tests, and depending on the level and
frequency content of the earthquake time history and the local
soil conditions, these structures could have effective
frequency reductions of up to 50 percent, i.e., in the range of
2.5 He to 10 Hz.

Most broad band strong motion recorded earthquake accelerogramsc.
have the majority of their energy in the 2 Hz to 8 Hz range.
Thus if the structure has an effective frequency in this band,
the excitation of the structure would be greater than was

.
considered in the design of the structure. Both the loads

''

experienced by the structural members and in structure floor
acceleration spectra would be increased.

d. Since the (calculated) in structure floor response spectra
which are used to design and qualify safety equipment have been
based on calculated structural stiffnesses and frequencies, it
is possible that certain safety equipment could experience
greater seismic loads than were specified for qualification.

.

Thus, this " frequency difference" issue has potentially important
implications with respect to the safety of power plants during seismic

,

events. !

In order to assess the it.sportance of this " frequency difference" issue
the U.S. Nuclear Regulatory Commission has funded Sandia National !
Laboratories to re evaluate several existing seismic PRAs by modeling
and incorporating the effects of the frequency reductions. This report
presents the results for the initial re-evaluation of the seismic risk
at the Peach Bottom Atomic Power Station.

.Re-evaluation of the original PRA (performed as part of the NUREG 1150,

program) was performed with a preliminary model incorporating both
static and dynamic reduction in stiffness for the critical concrete
structures at Peach Bottom. As a result of this evaluation, the mean
core damage frequency was found to increase from the original value of
7.66E 05 to 1.24E-04 per year, a 60% increase. This increase resulted
primarily from two structures (the crib house and cooling towers) whose
natural frequencies 'were reduced from 13 to 20 Hz down into the
amplified acceleration region of ground motion input.

In addition, an evaluation of " design-like" structural dynamic calcula-
tions with and without the stiffness reductions was made. It was found
that, in many cases, in-structure floor spectra were significantly
amplified due to the stiffness reduction, and that spectral peaks were
also shifted (downward) significantly. In addition, calculated net wall
loads and morntnts were increased by up to 20%. These results have
significant implications for the design and safety analysis of nuclear
power plants.

14-6
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Tile li1GH LEVEL VIBRATION TEST PROGRAM

C.H. Ilofmayer, J.R. Curreri, Y.J . Park, W.Y. Kato
Brookhaven National Laboratory, Upton, NY 11973

S. Kawakami
Nuclear Power Engineering Test Center, Tokyo, Japan

SUMMARY

As part of cooperative agreements between the United States and Japan,
tests have been performed on the seismic vibration table at the Tadotsu
Engineering Laboratory of Nuclear Power Engineering Test Center (NUPEC) in Japan.
The objective of the test program vns to use the NUPEC vibration table to drive
large diameter nuclear power piping to substantial plastic . train with an
earthquake excitation and to compare the results with state-of the art analysis
of the problem. The test model was subjected to a maximum acceleration well
beyond uhat nuclear power plants are designed to withstand.

The High Level Vibration Test (HLVT) model was constructed by modifying
the 1/2.5 scale model of one loop of a PWR primary coolant system which was
previously tested by NUPEC as part of their seismic proving test program. The
upper and middle steam generator shell supports of the model, which simulated
the actual plant condition, were removed and the steam generator shell was
truncated. Furthermore, the four lower support columns for the steam generator

were replaced by a pin type support. These modifications shifted the natural
frequency of the test model into the frequency range where the vibration table
has maximum exciting capacity and provided assurance that inelastic response
could be achieved.

A total of 300 channela of instrumentation, including accelerations,
displacement and more than 200 channels of strain, were provided to measure the
inelastic vibration behavior of the test model, especially the elastic-plastic
strain distribution in the piping.

A modified earthquake excitation was applied and the excitetion level was
increased carefully to minimize the cumulative fatigue damage due to the
intermediate level excitations. Since the piping was pressurized, and the high
level earthquake excitation was repeated several times, it was possible to
investigate the effects of ratchetting and fatigue as well.

Elastic and inelastic seismic response behavior of the test model was
measured in a number of test runs with an increasing excitation input level up
to the limit of the vibration table. In the maximum input condition, large
dynamic plastic strains were obtained in the piping. Crack initiation was
detected following the second maximum excitation run. Crack growth was carefully
monitored during the next two additional maximum excitation runs. The final test
resulted in a maximum crack depth of approximately 94% of the wall thickness.

.
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The HLVT program has enhanced understanding of the behavior uf piping
systems under severe earthquake loading. As in other tests to failure of piping
components, it has demonstrated significant seismic margin in nuclear power plant
piping. The test provided extensive data which are being used to evaluate
elastic and inelastic dynamic analysis techniques. Furthermore, it provided;

unique test data to understand fatigue crack initiation and growth under seisteic
loading conditions. Efforts are continuing' to evaluate the test results and to-

perform more refined post-test analysis. A blind post test prediction program
involving engineers not previously involved with the program is also being

-performed.
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Research has been performed under the auspices of the U.S. Nuclear Regulatory*

Commission.
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RELAY TESTING AT BNL

l
K. Bandyopadhyay and C. Hofmayer !

Brookhaven National Laboratory, Upton NY 11973

SUMMARY
a

INTRODUCTION

Brookhaven National Laboratory (BNL) has conducted a se.smic test program on
relays. The testing has been performed at Wyle Laboratories. The nurpose of
the test program was to investigate the influence of various parameters (e.g.
input frequency, electrical mode, adjustments) on the seismic capacity levels
of relays. A total of forty six specimens of nineteen popular relay models have
been selected for testing.

TESTING METHODS

The bulk of the program consisted of single axis, single frequency sine dwell
tests in the frequency range of 1-50 Hz at an interval of 2.5 Hz. The input
level was progressively increased or decreased until tbn failure threshold was
established in all three orthogonal directions, for three electrical modes (i.e.
operating, nonoperating and transition), and two contact conditions (i.e.
normally open and normally closed). In some tests, the specimens did not fail
within the vibration capacity of the shake table. A contact chatter duration
of 2 ms or greater has been used as the failure criterion. Limited single
frequency testing was performed to determine the influence of adjustment of
spring tension and contact gap with hinged armature relays. The effect of end
play was investigated by raising and lowering the disk of rotary disk relays.

Subsequent to the single frequency tests, multifrequency testing was performed
on a limited number of specimens with the random input. The specimens were
excited in one, two and three directions in separate tests, and simultaneously,
in_ case of multiaxis testing. Spectral shapes have been matched, as much as
possible within the shake table limitation, with the respective single frequency
capacity levels so that the conversion factors relating the single frequency test
inputs to the multifrequency test response spectra can be computed. Three
specimens of each of four models of the same relay type were tested biaxially
following the shape of the response spectrum recommended in ANSI /IEEE Std C37.98.
This test explored the similarity concept for relays. The multifrequency and
the adjustment tests were performed only for the worst electrical condition and
input direction determined from the single frequency testing.

TEST RESULTS

The single frequency test results provide the seismic capacity of each specimen
at various frequencies. The results indicate that most relays are strongly
influenced by the input frequencies and directions, electrical modes and contact
states. The ratio of the capacity level test response spectrum (TRS) and the
sine dwell input of a relay model varied from 2.1 to 4.5 in the frequency range
of 5-30 Hz. The average value was 2.3 in the frequency range of 5-15 Hz. Test
results of the four models of the same relay type did not demonstrate close
dynamic similarity of these models. Importantly, for two models, the operating
mode controlled the relay capacity levels.

14-9
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CONCLUSIONS

L '< ( , The test results depict characteristics of the relays. The correlation between
''

the capacity level multifrequency TRS and the corresponding single frequency;

input obtained from-the test program will be an effective tool to predict tbc, , . ,

; capacity level TRS for earlier vintage relays for which only single frequency
U

test . data exist. Further testing is recommended to confirm the effect of
successive short duration contact chatters in tripping a device. !
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Research has been performed under the cuspices of the U.S. Nuclear Regulatory*

Commission.
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SEISMIC MARGIN ASSESSMENT OF HATCH NUCLEAR POWER PLANT
'

O. P. Moore - Southern Company Services, Inc. <

K. D. Wooten - Southern Company Services, Inc. I

R. P. Kassawara - Electric Power Research Institute i

INTRODUCTION: The Electric Power Research Institute (EPRI) is sponsoring I

a Seismic Margin Assessment (SMA) of Plant Hatch Unit 1 for the purpose of I

assessing the practicality of the recently developed seismic margin
methodology. Plant Hatch is a General Electric boiling water reactor (BWR) |

- four with a Mark 1 Containment located on a soil site. |
,

The Nuclear Regulatory Commission (NRC) and EPRI have developed similar
approaches to performing an SMA. The NRC performed a trial SMA of the
Maine Yankee Atomic Power Station and EPRI performed a trial SMA of the
Catawba Unit 2 Power Plant; both are PWR's on rock sites. The NRC has
reviewed the EPRI SMA methodology and finds it an acceptable approach. Both
the NRC and EPRI have joined together to evaluate the SMA methodology for a
BWR plant on a soil site. Georgia Power Company (GPC) agreed to use Plant ,

Hatch Unit 1 as this trial BWR. The NRC is participating in the program in
an independent review capacity under the direction of D. J. Guzy of the NRC
Research Branch with an NRC peer review group. The NRC is also funding a
separate study utilizing the event tree / fault tree modeling of front line
and support systems. The EPRI SMA methodology applies the success path
modeling approach.

The primary purpose of the SMA is to demonstrate suf ficient margin over the i
Design Basis Earthquake (DBE) and identify the most seismically vulnerable
components in the prescribed paths for safe shutdown. GPC/SCS is also
performing portions of the USI A-46 review of Plant Hatch Unit 1 in
conjunction with the SMA since both programs have so many common steps. SMA
provides a practical approach to address the safety significance of a higher
seismic hazard than the plant was originally designed to withstand. Work is
also proceeding at EPRI to condition the EPRI SMA methodology for use in the
resolution of the Severe Accident Policy for seismic.

,

GENERAL DISCUSSION: The fourth approach given in the EPRI methodology was
used to select the Hatch Seismic Margin Earthquake (SME). The SME has a
peak ground acceleration (PGA) of 0.39 and a spectra shape based on
NUREG/CR-0098 median centered spectrum. The Hatch DBE is a Housner type
spectrum with a PGA of 0.15g. If the probabilistic seismic hazard curves -

had been available at the start of the assessment they would have been used
L in the selection of the SME. However, a comparison of the recently

'

,

L published EPRI seismic hazard curves for Plant Hatch shows that the chosen
' SME spectrum envelopes, at all frequencies, the median uniform hazard

spectrum at 10-5 probability of exceedance.

|
l

|
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Since Hatch is a soil site, liquefaction potential due the SME was evaluated
with a resulting high-confidence-low-probability-of-f ailure (HCLPF) level of

,- 0.289 The associated settlement was found not to be detrimental. Critical
slopes were also evaluated and no serious instabilities were found due to
the SME.

A new soil-structure ihteraction (SSI) analysis was performed to accurately
predict the median centered structural and equipment response due to the
SME. New soil profiles were developed and varied to account for
uncertainty. The original building seismic models were revised as necessary
to improve the accuracy of the predicted responses.

Two independent functional paths which can achieve and maintain a safe
shutdown condition following an SME were chosen. These success paths, along
with their associated components, fulfill the requirements of both SMA and
USI A-46. For Plant Hatch either program would produce almost identical
lists. The final list consisted of 344 items.

An evaluation of relay chatter was performed for all relays required for the
,

success path components by either evaluating the effects of relay chatter or !

establishing the seismic adequacy of the relay. The evaluation included
,

4358 combinations of relay / component actions for apprcximately 1000 relays. l
Approximately 92 percent were screened out as chatter acceptable, operator <

action required, or actuator is immune to chatter. Five percent have been
screened out using the relay generic equipment ruggedness spectra (GERS) and
one percent was screened out using existing seismic qualification reports.
The remaining two percent are still under evaluation.

The seismic capability walkdown was performed by two Seismic Review Teams
(SR1). The teams used the SQUG GIP walkdown forms with an additional sheet
added to address other items such as the relay walkdown and seismic
interaction for flooding. A total of 344 items were evaluated during three
separate walkdowns. Two hundred sixty three (263) items have been
seismically verified at a HCLPF level of at least 0.3g. Modifications are
required to obtain a HCLPF level of 0.3g for 62 items while 19 items still
require a walkdown or further evaluation.

SUMMARY: There are several observations that can be made crncerning the
Plant Hatch SMA. The evaluation of Plant Hatch soil conditions (i.e., soil
liquefaction, slope stability, soil profiles, and the SSI analysis) and the
relay evaluation are very significant parts of the SMA effort. The SSI
analysis accounted for most of the margin over the plant DBE. This occurred
due to the excessive conservatism in the original plant SSI. A majority of
the walkdown effort involved the evaluation and inspection of equipment
anchorage. The anchorage concerns that were identified were due primarily
to poor installation. Combining portions of USI A-46 with SMA was a very
cost ef fective way to perform both programs at Plant Hatch. It is concluded
that the EPRI SMA methodology provides a practical, cost effective method to
identify seismic margin up to the limits of the earthquake experience data
base.
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Fuel-Coolant Interactions and Vapor Explosions

J. Tang, K. Bang, M. Corradini ;

University of Wisconsin

An explosion involves the rapid conversion of energy from one form to
another. Before the explosion is initiated, the energy must be stored in a
form that exists for some time without significant dissipation of available
energy or conversion to other forms of energy, i.e., a metastable state. A '

vapor explosion is such a process in which hot liquid (fuel) transfers its
internal energy to a colder, more volatile liquid (coolant); in doing so the
coolant vaporizes at high pressures and expands, doing work on it sur-
roundings.

,

To be more precise the vapor explosion can be considered as a subset of a
fuel-coolant interaction in which the timescale for heat transfer between the
liquids is smaller than the timescale for pressure wave propagation and ex- ,

pansion in a local region of the fuel-coolant mixture. Therefore, the rise in
pressure locally forms a shock wave, which spatially propagates with a velo-

| city which is greater than the characteristic speed of sound in the mixture
ahead of the shock front (Mach No. > 1). A significant fraction of the

.thermal energy initially stored in the fuel could be transferred to the :

coolant as the fuel is fragmented. The key feature of the vapor explosion is
that the shock wave propagation through the mixture directly contributes to'
the rapid fuel fragmentation and associated heat transfer to the coolant; i.e.
analogous to shock heating in a chemical detonation.

A "non-vapor explosion" is a fuel coolant interaction which does not
exhibit these shock wave characteristics. Thus fuel fragmentation is not
necessarily linked to shock wave propagation and the rapid boiling phenomena
does not spatially propagate on a timescale equal to pressure wave propa-
gation. A large amount of coolant vapor may be produced in this process and
the fuel may still become finely fragmented, producing significant quantities
of hydrogen if the fuel' is metallic. Yet the character of the fuel-coolant
interaction is not explosive. One should note that analogous to a deflag-
ration such as event might still be destructive under certain conditions.

A recent comprehensive review of this physical process (1) details the
current state of knowledge. In this paper and presentation our focus is the
risk significance of FCI's and a case study of its containment loading impli-
cations beyond alpha-mode failure.

A comprehensive risk assessment effort in WASH-1400 was the first to
estimate the likelihood of containment failure by a vapor explosion. For the

| vapor explosion process it was determined that the containment could be
threatened by three possible damage mechanisms: (1) dynamic liquid phase'

pressures on structure, (2) static overpressurization of the containment by
steam production, and (3) a solid missile generated from the impact of a
liquid slug accelerated by the vapor explosion. Rapid hydrogen was not
considered due to large estimates of in-vessel oxidation. Based on analyses
it was determined that one of the major concerns from the FCI was a direct
failure of the containment caused by missile generation from a vapor explosion
(designated " alpha-mode" failure). This might occur when a vapor explosion
occurs in the lower plenum of the reactor vessel and the surrounding water
and/or fuel are accelerated as a slug to impact the reactor vessel head
generating a solid missile. WASH-1400 estimated the conditional probability
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alpha-mode f ailure (given a complete core melt) to be 10-2/ reactor-yr. Si nce
the accident at Three Mile Island, a nnber of investigations have reexamined3

this phenomenon and estimated the probability of its occurrence given a core
meltdown accident to be equal to or substantially less that the WASH-1400
estimate (e.g., SERG estimated the upper bound to be 10-2 with a raean of 10-3-
1 J''' ) .

Siven such an estimated, one must consider other containment Inadings
that night be a threat from an FCI; e.g., ex-vessel interactions causing
dynantic or static pressure loads or hydrogen production. The reasoning is
that molten fuel could contact water in a neber of specific locations in the
containment ex-vessel. Therefore, one must be cognizant of the particular
reactor-containment geometry and any particular vulnerabilities. In this
presentation we will also focus on these topics with a few particular
Illustrations of FCI related containment loading:

(1) Fuel-coolant mixing and possible limits under various circumstances
i

(2) Hydrogen generation from FCI's regardless of the explosivity |

(3) Fuel quenching in the presence of the water coolant. ;

These examples will include examination of some specific reactor geometries to
illustrate these loadings.

[1] M.L. Corradini, et al, " Vapor Explosions in LWRs: A Review of Theory and
Modelling " Progress in Nuclear Energy. (Jan 1988).

[2] Steam Explosion Review Group, "A Review of Current Understanding of the
Potential for Containment Failure Arising From In-Vessel Steam Explos-
ions," Nuclear Regulatory Commission Report, NUREG-1116 (Feb 1985).

[3] S.B. Bankoff, S.H. Han, "An Unsteady One-Dimensional Two-Fluid Model for
Fuel-Coolant Mixing in an LWR Meltdown Accident," U.S.-Japan Seminar on
Two-Phase Dynamics, Lake Placid, ih York (August 1984).

[4] M. Berman, et al., " Steam Sxplosion Uncertainty Analysis, SAND 84-2139
Sandia National Laboratories (1985).

[5] W.R. Bohl, "A Calculational Advance in the Modelling of Fuel-Coolant-
Interactions," Proc. of Int'l. ANS/ ENS LMFBR Tafety Mtg., Lyon, France
(July 1982).

[6] R.E. Henry, H.K. Fauske, " Core Melt Progression and the Attainment of a
Permanently Coolable State," Proc. Reactor Safety Aspects of Fuel
Behavior Sun Valley, Idaho, Vol. 2, pp. 481 (August 2-6 1981).

[7] T.G. Theofanous, M. Saito, "An Assessment of Class-9 (Core-Melt Accidents
for PWR Dry Containment Systems," Nuclear 5 Eng. Design, Vol. 66, p. 307
(1982).

[8] T.G. Theofanous, et al., "Probabilistic Analysis of Alpha-Mode Failure in
Light Water Reactors, Jul Nucl Sci Engr (Dec 1987).
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Status of Cooperative Efforts on the VICTORIA Code
for Fission Product Release and Transport

,

Ralph O. Meyer
USNRC

Modeling of the release of radionuclides from reactor fuel and the
subsequent behavior of these species is an essential aspect of i

severe reactor accident analysis. Previous models for in-vessel
fission product release and transport, such as CORSOR and TRAPMELT,
were relatively simple and do not account for many effects now
known from recent experiments. For example, releases predicted by
CORSOR depend only on temperature and do not account for oxidizing
or reducing environments that can affect some species by an order
of magnitude. TRAPMELT likewise overlooks many chemical effects
and is.thus unable to handle revaporization, which depends on
surface reactions. Further, CORSOR and TRAPMELT are not
integrated, and mass transport effects that can affect releases by
factors of 2 or more are lost. In addition, releases from some
stages of core damage, where fuel has lost its normal geometry,
been reduced to rubble, or melted, are not modeled at all

,

To take advantage of recent experimental information and to
eliminate many weaknesses in current models, develcpment of the
VICTORIA code was initiated at Sandia National Laboratories.
Table 1 shows the elements of release, transport,

Table 1. Model elements considered for incorporation in
the VICTORIA code.

.

General Areas and Specific Models

Radionuclide Release from Fuel
Intact Rods
Rubble
Melt
Quenching
Oxidation

Transport and Deposition in the RCS
Non-Radioactive Sources
Aerosol Physics
vapor-Surface Interactions
Vapor-Aerosol Interactions

Revaporization
Evolution of Chemical Forms
Re-Entrainment

and revaporization that are being considered in the VICTORIA code.
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Each element is being evaluated with regard to complexity and
importance to determine if and how it will be modeled in the code.
The status of modeling in each of these areas will be presented.

Within the last 12 months, heightened interest in the VICTORIA code
has been expressed, particularly abroad. Consequently,. the NRC has
made arrangements for the accelerated development of VICTORIA and
is modifying its contents to address current interests. In doing
this we have brought together several modeling groups with
outstanding experience in this field to work cooperatively on the
development and validation of VICTORIA. Table 2 identifies the

Table 2. Modeling groups working cooperatively on the
development and validation of VICTORIA.

Principal Staff Organization Area of Modeling

I
,

R. O. Meyer NRC Overall coordination
T. J. Walker '

A. J. Grimley Sandia Code Custodians,
D. A. Powers (NRC) Architecture,

Chemical Kinetics

D. A. Williams Winfrith Aerosols, Chemistry
N. Johns (UKAEA)
N. Chown

F. C. Iglesias Chalk River Oxidation Releases
(AECL)

J. Rest Argonne Release from degraded
(NRC) fuel geometries

A. L. Wright Oak Ridge Aerosols, Chemistry '

(NRC)
l

principal members of these groups and the area where they will
i provide modeling input for VICTORIA. An intensive modeling effort
| 1s now underway to produce a first releasable version of VICTORIA
| by the end of 1989. The code is being validated by comparison to 1

| a large number of experimental results including radionuclide
l release tests (FLHT, ST, HI, VI) and transport tests (LACE and

MARVIKEN).

As of fall 1939, the VICTORIA code is operating at all of the
laboratories indicated in Table 2, but no general release of the
code has been made. Documentation is being prepared, and the first
general release of the VICTORIA code will be made in early 1990.
Foreign distribution will, however, be limited at that time to
those organizations that have shared in the development costs
through their cooperative agreements with the NRC.
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The MELCOR Code System *

John E. Kelly
Sandia National Laboratories

Stephen Hodge,

Oak Ridge National Laboratory

o and

Intiaz Madni
Brookhaven National Laboratory

MELCOR is a computer code system that is being developed to calculate fission
product source terms and phenomenological behavior associated with severe
nuclear reactor accidents. The primary role of MELCOR is to support risk
assessment studies. As such, it is designed ' to treat all relevant
phenomenological regimes in an integrated framework in order to provide
coupling between competing physical processes. Both in vessel and ex-vessel
phenomena are simulated as are the responses of the various engineered safety
systems. Consequently, accident sequences can be simulated from accident
initiation through containment failure and release to the environment.

The modeling approach in MELCOR can be characterized as engineering-level.
This means that models are selected to represent the key phenomena at a level
that is justified based on the available data. Hence, simplified (or
parametric) modeling is used extensively where large phenomenological
uncertainty exists. This approach allows complete, integrated calculations to
be performed at reasonable cost and also allows for extensive
sensitivity / uncertainty analysis to be performed.

MELCOR is the next generation NRC source term analysis code. It has been
built upon the work of the Source Term Code package, STCP, which it
supersedes. Certain models in the STCP (e.g., CORCON) have been incorporated
into MELCOR. In addition, models from CONTAIN that are appropriate for
MELCOR have also been included. As work progresses in other areas,
additional models developed in other NRC programm will be incorporated.

1
L MELCOR has been completed to the point that detailed documentation, i,

assessment, and application of the code are warranted. These activities,.

L provide a cost-effectivo means of improving the code. Currently, assessment
work is being performed at Sandia, Oak Ridge, and Brookhaven. The activities

'

i
|

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

i
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L at Oak Ridge and Brookhaven have been directed toward core melt progression
y modeling, while those at' Sandia have mainly been directed toward containment

phenomena. The notable exception at Sandia has been the analysis of the TMI-2
'

s

accident.
>,

The Brookhaven work has shown that MELCOR is capable of simulating the PBF SFD
1-1 test. . While there were many sources of uncertainty introduced during the
performance of the test, the calculated results showed good overall agreement
with test data and with the NRC's severe accident mechanistic code SCDAP.

In addition to the assessment activity, MELCOR is being applied in a number of
risk assessment studies. Oak Ridge is using MELCOR as part of their analysis
of the Mark III containment improvement work. Sandia is using MELCOR in the
LaSalle level 3 PRA work. Other applications of MELCOR have been initiated
related to risk assessment studies of DOE reactors.

MELCOR is emerging as a useful and versatile tool to support risk assessment +

studies. The primary areas of emphasis in the project are on assessing and
documenting the code and incorporating the most important modeling into the
code.

;

i

,

>
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STUDIES OF CORE DEBRIS INTERACTIONS WITH CONCRETE

F. Eltawila, U.S. Nuclear Regulatory Commission
D. R. Bradley, J. E. Brockman, E. R. Copus, and
D. A. Powers, Sandia National Laboratories
G. A. Greene, Brookhaven National Laboratory, and t

C. A. Alexander, Battelle Columbus Laboratory J

The interactions of core debris with structural concrete are classic issues of
i severe reactor accident analysis. The U.S. Nuclear Regulatory Commission
L (USNRC) has sponsored experimental and analytical investigations.of these

interactions for several years. The findings from these studies have been
augmented by the complementary BETA test program at the Kernforschungszentrum
Karlsruhe in West Germany and more recently by an on-going test program
conducted by the ACE consortium conducted at Argonne National Laboratory.

The USNRC-sponsored studies have led to the development of the CORCON model of
core debris interactions with concrete and the VANESA model of aerosol
generation and radionuclide release associated with these interactions.
Developments of a more prototypic data base, validation of these computer codes
and resolution of the remaining issues have been the foci of the USNRC program '

over the last two years. To achieve these objectives, the USNRC has sponsored a
program of integral core debris / concrete interactions tests at Sandia National
Laboratories, programs of separate effects and simulant tests at both Sandia
National Laboratories and at Brookhaven National Laboratory and a program of
fundamental chemistry research at Battelle Columbus Laboratory. The USNRC is
also a member of the ACE consortium cited above. '

The data base available for development of the CORCON and VANESA computer models
in the past has, consisted predominantly of steel melts interacting with various
types of concrete. More recent experiments to validate these models, which are
used for containment integrity analyses and risk evaluations, have been directed
toward using more nearly prototypic simulants for core debris. Some of the
recent developments in the model validation effort are:

o The SURC-3 and SURC-4 tests have confirmed the predicted effects of
unoxidized zirconium in core debris on debris interactions with
concrete and demonstrated the need to consider condensed phase

i chemical reactions of zirconium in models of the interaction.
Modifications to CORCON have been made to reflect these results,

o The sustained, large-scale interactions of U0rZr0 Zr melts witht
concrete in the SURC-1 test demonstrated that heat trartsfer models

i developed from data for metal melt / concrete interactions are
applicable to oxide melt / concrete interactions.

I

o Data from the WITCH-5 tests were used to validate model of gas
holdup in core debris that is used in the calculation of both heat
transfer and aerosol generation.

l'i-?
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o Data from separate effects tests have been used to formulate a model
of interphase mass and heat transport in core debris interacting
with concrete. '

o Mass spectroscopic studies have shown U0 Zr0 Zr mixtures are veryt t
non-ideal.

o CORCON and VANESA have been integrated into a single code.

Currently, it is believed that most of the issues of core debris interactions
with concrete have been or are being resolved. A critical issue that remains )outstanding is the effect of water will have on these interactions. Initial 1

examinations of the phenomena of simultaneous core debris / concrete / coolant
interactions have been conducted with high temperature materials at Sandia
National Laboratories (SWISS and FRAG tests) and simulant materials at
Brookhaven National Laboratory and the Kernforschungszentrum Karlsruhe. In
these tests, water pools did attenuate substantially aerosol generation
associated with core debris / concrete interactions. Non-condensible gas
generation also enhanced the boiling heat flux from core debris to the coolant.
Further, larger scale,. tests of core debris / concrete coolant interactions are
planned as part of the SURC test program at Sandia National Laboratories the '

MACE program at ANL and the BETA test program at the Kernforschungszentrum
Karlsruhe to identify the limits of core debris coolability with water.

Interests are now turning toward application of the technology developed for
predicting core debris / concrete interactions to issues of specific reactor
systems. The most immediate issues are the spreading of core debris in the
drywell of the Mark I boiling water reactor and attack by the debris on the
containment shell of this reactor. Tests with simulant materials have been used
to develop correlations of the ability of core debris to spread. Separate
effects tests of the heat transfer from core debris attacking concrete to steel
structures have been completed. Further large-scale tests of the spreading and
liner attack by prototypic melts are now being considered.

|

|
|

q

|

|

|
| *
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Melt Attack and Coolability ~ Experiments (MACE) ;

frogram Elements and the Scoping Test i
-

B. R. Sehgal ,

and ,

f. J. Rahn :

Electric Power Research Institute :
Palo Alto, CA 94304 |

and ,

B. W. Spencer

Argonne National Laboratory
Argonne, IL 60439

l

SWMARY

The most important issue in the ex-vessel progression of the severe accidents is
whether sufficient energy (heat) can be removed from the discharged melt that the
threat to containment integrity is avoided. This issue is pertinent for both the
initial and the longer term (hours) interactions of the discharged melt with the
BWR and PWR containments, for example, if the superheat of the melt discharged -|

themeltcouldbestoppedandthemeltattackonthelinerprecluded(gpreadingof
'

in the Mark-I drywell is removed during the initial interaction, the
l.

1

Similarly,forhighpressuremeltejection(HPME)in(g)PWRcontainmentcavity,
effectiveheg)removalintheinitialmelt-structure and/or melt-coolant
interactions greatly reduces the direct containment heating loads.

.

Perhaps the most efficient and commonly available agent for removing heat from
the discharged melt in the PWR and BWR containments is water. It has a rela- -

tively large latent heat for the phase change and has the ability to serve as a
heat transport medium through boiling at one location in the containment and

condensing)at'anotherlocation(e.g.,onstructures,infancoolers,insuppres-sion pools . Also containments, in general, have engineered safeguard systems -

for delivery of water through sprays into the various containment regions. .

The initial /short-term coolability of the melt discharged from the vessel depends
upon the containment configuration and the placement of water. Melt-concrete
interactions do not impact short-term coolability. Dynamic m water inter- j

actionmayoccurandlargeheatremovalratesmaybeachievedg.Sincethe
initial /short-term coolability of the melt in the PWR and BWR containments is so
very much initial-condition dependent and plant specific, it is not the subject

I of the Melt Attack and Coolability Experiments (MACE) program.

The MACE program addresses the generic question of the coolability of the dis-
charged melt spread out to a part of the basemat floor under the reactor 1

|

|- vessel. This situation results after the initial /short-term interactions of the j
'

melt with water and/or structures found in the BWR and PWR containments. The keyL ,

; issue then is whether the melt, if flooded with water, will quench and remain
L coolable, so that molten corium concrete interaction (MCCI) is avoided and con- ;

tainment integrity maintained. ;

L

Previously, Theofanous and Salto N and Greene(6) performed simulant material
experiments investigating heat trans er from melt surface to a coolant. Theyr
found large increases in heat transfer when gas injections representing a MCCI

l
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were g ntained. Sandia National Laboratories (SNL) performed FRAGII) and
SWISS F tests using heated steel balls and steel melt, respectively, reacting
with concrete slabs and cooled by a water overlayer. Crusts were formed at the
top surface in these tests which precluded com.plete quenching. These were,
however, small-scale (22 cm. diameter) tests.

The MACE program is designed to extend and unify the other existing research
programs by investigatinq, at a reasonably large scale, the coolability of molten
corium, in interaction with concrete, by a water overlayer. Specifically, the
MACE tests will:

a) accommodate the possible initial dynamic interaction (i.e., steam
explosions) and measure the heat transferred during that process,

b) employ prototypic corium materials (including U0p) in integral tests,
c) pursue the questions of stability and strength or prototypic material

crusts, in reasonable scale, and with gas input from the melt concrete
interactions,

d) directly determine coolability and quenchability in both large and slow
heat removal phases,

e) investigate the time taken for quenching the melt with water.

The other technical issues investigated will include (1) effect of water layer or
aerosol source, (2) hydrogen generation, and (3) scaling.

Observations from a scoping experiment, employing approximately 150 Kg of molten
corium containing approximately 7 Kg of Zirconium reacting with limestone-sand
concrete and cooled by a water overlayer, performed at Argonne National Labora-
tory (ANL) in August 1989 will be presented. The MACE program elements and test
matrix will also be described.
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ASSESSEMENT OF EX-V2SSEL STEAM PRESSURE SPIKES [
IN BWR MARK II CONTAINMENTS !

T. J. Moody
R. Muralidhe.ran

S. S. Dua
,

GE Nuclear Energy |
!

This paper addresses the pressure response of a Mark II
,.

containment from rapid steam formation during postulated :I
'

severe accidents. For example, the flow of hot corium from a
.

'
breached reactor vessel into water can lead to rapid steam

,

generation. The resulting maximum pressure depends on the ;

'rate and duration of steam formation, the containment volume,
and the relief capacity of venting flow paths. !

;

The rate of corium discharge largely determines its I
progression in the containment and the rate of steam
formation when contact with water occurs. If the corium
enters a dry region, there is no immediate steam pressure
spike. If corium spreads on a floor, arrival at vertical
downconers can provide a flow path to pool water below.

Although there are numercus postulated scenarios which
could yield a steam pressure spike, phenomena which determine ,

the corium progression and pressure-time Asponse include:

1. Corium discharge rate, componition, and properties;

2. Corium progression through containment regions; ;

3. Corium arrival, attack, and flow through downcomers; ;

4. The configuration geometry of corium entering water;
,

5. The heat transfer rate from corium;

6. The rate of steam formation from hot corium; i

7. Steam introduction, pressurization, and venting in
various containment regions;

8. Water inertial response to steam formation.

The objective of this paper is to provide first order |

analyses which help display how various parameters affect
both the corium progression and magnitude of steam pressure
spikes from postulated severe accidents. State-of-the-art ,

corium discharge computations are used to estimate the
pressure responre of a typical Mark II containment. Results
of the analysis indicate that steam pressure spikes are not
large enough to cause containment failure.
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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 summaries
briefly descriha the prog ams and results of nuclear safety research sponsored
by the Office of Nuclear Regulatory Research, USNRC. Summaries of invited papers i

concerning nuclear safety issues from the electric utilities, the Electric Power
Research Institute (EPRI), the nucicar industry, and from the governments 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.'
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Crowne Plaza Hotel, Rockville, Maryland
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Mon Accident Management Primary System Integrity
AM

Session 1 Session 2

Mon Plant Performance, Piping & NDE Equipment Qualifica-
PM Testing & Analysis tion of Valves

Session 3 Session 4 Session 5
-

Tues Plant Aging Generic Safety Human / Systems Inter-
AM issues Resolution face & Personnel Res,

Session 6 Session 7 Session 8 -

Tues Plant Aging Organization &
PM Reliability Research

Session 9 Session 10

-

Wed Severe Accident Earth Sciences
AM Research

Session 11 Session 12 ROCKVILLE
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PM Risk Assessment Structural Engineering Research

Session 13 Session 14 Session 15
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