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ABSTRACT

Understanding of severe accidents in light-water reactors is currently
beset with uncertainty. Because the uncertainties that are present
limit the capability to analyze the progression and possible conse-
quences of such accidents, they restrict the technical basis for
regulatory actions by the U. S. Nuclear Regulatory Commission (NRC).
It is thus necessary to attempt to identify the sources and quantify
the influence of these uncertainties.

As a part of ongoing NRC severe-accident programs at Sandia National
Laboratories, a working group was formed to pool relevant knowledge
and experience in assessing the uncertainties attending present (1983)
knowledge of severe accidents. This initial report of the Severe
Accident Uncertainty Analysis (SAUNA) working group has as its main
goal the identification of a consolidated list of uncertainties that
affect in-plant processes and systems. Many uncertainties have been
identified. A set of "key" uncertainties summarizes many of the
identified uncertainties. Quantification of the influence of these
uncertainties, a necessary second step, is not attempted in the
present report, although attempts are made qualitatively to demon-
strate the relevance of the identified uncertainties.
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l. INTRODUCTION

In this report, "uncertainty" refers to imprecision in the state of
knowledge about physical processes, imprecision in models of physical
processes ur in the state of knowledge about the parameters of these
models, or imprecision in the predictions of such models.

Because it is recognized that readers of this report are apt to have
widely varying degrees of familiarity with nuclear power plant design
criteria, probabilistic risk assessments (PRAs), severe accident
progression, and severe accident research, Subsections 1.1 through 1.3
have been included to provide some general background and to indicate
why severe accident uncertainties are important. Readers familiar
with the aforementioned subjects may prefer to skip to Subsection 1.4,
which discusses the purpose, scope, and limitations of this report.
Subsection 1.5 provides a summary of the findings of this report and
cross references to more detailed discussions in subsequent sections.

1.1 Background

The three basic guestions that must be answered to determine the
safety of any facility are:

l. What could go wrong?
2. How likely is it?
3. 1f it happens, what are the consequences?

Since the beginning of nuclear power plant design, scientists and
engineers have been concerned with these questions. The safety design
requirements for nuclear power plants in the United States evolved
from the General Design Criteria set forth in the Code of Federal
Regulations.[l] To a large extent this evolution preceded the Reactor
Safety Study[2] and the accident at Three Mile Island.(3 4] At the
risk of oversimplification, it may Le said that the safety-design
requirements which evolved in the US* used the General Design Criteria
to answer question 2 above by implicitly emphasizing design against
large-pipe-break loss-of-coolant accidents and against single failures
of redundant safety systems. Thus, plants operating in the US today
have been specifically designed to withstand a broad variety of acci-
dents, including those initiated by large pipe breaks in the nuclear
steam-supply system, and those that develop from the worst conceivable
single failures of safety-related electrical, mechanical, or control
systems. However, US plants have not generally been designed against

¥
No single document exists to define current safety design require-
ments for nuclear power plants in the US. In many cases, safety-
design requiremants are established in the plant-specific licensing
process. However, the Regulatory Guides of the US Nuclear Regulatory
Commission present the position of the NRC on many design matters.



accidents in which multiple failures capable of causing a

complete loss of intended safety function(s) occur. Because such
accidents can result in core damage, they are referred to as severe
accidents, by contrast with conventional design-basis accidents.

The accident at Three Mile Island (TMI-2) demonstrates that multigrle
failures can lead to severe accidents. This is consistent with pce-
dictions of probabilistic risk assessments (PRAs), such as the Reactor
Safety Study.[2] PRAs attempt to answer the three questions posed
above by systematically identifying potential accidents and quantita-
tively estimating their frequencies (occurrences per year) and conse-
quences (in terms of radiation doses, early fatalities, latent fatali-
ties, dollars, or other units). The "risk" posed by a particular
accident may be expressed as the product of its estimated frequency
and its estimated consequence. The plant risk may be expressed as the
sum of all such products. PRAs predict that severe accidents, despite
their low frequencies, dominate the risk calculated in this way
because of very high estimated consequences associated with core
damage, possible catastrophic containment failure, and the uncon-
trolled release of radionuclides to the environment that might ensue.
This is partly substantiated by the severe accident at TMI-2 which,
although it did not result in high radiological consequences, did
result in high monetary consequences.

Since the accident at TMI-2, the US Nuclear Regulatory Commission
(NRC) and the nuclear industry have been actively reassessing the
likelihood and potential consequences of severe accidents at US
nuclear power plants. The objective is to identify whether changes
should be made at existing plants, or in the design requirements for
future plants, to reduce the risk posed by severe accidents. Such
decisions, if based on today's knowledge, will be made in the presence
of large uncertainties in the frequency and conseqguence estimates for
severe accidents. One of the criticisms made by the Lewis Committee
in their review of the RSS was that "the error bounds on those [risk]
estimates are in general greatly understated.”"(5] The Lewis Committee
recommended that PRA results be used "to guide the reactor safety
research programs so as to reduce the uncertainties in the analyses,
and to gain greater understanding of those points of risk uncovered."
Although some actions have been taken to improve the treatment of
uncertainties in PRAs, the uncertainties are still not well-quanti-
fied, they are believed to be large,[6 7] and they could easily be
comparable to the risk reduction afforded by contemplated safety-
improvement options. Thus, if the NRC is to make informed decisions
regarding safety-improvement options and research priorities, careful
consideration must be given to identifying and, to the extent possi-
ble, quantifying uncertainties in risk estimates.

1.2 Severe Accidents in LWRs

The only way that large quantities of radionuclides could be released
from nuclear power plants to the environment is by the extreme over-
heating (approaching or including melting) of the fuel in the reactor
core. The safety design of each nuclear reactor includes various
systems to prevent such overheating. A containment building and
associated safety systems are also included to keep radionuclides,
which might be released from the fuel, from reaching the environment.
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The redundant ’‘and, in many cases, diverse) systems which are in-
stalled to prevent core overheating accomplish three basic safety
functions: shutting down the fission chain reaction, keeping the core
covered with coolant, and removing heat generated by the decay of
radionuclides in the fuel. Extreme overheating of fuel in the reactor
core is possible only in accidents that involve multiple failures of
equipment designed to accomplish these functions. Accidents involving
such failures are called severe accidents.

Certain key events would occur in any severe accident. These include
the initiating event, equipment failures, and operator actions pre-
ceding fuel damage. The urcertainties in initiating 2vents and re-
sulting accident sequences and their likelihc »d are discussed in
Section 2 of this report. Uncertainties in tie in-vessel stages of a
savere accident are the topic of Section 3. Trhese stages can be
marked by the onset of sustained core uncovering (which leads to core
heatup), the onset of exothermic oxidation of fuel-rod cladding by
steam to produce zirconium dioxide (2r0O;) and hydrogen, cladding
failure (which releases gaseous radionuclides from the fuel), the
onset of fuel melting (which results in more substantial radionuclide
releases from the fuel), slumping of molten material into the lower
plenum of the reactor vessel (which may contain residual reactor
coolant), and failure of the reactor vessel with consequent discharge
of molten material into containment.

Molten material discharged from the reactor vessel can undergo inter-
actions if it contacts water or concrete in containment. The result
may be either cooled ex-vessel core debris, uncooled core debris
(which attacks the concrete containment floor), or a combination of
these two results. The melt ejection and melt-water and melt-concrete
interactions provide sources of steam, hydrogen, and both radioactive
and nonradiocactive aerosols to the containment atmosphere. The melt-
concrete interactions also yield other gases, predominantly carbon
dioxide and carbon monoxide. Both hydrogen and carbon monoxide are
combustible. Uncertainties in the ex-vessel processes that give rise
to gases and aerosols are the topic of Section 4, while those arising
in the fluid, heat transfer, and thermodynamics of the containment
atmosphere are treated in Section 5.

1f the containment does not fail during a severe accident, the conse-
quences to public health and safety will be negligible. Various modes
of containment failure and their uncertainties are the topic of
Section 6. 1In general, the modes of containment failure that result
in the expulsion of radionuclides directly to the outside atmosphere
have the highest potential consequences. One such mode is failure due
to a missile generated by a steam explosion occurring when molten core
material slumps into water in the lower plenum of the reactor vessel.
Other direct-expulsion modes are those attributable to high pressures
and temperatures occurring within containment during the accident.
High pressures and temperatures could result from the addition of
steam and other gases mentioned above, from direct heating of the
containment atmosphere by aerosols and gaseous radionuclides, and from
possible combustion events (Section £). Safety-design features, such
as containment sprays, fan coolers, and ice condensers, would, if
operating, act to reduce these pressure-temperature loads.



Finally, even if containment fails in a manner that permits the direct
expulsion of radionuclides to the outside atmosphere, the conseqguences
will depend on the guantity and characteristics of the radionuclides
actually expelled. Retention of radicnuclides in the reactor coolant
system or in containment would act to reduce the consequences of
severe accidents. Uncertainties in the in-plant release, transport,
and retention of radionuclides are the topic of Section 7.

As noted in Section l.l, to estimate the risk associated with a
nuclear power plant one must identify the possible accidents and
estimate their frequencies and consequences. However, severe acci-
dents are rare. At the time of this writing the only civilian LWR
accident in the US which has led to significant core damage in over
500 reactor-years of operation is that at TMI-2., Consequently, both
the frequencies and the consequences of accidents identified in PRAs
must be estimated by synthesizing the data which do exist regarding
equipment failures, human actions, and individual phenomena. To
accomplish this synthesis, one must develop and use models of both
safety-system reliability and accident progression.

Because we can only model, not measure, severe-accident frequencies
and consequences, the results of PRAs are subject to a variety of
uncertainties. Uncertainties in model inputs (e.g., component failure
frequencies, initial and boundary conditions, and material properties)
will cause model outputs to be uncertain. Uncertainties or approxima-
tions in the modeling of individual processes will also contribute to
uncertainty in the model outputs. Interrelationships between pieces
of equipment or among various processes may not be well understood or
properly modeled. Finally, there is always the guestion of complete-
ness: Have we identified all cf the importanc accident-initiators,
equipment failure modes, and physical phenomena?

For the most part, consequence estimates in existing PRAs have been
based on rather simple, parametric models such as those of the MARCH
and CORRAL computer codes.[8 9] Such codes are known to have signifi-
cant limitations[10], and efforts are underway to develop better
tools.(11-14] These efforts include the industry's MAAP code and the
NRC's MELCOR code, as well as more detailed phenomenological codes
that treat particular accident stages or processes.[ll-14] In paral-
lel with their development, efforts are underway to apply these codes
to define better (and, it is hoped, to reduce the uncertainty in)
severe-accident-consequence estimates. The potential political and
economic ramifications of such uncertainty reductions could be very
significant. For example, it has been estimated that a tenfold reduc-
tion in the radiocactivity released--the so-called "source term"--with
respect to that estimated in the RSS would "eliminate the risk of
early fatalities."[15] However, in light of our dependence on predic-
tive models for both frequencies and consequences of severe accidents,
it is important that efforts to justify such reductions be carried out
in a forum that recoynizes, insofar as possible, all of the sources of
uncertainty that could affect such conclusions. This report is an
initial attempt to identify such sources of uncertainty.



1.3 Severe Accident Research and Uncertainties

The principal, ongoing, instrument in elucidating the nature of severe
accidents in LWRs is the Severe Accident Research Program (SARP) of
the NRC. The plan for this research has been evolving over the past
several years. The current approach is discussed at length in NRC's
Nuclear-Power-Plant Severe-Accident Research Plan, NUREG-0900 (1983),
which states that the goal of the plan 1s to obtain a better under-
standing of the likelihood and consequences o severe accidents, and
to determine what changes in design or operation could reduce the risk
from such events.[7]

It is significant that NUREG-0900 places a high priority on the issue
of uncertainty in the understanding of severe accidents. To quote
from the introduction: "There are substantial uncertainties in severe
accident analysis because information upon which the calculations are
based is either incomplete or largely judgmental at this time. There-
fore, the identification, quantification, and reduction of important
uncertainties is substantially significant to the severe accident
research program."[7] This statement largely embodies the current NRC
approach to uncertainties in severe-accident analysis.

In the "Severe Accident Decisions" draft of August 5, 1983, the SARP
Senior Review Group states that "Agreement [for decision-making] will
also be sought on descriptions of the magnitude of the uncertainties
associated with the [severe accident] issues. 1If the uncertainties
are too large, it may not be possible to base a decision on an accu-
rate understanding of the issue. If further research can narrow the
uncertainty, it may be better to defer the decision. Otherwise, it
may be necessary to treat the issue conservatively and to proceed with
the decision."[16] This clearly requires increased analysis of the
uncertainties, including identification of important uncertainties,
delineation of their potential effects, and (where possible) guantita-
tive estimation of ranges, even for the least prescriptive of the
above choices. This increase in uncertainty analysis is consistent
with the high priority accorded to this issue by the Severe-Accident
Research Plan.[7] The present study forms a part of this increased
activity.

1.4 Severe Accident Uncertainty Analysis

In response to the need, discussed above, to provide increased treat-
ment of severe accident uncertainties, the NRC has directed Sandia
National Laboratories, Albuquerque (SNLA) to account for the impact of
uncertainties in several NRC-sponsored severe-accident research pro-
grams currently active at SNLA. In response to this requirement,
participants from the research programs listed in Table 1-1 formed an
informal Severe Accident Uncertainty Analysis (SAUNA) working group to
coordinate work on

l. A consclidated list of severe accident uncertainties,

2. Valid methods for estimating the magnitude of severe accijant
uncertainties, and



Table 1-1 Studies requiring uncertainty analysis

Program Reference

LWR Severe Core Damage Phenomenology [17]

Melt Progression Phenomenology Camp et al[l8]

Severe Accident Sequence Haskin et al[l19 20]
Analysis (SASA)

Severe Accident Risk Reduction Benjamin[21]
Program (SARRP)

MELCOR Weigand et al[l13]

Sprung et al[l4]

Accident Sequence Evaluation Harper et al[22)]

Program (ASEP) Kolaczkowski et al[23]

3. Knowledge of what research should be most effective in re-
ducing the severe accident uncertainties.

Perspective on the effort represented by this report bv the SAUNA
working group may be gained by referring to the three constituent
parts of the uncertainty problem given in the guotation from the
Severe Accident Research Plan[7] in Subsection 1.3. They are

l. 1Identification of uncertainties,

2. Quantification of uncertainties, and

3. Reduction of uncertainties.

(Quantification includes estimation of the guantitative effect of an
uncertainty on risk measures. This is necessary, for example, to
permit importance assessment.)

The present report attempts to provide the identification given as
item ing
tainties

effort represented herein shou eg as a par ncom-
EIOEC response to NRC needs t;gatalng severe accident uncertainties.

It is, however, a necessary first step.

Sections 2 through 7 of this report list and discuss the specific
severe accident uncertainties, restricted to the in-plant setting,
that the working group has identified. The sections are arranged by



categories that reflect the particular specializations of the members
of the group. The reader should assume that certain biases related to
the specializations of the authorship, including the tendency to
discuss more thoroughly that which one understands best, remain,
despite the extensive reviews which the various drafts have received.
In Section 8, the relationships between these component uncertainties
are discussed in the context of the principal risk-influencing fac-
tors. Also provided in Section 8 are some recommendations on future
approaches to gaining a fuller understanding of uncertainties and
their impact on reactor safety.

During the initial stage of any investigation, much of the knowledge
accumulated serves to determine which facts are known about the prob-
lem, and to define the major areas of uncertainty. Subsequently, with
the problem thus better defined, effort is increasingly directed at
synthesizing the known facts and obtaining additional specific knowl-
edge, much of which serves to reduce remaining uncertainties.

The process of investigating severe accidents in LWRs has the above
characteristics. The identification of uncertainties is a part of the
initial stage of the investigation, and the analysis of severe acci-
dents corresponds to the synthesis of what is known about how they
occur and progress. In many of the major areas of uncertainty, the
process of obtaining additional knowledge to reduce the uncertainties
is currently in progress. Examples include studies of the oxidation
kinetics of zirconium, the mechanisms of steam explosions, and the
combustion of hydrogen/air/steam mixtures. In other areas, studies
aimed at resolving uncertainties are now being planned. Based upon
the considerable progress achieved during the approximately five years
since TMI-2, it is expected that many of the identified uncertainties
will be substantially reduced in the future if appropriate effort is
committed.

The goal of this report, a consolidated list of severe accident uncer-
tainties, could be attained only by emphasizing those aspects of

accident seguences that are uncertain in preference to those
aspects which are relatively well-understood and thus less uncertain.

aspects of severe reactor accidents.

Achieving the goal given has resulted in the identification of a
significant number of uncertainties. Without consideration of the
many advances and achievements in understanding severe accidents which
have occurred in the five years of focused study since TMI-2, the list
might appear formidable. A yloomy disposition concerning the list
could result from comparisca with optimistic understatements of the
uncertainties that exist, couplea with an overestimation of the speed
and economy of past research.

This report includes many explanations that have been designed to show
how a given uncertainty can affect one or more larger results, these
larger results being important because they relate to a major conse-
quence of a reactor accident. For example, uncertainty in the pres-
surization resulting from a hydrogen combustion event is linked to the



possible resulting uncertainty in containment failurc¢, because the
character of fission-product release to the environment is usually
coupled to the failure of containment. These plausitie links are
included to give the reader an explicit reason why the uncertainty may
be important. Without such linkages, the nonspecialist reader might
have difficulty judging what the effect of the uncertainty on the
outcome of accidents might be.

However, the plausible--sometimes even speculative--rature of these
linkages should be emphasized. A rigorous defense of a linkage is
often impossible because the linkage is itself uncertain or because
the linkage often depends upon the outcome of the uncertain process
lying within a particular range.

Many o1 the individual uncertainties listed in this report span ranges
which permit outcomes from benign to hazardous. It 1s possible, by
selectively combining exclusively pessimistic assumptions, or exclu-
sively optimistic assumptions, to fabricate scenarios supportin
extreme viewpoints regarding the outcome of severe accidents. How-
evar, careful reading of the relevant sections of the report will
reveal cthat no evidence exists to support combinations yielding ex-
treme outcomes in prefecence to combinations yielding intermediate
outcomes. Thus, the statements about uncertainties herein should not
be construed as supporting either extreme viewpoint rggatdigg the
safety of nuclear power plants.

Jescribing uncertainties in abstract terms such as "data-based uncer-
tainty", "modeling uncertainty", or "random uncertainty" has not been
emphasized in this report. Where such abstract terms as these are
vsed in the report, their meanings are sufficiently clear from the
context. A discussion of the different kinds of uncertainty would
include some interesting and difficult concepts, and there may not be
complete agreement as to their application in nuclear power plant
accident analysis. We have therefore elected not to enlarge the
sizeable literature on the abstract discussion of uncertainty in this
report. A very recent study should be noted, however, in which Vesely
and Rasmuson provide a general description of the different kinds of
uncertainty that affect PRA, and some available approaches to their
gquantification and combination.[24] Although the classification
system offered by these authors may not find general acceptance, it
encompasses a wide range of qgualitatively different kinds of uncer-
tainties, from "data uncertainties” to "interpretation uncertainties"
("doubtfulness or vagueness in the interpretation of the results").
Certainly their two general categories of "experimental uncertainty"
(variation in results in repeated "experiments") and "knowledge uncer-
tainty" (lack of knowledge yielding "vagueness, indefiniteness, or
imprecision in an analysis, a stated conclusion, or a stated value")
represent an important distinction. The uncertainties identified in
the present report support such a wide range of kinds of uncertainty,
however categorized.

The main conclusions of Vesely and Rasmuson, that more complete uncer-
tainty and sensitivity analyses are needed for PRA, and that these



will add credibility and usefulness to PRA, closely reflect the recom-
mendations given in Section 8. Thus these conclusions have been
arrived at by identification of general classes of uncertainty as well
as by consideration of a consoulidated list of individually identified
uncertainties in severe accident analysis.

1.5 Summary of Findings

As stated above, this report attempts to identify the in-plant uncer-
tainties that influence the analysis of severe accidents. Sections 2
through 7 of this report indicate to us that a small group of key
uncertainties--each relatively broadly encompassing--dominates the
analyses of in-plant aspects of severe accident risks and conse-
guences. The key uncertainties are summarized below, in the order in
which they are discussed in Sections 2 through 7. Statements sum-
marizing why we consider each of these uncertainties to be a key
uncertainty are also provided, and the subsection numbers in which
each key uncertainty is discussed are listed for ready reference.

l. Definition of accident sequences. Identification of sequence
initiators, equipment failure modes (including partial
failures), dependent failures, and modes of recovery from
faults may be incomplete. Also, the definition and the
effects of partial attainment of some success criteria are
uncertain. [Subsection 2.1]

2. Frequencies of events and probabilities of faults. The
limitations of data pertaining to initiating events, compo-
nent failures, and human errors mean that estimates of the
frequency of the combinations of these events in an accident
sequence can be very uncertain. Time-dependent effects,
plant-to-plant variability, and the use of incomplete or
inaccurate data add to this uncertainty. [Subsection 2.2]

3. Human actions and inactions. Human actions or inactions may
contribute to accident initiation. They may also affect the
progression of an accident in both favorable and unfavorable
ways. Possibly complex actions extraneous to, or in the
absence of, specified procedures are particularly difficult
to predict. [Subsections 2.1, 2.2]

4. Progression of core damage following initial loss of intact
geometrx. Configuration, heatup rate (due to oxidation),
eat loss rate, and hydrogen evolution are significantly
uncertain, including effects resulting from coolant injection
into an overheated core. [Section 3]

5. In-vessel core-melt/coolant interactions, including the
possibility of a steam explosion of magnitude sufficient to
fail containment. Core-melt/coolant interactions can affect
the particle size, temperature and position of debris, and
hydrogen production. A powerful enough steam explosion could
result in simultaneous breach of containment and release of
fission products to the offsite environment. The probability




10.

11.

12.

of such an event is uncertain (unless no water is present in
the reactor vessel). [Si)sections 3.4, 3.5, 6.3)

Location and nature of ex-vessel core debris. The behavior
of melt and core debris after leaving the vessel affects
pressure spikes, ex-vessel steam explosions, aerosol and
fission-product evolution, hydrogen productioin, and debris
coolability. [Subsections 4.1, 4.2]

Magnitude and timing of pressure scurce caused by ignition of
ammable or detonable gases i1n containment, and consequen
release »f heat. Hydrogen 1s evolved during the oxidation of

core zirconium and cther metals, ard hydrogen and carbon
monoxide can be released by core/concrete interactions. For
many plants and accident sequences, the pressures accom-
panying combustion of these gases are uncertain. [Subsection
S.1]

Magnitude of containment pressure sources due to steam and
noncondensable gases, including those from steam spikes,
core/concrete inferap ons, and gas heating by hot aerosols.
Accumulation of noncondensable gases and steam and heating by

hot aerosols can threaten containment integrity owing to high
temperatures and pressures. [Subsection 5.2])

Effects of severe accident conditions, including aerosol
deposition and hydrogen burning, on engineered safety fea-
tures and other recuired systems. Certain equipment needed
to arrest the progression, or mitigate the effects, of severe
accidents may be rendered less effective or ineffective
because of deflagrations, radiation, steam, atmospheric tem-
peratures, aerosocls, etc. produced by the azcident. [Sub-
sections 2.1, 5.1, 5.2, 5.3]

Containment breach pressure and size due to quasi-steady
overpressure. It is difficult to predict the pressure that
will result in centainment building failure and the resulting
equivalent size of the breach to the environment. Stylized
and unjustified assumptions are often made in the absence of
detailed structural evaluations. [Subsection 6.5]

Release of fission products into the containment atmosphere.
Our understanding of release and transport phenomena in the
RCS, and of ex-vessel release phenomena, is at a develop-
mental stage. This leads to large uncertainties in the
magnitude and timing of FP and aerosol releases a) from the
RCS]and b) via ex-vessel processes. [Subsections 7.1, 7.2,
¥ P

Attenuation of fission products in containment. Despite our
improving ability to predict aerosol behavior, uncertainties
in the inputs (releases and atmosphere conditions) to aerosol
calculations make the guantities of FPs airborne at any given
time substantially uncertain. Releases from containment are




10.

11.

12,

13.

made more uncertain by possibilities for effects during
discharge from the plant ranging from extensive rotention to
substantial re-entrainment. [Subsections 7.4, 7.5]
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2. ACCIDENT SEQUENCE DEFINITION AND QUANTIFICATION

The nuclear industry and the Nuclear raogulatory Commission (NRC) are
& tively conducting Probabilistic Risk Assessment (PRA) and PRA-

r- lated studies which address the definition of severe accidents

(2 ternatively called accident sequences) and the likelihood of their
occurrence. Examples are the Industry Degraded Core Rulemaking
(IDCOR) Program [1] and various NRC programs such as the Severe Acci-
dent Risk Reduction Program (SARRP),[2] Severe Accident Sequence
Analysis (SASA) Program,[3] Accident Sequence Evaluation Program
(ASEP),[4] and the Risk Methods Integration and Evaluation Program
(RMIEP). Several plant-specific risk assessments, sponsored by both
the NRC and industry, have been published. Some examples of these
assessments are given in Table 2-1.

As the emphasis on the study of severe accident sequences has in-
creased, the importance of identifying and quantifying the uncertain-
ties in the analyses has become clear. The use of PRAs and other
accident sequence studies will be limited if no indication is given as
to how the results might vary as a result of the uncertainties that
exist in the data, models, and methods. The objective of this section
is to identify and describe the uncertainties in the accident se¢juence
identification and quantification process.

An evaluation of severe accident sequences includes both gualitative
and quantitative analyses. The qualitative analysis includes the
identification and definition of the events that can initiate an
accident and the subsequent combinations of failures necessary to
cause damage to the reactor core. The quartitative part involves
gathering and combining data and other information to estimate indi-
vidual component failure and human errcr probabilities and the fre-
quencies of accident sequences.

This section is divided into two subsections, accident sequence defi-
nition and accident sequence quantification. The first subsection
includes a discussion of the uncertainties in the identification of
events that initiate accidents, in the development of accident
sequence event trees that delineate unique accident scenarios, and in
the models used to characterize how components fail and humans err.
The accident sequence quantification subsecticn describes the uncer-
tainty in collecting and interpreting initiating events, component,
and human reliability data and in using the data to evaluate the event
trees and fault trees.

2.1 Accident Sequence Definition

The objective of the accident sequence definition task of a PRA is to
define a comprehensive set of accident sequences that encompasses the
effects of all realistic and physically possible accidents involving
the reactor core. Accident sequence definition can be divided into
five activities: initiating event identification, accident sequence
delineation, success criteria definition, system modeling, and human
reliability modeling. Uncertainties associated with each of these
activities are discussed below.



Table 2-1

Plant Vendor

Arkansas Nuclear One 1 B&W
Big Rock Point GE
Browns Ferry 1 GE
Calvert Cliffs 2 CE
Crystal River 3 B&W
Grand Gulf 1 GE
Indian Point 2&3 W
Limerick 1 GE
Millstone 1 GE
Oconee 3 B&W
Peach Bottom 2 GE
Sequoyah 1 W
Shoreham GE
Surry 1 W
Yankee Rowe W
Zion 1&2 W

NRC

BWR
AEC

Type
PWR
BWR/1
BWR/4
PWR
PWR
BWR/6
PWR
BWR/4
BWR/3
PWR
BWR/4
PWR
BWR/4
PWR
PWR

PWR

Published probabilistic risk assessments for U.S. light
water reactors

Uncertainties External Events
Sponsor Addressed? Analyzed?
NRC yes no
Utility yes yes
NRC no no
NRC no . no
NRC no no
NRC no no
Utility yzs yes
Utility yes no
NRC no no
NRC no no
AEC yes yes
NRC no no
Utility
AEC yes yes
Utility
Utility yes yes

- Nuclear Regulatory Commission

- Pressurized Water Reactor

-~ Boiling Water Reactor

- Atomic Energy Commission

GE - General Electric

CE - Combustion Engineering
W - Westinghouse

B&W - Babcock and Wilcox



2.1.1 1Initiating Event Identification

The first major step in defining accident sequences is the identi-
fication of initiating events. An initiating event can be defined as
any incident that leads to a demand for safe shutdown systems such as
the reactor protection system, aixiliary feedwater system, or emer-
gency power systems. By definition then, an initiating event is the
beginning point in a sequence. Hence, a comprehensive list of
accident-initiating events must be compiled to ensure that all impor-
tant sequenc:s are identified. 1Initiating events can be component
failures such as a pump stopping or a valve failing to open, or stem
from outside disturbances such as a loss of off-site power or an
earthquake. A partial list of initiating events, condensed from
Reference 5, is given in Table 2-2. These initiating events are
representative of those events that have occurred at nuclear plants or
that may reasonably be expected to occur during a plant's lifetime.
This list does no* include other more "rare" events such as large pipe
ruptures, earthquakes, hurricanes, and floods which might damage a
plant.

A major uncertainty associated with the identification of initiating
events is completeness; has the analyst identified and included all of
the initiating events that might significantly contribute to the
frequency of core melting or consequences of a reactor accident? A
lack of completeness can result from the defined scope of a PRA, from
the level of detail employed by the analyst, or from a lack of ade-
quate information.

In the Reactor Safety Study (RSS),[6] most initiating events were
grouped into six clesses. These classes were large, medium, and small
loss of coolant accidents (LOCAs), accidents initiated by a loss of
offsite power, accidents initiated by a loss of feedwater, and a
general class for all other transient initiators which demand a reac-
tor trip but do not otherwise affect the reactor. In addition, a few
special events, such as a reactor vessel rupture and the interfacing
systems LOCA, were evaluated. The interfacing syetems LOCA involves a
failure of valves at the high-to-low-pressure interface in the reactor
coolant piping that leads to an unmitigable loss of coclant from the
reactor vessel. The RSS found that small LOCAs and transient-:niti-
ated events (e.g., a loss of offsite power) dominated the estimated
core melt frequency and risk at the two plants studied. Events such
as earthquakes, fires, and floods were only superficially treated in
the RSS and were deemed not to be significant compared to other initi-
ators.

Later studies, such as those done in the Interim _Reliability Evalua-
tion Program (IREP) sponsored by the NRC, recognized that other initi-
ating events could be important. 1In particular, initiating events
caused by partial or complete losses of support systems (i.e., systems
which provide power or cooling water to the main safety systems) were
found to require special consideration because they could not only
lead to a reactor shutdown, but also degrade the operability of cer-
tain safety systems. For example, in the Arkansas Nuclear One-Unit 1
PRA,[7)] a single failure of a valve in a service water system was
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Table 2-2 Partial list of initiating events

Initiating events for PWRs

Loss of RCS flow (one loop)

Uncontrolled rod withdrawal

Problems with control-rod drive mechanism and/or rod drop
Leakage from control rods

Leakage in primary system

Low pressurizer pressure

Pressurizer leakage

High pressurizer pressure

Inadvertent safety injection signal

Containment pressure problems

Chemical and Volume Control System malfunction--boron dilution
Pressure, temperature, power imbalance--rod-position error
Startup of inactive coolant pump

Total loss of RCS flow

Loss or reduction in feedwater flow (one loop)

Total loss of feedwater flow (all loops)

Full or partial closure of main steam isolation valve (MSIV) (one
loop)

Closure of all MSIVs

Increase in feedwater flow (one loop)

Increase in feedwater flow (all loops)

Feedwater flow instability--operator error

Feedwater flow instability--miscellaneous mechanical causes
Loss of condensate pumps (one loop)

Loss of condensate pumps (all loops)

Loss of condenser vacuum

Steam-generator leakaqge

Condenser leakage

Miscellaneous leakage in secondary system

Sudden opening of steam relief valves

Loss of circulating water

Loss of component cooling

Loss of service-water system

Turbine trip, throttle valve closure, electro-hydraulic control
problems

Generator trip or generator-caused faults

Loss of all offsite power

Pressurizer spray failure

Loss of power to necessary plant systems

Spurious trips--cause unknown

Automatic trip--no transient condition

Manual trip--no transient condition

Fire within plant



11.
13.

14,
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26,
27.
28.
29.
30.
3l.
32.
3.
34,
35.
36.

Table 2-2 (Continued)

Initiating events for BWRs

Electric load rejection

Electric load rejection with turbine bypass valve failure
Turbine trip

Turbine trip with turbine bypass valve failure
Main-steam isolation valve (MSIV) closure
Inadvertent closure of one MSIV

Partial MSIV closure

Loss of normal condenser vacuum

Pressure regulator fails open

Pressure regqulator fails closed

Inadvertent opening of a safety/relief valve (stuck)
Turbine bypass fails open

Turbine bypass or control valves cause increase in pressure
(closed)

Recircalation control failure--increasing flow
Recirculation control failure--decreasing flow

Trip of one recirculation pump

Trip of all recirculation pumps

Abnormal startup of idle recirculation pump
Recirculation pump seizure

Feedwater--increasing flow at power

Loss of feedwater heater

Loss of all feedwater flow

Trip of one feedwater pump (or condensate pump)
Feedwater--low flow

Low feedwater flow during startup or shutdown

High feedwater flow during startup or shutdown

Rod withdrawal at power

High flux due to rod withdrawal at startup
Inadvertent insertion of control rod or rods
Detected fault in reactor protection system

Loss of offsite power

Loss of auriliary power (loss of auxiliary transformer)
Inadverteni startup of HPCI/HPCS

Scram due to plant occurrences

Spurious trip via instrumentation, RPS fault

Manual scram--no out-of-tolerance condition



found to lead not only to a reactor shutdown but also to degrade the
ability of the containment heat removal systems to perform their func-
tion. Accident sequences initiated by single support system failures
were found to dominate the Arkansas Nuclear One PRA results, contribu-
ting over 35% to the estimated total frequency of core melting.

Other PRAs, such as those for Zion and Indian Point, have made signi-
ficant contributions to the analysis of an initiating event class
called external events. External events include many natural phe-
nomena such as earthquakes, tornados, and floods but also include
events such as airplane crashes that could affect a nuclear plant.
Most external events are considered to be "rare" events, meaning their
fregquency of occurrence is thought to be low. For example, an earth-
guake of sufficient magnitude to damage a nuclear plant may be esti-
mated to occur only once in a million years. This has sometimes, as
in the RSS, caused the risk from external events to be considered
insignificant compared to other initiators which occur more fre-
quently. However, in more recent studies this has not been the case.
In the Zion PRA,(8] a more detailed analysis was performed and earth-
guakes were calculated to be the most important contributor (greater
than 50%) to the risk of early fatalities stemming from postulated
nuclear accidents. In the Indian Point 2 PRA, external events were
very important contributors to both the frequency of core melting
(80%) and the risk of early fatalities (60%).[9]

It is clear that the initiating events selected for study in a PRA and
the depth to which these events are evaluated will affect the com-
pleteness of the results and thereby the associated uncertainty. The
previous examples show that PRA results can easily be low by 50% if
support system initiators and exterral event initiators are not evalu-
ated. If future studies include these initiators and others that have
been identified as important, the uncertainty in the definition of
accident sequence initiating events will be smaller than if some
initiators are omitted.

2.1.2 Accident Seqguence Delineation

The accident sequence delineation activity in a PRA involves the con-
struction of event trees to represent plant responses to initiating
events. An event tree is constructed by postulating the success or
failure of each safety-related system in the context of all the boun-
dary conditions established by an initiating event. Onliy those unique
comt nations of system successes and failures that have physical mean-
ing ice included in an event tree. For example, the failure of one
systemn may preclude the success of another.

While the logical and integrated approach is a strength, there¢ are
basic uncertainties with regard to how well event trees are able to
represent the actual conditions associated with a plant's design,
operation, and response t> accident conditions. There are obvious
limitations in our ability to faithfully represent the real world by
analytical models. As an example, event trees are binary models and
tend to show only discrete on-off, yes-no type situations, whereas in



reality, a plant response may be in gradations of partial failures or
complex events i solving degraded system operation. “odel uncertain-
ties are acknowledged and addressed by efforts to make models as real-
istic as possible.

A iother basic uncertainty concerns completeness; have all the poten-
tially significant accident sequences been identified and properly
characterized? A major cause of this type of uncertainty in the
delineation of accident sequences is the lack of knowledge of how
reactor systems and operators might respond to accident conditions.
For example, in the Reactor Safety Study and other PRAs it was assumed
that, given a small LOCA, a reactor would eventually have to go into a
recirculation mode of operation where cooling water is circulated from
the containment sump, through the reactor, out of the small break in
the reactor coolant system, and back into the sump. An accident
sequence that involved failure of the recirculation systems after a
small LOCA was identified on the RSS event trees for Surry and found
to be important, producing about 10% of the total core melt frequency.
Current assessments of this accident sequence suggest that it may be
possible for the operator to depressurize the reactor and attain a
safe condition before the need to enter the recirculation mode is ever
required. If this operator action is credible at the Surry plant,
then the frequency of core melting could be overestimated by about
108. This example illustrates how PRA results might be overestimated
if the set of accident sequences being evaluated is not complete.

Given the limitations in delineating accident sequences there is
little doubt that there are many alternative accident scenarios that
will not be identified. Many of these scenarios are probatly not
important and would not significantly affect PRA results. fome, as in
the given example, would reduce the estimated probability of a core
melt occurring. Others might make things worse. Until the Three Mile
Island accident, the possibility of an operator mistakenly turning off
a safety system had not been considered. As additional research and
operating experience is gained, the uncertainty in delineating acci-
dent sequences should be reduced.

2.1.3 System Success Criteria Definition

System success criteria define how and in what combination systems
must perform to successfully respond to an initiating event. For
example, given a loss of offsite power at a nuclear plant, operation
of two of the three auxiliary feedwater pumps might be required to
prevent excessive pressure from building up in the reactor coolant
system. If only one or none of the auxiliary feedwater pumps success-
fully operates, then the pressure would build up and other systems
would be demanded. Thus, the success criterion for auxiliary feed-
water would not have been met and the accident would continue.

One type of uncertainty in establishing accurate success criteria
deals with a lack of understanding of system capabilities during acci-
dent conditions. The success criteria used in many PRAs are based on
criteria published in the Final Safety Analysis Report (FSAR) for a



plant. These FSAR criteria are based on licensing calculations for
accidents which do not lead to fuel damage or melting (e.g., a large
LOCA with no concurrent failures of redundant systems). Explicit
thermal-hydraulic calculations for the accident sequences of interest
in PRAs are often difficult to obtain due to a lack of adeguate models
or restrictions in the scope, schedule, or budget of a program. Phe-
nomena that may occur during an accident and that are not well under-
stood or modeled may impact the success criteria.

An example of an uncertainty in system capability is the number of
high pressure injection (HPI) pumps needed to maintain core cooling
given a small LOCA combined with a loss of all secondary cooling in a
PWR. The FSAR might say that two of three HPI pumps are required
after a small LOCA but does not give the criterion for a small LOCA
combined with a loss of secondary cooling. Unless further information
is available the analyst will have difficulty in rationalizing a
criterion to use. Maybe three pumps would be sufficient or perhaps
the pressure in the primary might ri=e above the iischarge pressure of
the pumps, causing HPI to become completely ineffective. Other exam-
ples of uncertainties that involve system capabilities are given in
Table 2-3.

A second type of uncertainty involving system success criteria deals
with the binary success/failure format used in PRAs. Components
modeled in the fault trees are assumed to be either fully operational
or completely failed with some probability. Partial successes (or
failures) such as a pump running at half speed or a valve failing
halfway closed are not generally modeled on a fault tree. Perhaps in
the previous example two HPI pumps running at full speed and one pump
running at half speed would be sufficient to provide core cooling. A
fault tree analyst will consider these partial states and make assump-
tions as to which binary state (complete success/failure) they con-
servatively fall into. Partial component successes could be expli-
citly modeled on fault trees: however, the detailed information needed
to do this is generally not available and the size of the fault trees
would become excessive if all partial states were modeled.

A final uncertainty concerns the issue of completeness in the defini-
tion of success crit.eria: have all systems which could mitigate or
exacerbate an accident been included in the analysis? PRAs have gen-
erally not given credit for the operation of some nonsafety-related
systems or for sys*tems operating in an out-of-normal mode or configur-
ation. For example, many PRAs have not included the control rod drive
system (for BWRs) ¢ fire protection systems (PWRs and BWRs) as possi-
ble sources for emergency coolant injection. An example of how this
can affect PRA results comes from an analysis of the Grand Gulf
BWR.[10] 1In this report, a mode of core cooling was evaluated which
involved connecting a service water system with the reactor coolant
system so that water could be pumped at low pressures directly from an
outside reservoir to the reactor core. This mode of operation, while
feasible, was not included in the original risk assessment of Grand
Gulf. 1Its inclusion led to a reduction of the core melt frequency
calculated for Grand Gulf by approximately 50%. It should be noted
that the assessment made in the original analysis of Grand Gulf lies



Table 2-3 Examples of uncertainties in system capabilities

Capability of systems to operate under loss of pump lubrica-
tion, oil cooling, or pump room cooling

Capability of establishing decay heat removal in PWRs using

high pressure injection and depressurization with the relief
valves (feed and bleed)

Capability of steam-driven systems, such as the reactor core
isolation cooling (RCIC) system in BWRs and the auxiliary
feedwater system (AFWS) steam train in PWRs, to operate under
loss of reactor coolant system (RCS) integrity conditions.
For example, the degree to which the RCIC turbine is starved
of steam with a stuck-open relief valve in the RCS, and the
effects of these conditions on the efficiency of the RCIC's
performance, are uncertain.

Whether single (or even multiple) trains of high pressure
injection system (HPIS) operation can adequately maintain
water level and boron concentration in a PWR under antici-
pated-transient-without-scram (~/WS) conditions, particularly
with a stuck-open RCS relief valve

Capability to use only the condensate pumps in conjunction
with steam relief valves and/or steam-generat,r-blowdown
valves to provide successful RCS cooling in PWRs

Capability of control-rod-drive (CRD) pumps in BWRs to provide
sufficient water invertory to avoid core damage under some
transient conditions

Containment blowdown following containment failure, or con-
tainment deformation under high pressure conditions, could
affect core-cooling piping, equipment, and/or the core-
cooling-recirculation-water supply

Capability of containment fans and H2 recombiners to perform
their functions, once considerable core damage has occurred
and aerosols are distributed throughout the containment
environment

Capability of systems to continue to ouperate, given a H2 burn
or any other sudden pressure spike, such as in-vessel and ex-
vessel steam explosions

Effect of higher-than-design temperature, pressure, and radia-
tion conditions on continued operability of containment
systems



on the conservative side:; i.e., consideration of extra systems should
improve the probability of success.

2.1.4 System Modeling

System modeling involves constructing fault trees for each of the
important support and safety systems of a nuclear plant. A fault tree
is a graphic model of the various parallel and sequential combinations
of faults that will result in the occurrence of some predefined unde-
sired (or top) event. The faults can be associated with component
hardware failures, human errors, or any other pertinent faults that
can lead to the top event. The fault tree approach is a deductive
process, whereby the top event is postulated and the possible means
for that event to occur are systematically deduced.

It should be noted that a fault tree does not contain all possible
component failure modes but includes only the events considered to be
significant by the analyst. The choice of faults for inclusion is not
arbitrary: it is guided by detailed fault-tree procedures, information
on system design and operation, operating histories, input from plant
perscnnel, the level of detail at which basic data are available, and
the experience of the analyst. However, the issue of completeness
must be addressed and is a source of uncertainty. If all of the
important failure modes of a component are no: found, the results of a
PRA will underestimate the frequency and risk from nuclear accidents.

Most accident sequences of interest in PRAs involve fuel melting,
reactor vessel failure, and containment failure. Under these con-
ditions, 3afety equipment inside containment will be exposed to high
pressures, temperatures, and radiation which exceed what the equipment
is environmentally qualified for. This makes it difficult for the
fault tree analyst to accurately assess how and when a component might
fail. Other concerns are the extent and type of debris that fills the
containment atmosphere during an accident, the possibility of fires or
explosions, and the corrosiveness of the environment around compo-
nents.

One general class of component failure modes that are hard to identify
and evaluate is that of dependent failures. Dependent failure can be
defined as a combination of failures whose probabilities are corre-
lated by some physical or environmental condition. Common-cause
failures, common-mode failures, and system interactions are all con-
sidered to be types of dependent failures. A good example of a depen-
dent failure occurred at the Salem reactor in 1983, Several automatic
reactor shutdown breakers which were made by the same company simulta-
neously failed because of a common inadequacy in the plant's mainte-
nance procedures. Other examples of possible causes of dependent
failures include high temperatures, dust, and vibration.

An example of how this uncertainty can affect PRA results can be found
in the Zion PRA [8] and a subsequent review of this study performed by
Sandia and Brookhaven National Laboratories.[11] 1In the original Zion
analysis it was assumed that a core melt environment would not signif-
icantly affect the operation of the containment fan cooling system
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which helps to prevent post-accident containment overpressurization.
Upon review, this assumption was gquestioned and a sensitivity calcula-
tion was performed to estimate its effect on the results. The sensi-
tivity calculations showed that if the fans fail after a core melt,
the original number of total early injuries, latent fatalities, and
total radiation dose received by the public would each increase by
approximately a factor of 3.

2.1.5 Human Reliability Modeling

Human reliability analysis (HRA) is a method by which human reliabil-
ity is estimated. In carrying out an HRA, it is necessary to identify
those human actions that can have an effect (either positive or nega-
tive) on system reliability or availability. The most common applica-
tion of HRA is the evaluation of human acts required in a system
context. The consideration of extraneous actions is also important.
The person interacting with a system may not only fail to do what he
is supposed to do, or fail to do it correctly, but he may also do
something extraneous which could degrade the system. The latter is a
weakness of HRA. It is not possible to anticipate all undesirable
extraneous human actions. The best anyone can do is to identify those
actions having the greatest potential for degrading system reliability
or availability.

There are two major sources of uncertainty in modeling the occurrence
of human errors in the operation of nuclear plants: 1) the inexact-
ness of models of human performance that purport to describe how
people act in various situations and conditions and, 2) the identi-
fication of all relevant factors that shape human performance and
their interactions and effects.

The state-of-the-art of HRA is such that the modeling of human behav-
ior can qualitatively account for its variability and for discrepan-
cies in human response situations, but there are definite limitations
in quantifying such models. There are many models of human perfor-
mance, but few can be used to estimate the probability of correct cr
incorrect human performance in applied situations. Furthermore, all
models, even those that can be applied to HRA (e.g., the models in
Reference 12) are themselves abstractions of real-world circumstances.
As such, they only partially represent the situations they simulate.
In some cases, experimental data have provided strong support for the
general form of the models, but in others the forms are still specula-
tive (although based on sound psychological concepts).

Another source of uncertainty, the identification of the factors that
shape human performance associated with a task, also involves some
abstraction and is subject to some interpretation on the part of the
analyst. This is probably the biggest source of error in extrapo-
lating data from other sources to the nuclear power plant. Unless the
tasks required in both situacions are analyzed in sufficient detail,
data from other sources may be misapplied to the tasks performed in a
nuclear power plant. For example, a valve restoration task in a chem-
ical processing plant may be superficially similar to an equivalent
task in a nuclear power plant, but the Human Error Probability (HEP)
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from the chemical plant may be based on srrors made by people using
well-designed checklists, whereas the valve restoration procedures
carried out in the nuclear power plant may be performeé from memory
only. Using the HEP from the chemical plant to estimate the HEP for
the nuclear power plant would obviously result in a gross underestima-
tion of the true HEP.

Many of the PRAs published to date have identified at least one or two
human errors that contribute significantly to severe accidents. Some
examples of important human errors identified in PRAs are given in
Table 2-4, Examples of just how important human errors can be in PRA
results are found in Reference 13. 1In this study, the sensitivity of
core melt frequencies to changes in the unavailabilities of systems
and individual faults was calculated. For the Millstone BWR, it was
found that the failure of the reactor operators to manually depres-
surize the reactor during particular accidents was important. The
results showed that a 1% change in the probability of this human error
alone would cause a 0.05% change in the total core melt frequency.
Therefore, if the uncertainty in the HEP for this human action is many
orders of nagnitude, the resulting uncertainty in the core melt fre-
quency wnuld be large,

To summarize, the most significant contributors to uncertainty in
evaluating the human behavior of nuclear power plant operators is the
inexactness of the models and identification of pertinent human per-
formance factors. No abstraction can fully define or account for all
the vuriables in response situations as complex as those found in a
nuclear power plant. Furthermore, it is unrealistic to suppose that
each model will be applied consistently across all analyses. This
lack of consistency is related to the difficulties in performing the
necessary analyses of human inputs, mediating processes, and responses
so that the relevant performance-shaping factors can be identified and
assesred correctly.

2.2 1tccident Sequence Quantification

The results of the analyses done to identify accident-initiating
events and to develop event trees and fault trees that depict "what
coulc go wrong," and thus result in core damage, are mathematical
modeis. These models express the occurrence rate of an accident, or
class of accidents, as a function of initiating event rates, component
and system failure probabilities, human error probabilities, and
periiaps other parameters (unknown constants). Estimating these param-
eters and thence the various accident sequence rates provides a basis
for comparing and evaluating these sequences. Estimates, though, are
imprecise (to varying degrees), so there is uncertainty in the assess-
ments of "how likely" things are to go wrong. Such uncertainty needs
to be evaluated to provide a proper frame of reference for compari-
sons, judgments, or actions that might be taken pertinent to risk.

The imprecision of an estimate depends on the data or other infor-
mation on which the estimate is based. At the "front end"” of a risk
analysis (the progression of an accident from initiatirg event to core
damage), the potential for data -- the actual experience of operating



Table 2-4

Examples of human errors in LWR analyses

ITtem

Comments

Operator failure to manu-
ally initiate HPIS for 3
types of conditions: ATWS,
feed & bleed following
AFWS failure, & small
LOCAs where auto initia-
tion conditions aren't
reached.

Operator failure to
initiate & maintain
recirculation cooling
following LOCAs (large
to small)

Operator failure to
successfully depressurize
and cooldown plant
following a small LOCA

so that there is no need
to "go to recirculation
cooling."

Operator failure to
recognize stuck open
PORV/SRV and close block
valve.

Operator failure to

extend battery life, water

sources, and be prepared
for local manual system
operations during
extended station blackout.

Operator failure to manu-
ally depressurize primary
system when high pressure
injection systems have
failed (BWRs).

ATWS - HEPs of 0.1 used in ANO-1,
Oconee PRAs for high stress.

Feed & Bleed - CR-3, Oconee PRAs used
HEPs of 1E-2. Value couid change depend-
ing on ease of initiating feed & bleed.

Small LOCAs - Values similar to Feed &
Bleed case. How does operator recognize
the need for HPIS?

Many examples available including switch
to recirculation prematurely (CR-3,
5E-2), switch too late (CR-3, 3E-3:
Oconee, 3E-3; Surry, 3E-3), errors during
switching process (CR-3, 8E-2), or later
failures such as inadvertently shuttirg
off pumps (CR-3, 5E-2) or failure to
realign to hot legs in 24 hours
(Sequoyah, 6E-3:; Surry, 3E-3).

How does operator recognize the LOCA?
What do procedures say to do? What are
likely failures and their probability?

Calvert PRA used 0.1, TMI accident had
this failure. How does operator
recognize problems & perform action?

What is variability in depth of
procedure/training on these issues?
what are likely failures and their
probabilities?

How is high pressure cooling failure
recognized? Will there be a reluctance
to depressurize?
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Table 2-4

(Continued)

Item

Comments

Operator failure to per-
form correct actions
following an ATWS such
as initiating emergency
boration systems.

Operator errors following
component test or main-
tenance.

Operator failure toc per-
form recovery or repair
actions to increase
system availability.

What are current procedures/training for
handling ATWS? 1Is it clear when
emergency boron should be initiated?

Examples include miscalibration of
Reactor Protection System. Are there
large variations in test and maintenance
procedures?

What is variation in the depth of
operator training and/or procedures on
this issue?

nuclear plants -- is much greater than it is for post-core-melt phe-

nomena and consequences.

That is, a wide variety of initiating events

have actually happened and the performance of many components and sys-
tems in operating plants has been observed and recorded, whereas data
pertaining to post-core melt phenomena are available only (fortu-

nately) from reduced-scale experimeats, if at all.

The availability

of data and the relative simplicity of accident sequence models (com~
pared to post-core-melt models) provide an excellent opportunity for a
gquantitative assessment of the uncertainty in estimated accident

sequence rates.

A data-based assessment of uncertainty also provides

guidance for subsequent data collection and uncertainty reduction.
However, there are gaps in the data, such as with respect to human

errors, and concerns about data quality and applicability.

Also,

available data may yield quite imprecise estimates, so all is not

favorable.

The following subsections evaluate the present situation

with respect to estimating initiating event rates, component failure
probabilities, and human error probabilities.

2.2.1

In accident sequence models,
to ocvcur at a constant rate,

Initiating Event Frequency Estimation

initiating events are generally assumed
over time. This is primarily an assump-

tion of convenience: without it one would have different estimated

risks year by year.

port this assumption in some cases, contradict it in others.

Available data, such as in EPRI NP-2230,(5] sup-

Over all

"transients", there is evidence of a decrease in occurrence frequency

over the first four years of operation.
enough data exist to show much of a trend.

For the rarer events, not
With respect to possible

aging effects, there are not yet enough end-of-life data to assess the
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error in estimates based on the assumption of constant initiating
event rates, if in fact there is an aging trend. (On the other hand,
if there is an initial decreasing trend in initiating event frequency,
data cver the early years of plant life, which is what we mostly have
now, would lead to overestimates of current occurrence rates.)

Given the assumption of a constant occurrence rate, the data at a
plant of interest may still be too limited to yield usefully precise
estimates. For example, suppose a three-year-old plant has had no
large LOCA, small LOCA, or lcss-of-offsite power. Such data provide
almost no information about differences among the occurrence rates of
these events, while other considerations would suggest possibly major
differences. These other considerations include data from other
plants. Data from other plants can be directly used--that is, the
occurrences and the operating times from these plants can be added to
those of the plant cf interest--if there is reason to assume the
occurrence rate is not only constant over time, but also across
plants. Otherwise, an analysis needs to be done that reflects plant-
to-plant variation. The data in EPRI NP-2230 again support the
assumption of equal initiating event rates across plants in some
cases, contradict it in others.

For example, Table 2-5 is an excerpt from EPRI-NP 2230 and shows the
occurrences of "Turbine Trip, Throttle Valve Closure, EHC (electro-
mechanical hydraulic control) Problems" for seven plants over nine
years of operation.[5]

Table 2-5 Selected initiating event annual occurrences:
Turbine trip, throttle valve closure; EHC problems*

Year of operation

Plant 1 2 3 4 5 6 7 8 9 Total
1. Yankee Rowe 0 ) 3 2 0 0 ) 0 0 [3
2. Ind. Pt. 1 2 1 1 3 3 4 1 0 0 15
3. San Onofre 0 1 1 4 1 1 0 1 1 10
4. Haddam Neck 2 4 1 1 0 0 0 0 1 9
5. Ginna 1 1 0 0 2 1 0 0 0 5
6. Pt. Beach 1 4 1 0 C 1 0 0 1 0 7
7. Robinson 6 3 3 3 0 1 3 3 4 26
TOTAL 15 11 10 13 7 7 4 5 6 78

*Source, Reference 5, page A-37
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A statistical analysis of this table shows fairly strong evidence of
nonconstant occurrence rates over time and among plants. That is, the
differences among plants and years are larger than would be expected,
by chance alone, under the assumption of a single occurrence rate. 1If
these data were to be used to estimate the occurrence rate of this
transient at a new plant, these differences would have to be accounted
for in assessing the uncertainty of that estimate. The uncertainty
would be much greater than that obtained from the combined data of 78
occurrences in 63 reactor-years and the assumption of a constant
underlying occurrence rate. To 1llustrate, suppose that the yearly
trend is ignored and that the objective of the analysis is to estimate
the occurence rate at a new plant. An analysis of variance and a
statistical prediction aralysis leads to an approximate 90% statisti-
cal confidence interval on the rate of 0.3 to 3.5 occurrences/yr. The
pooled data, and the assumption that all plants have the same occur-
rence rate, would lead to an (unrealistically narrow) rate of 1.0 to
1.5 occurrences/yr. Thus, plant-to-plant differences, which are
treated as "random variation"™ in the statistical prediction analysis,
have a sizable effect, in this case, on the uncertainty with which an
occurrence rate for a new plant can be estimated.

For the case of a constant occurrence rate and pertinent data of n
occurrences in T reactor-years, the conventional statistical estimate
of the underlying occurrence rate is n/T. For example, if the analy-
sis objective was to estimate the Ginna turbine trip rate, the Table
2-5 data lead to n/T = 5/9 = 0.56/yr. This just a point estimate of
the underlying rate, which could in fact be somewhat, or substan-
tially, different from 0.56/yr. Statistical confidence limits iden-
tify a plausible range for this underlying rate. 1In particular, given
data of n occurrences in T years, the upper 95% statistical confidence
limit on the underlying annual occurrence rate is x?(2n + 2: 95)/2T,
where x?(f, c) denotes the cth percentile of the chi-squared distribu-
tion with f degrees ci freedom. For the Ginna data, this limit is
equal to 1.2/yr. What this confidence limit means is that if the
underlying occurrence rate were above 1.2/yr, the observed data would
be fairly unlikely--the chance of 5 or fewer occurrences in 9 years
would be 5% or less. Thus, values of the rate above the limit are
inconsistent with the data (to the extent indicated). The lower 95%
statistical confidence limit on the underlying rate is x?(2n, 5)/27T.
Values of the rate below this limit, which is equal to 0.2/yr for the
Ginna data, are similarly inconsistent with the data. If the true
rate were 0.2/yr or less, the chance of 5 or more occurrences in 9
years would be 5% or less. By convention, the interval between the
lower and upper 95% confidence limits is called a 90% statistical
confidence interval. These confidence limits are given in Reference
14 and chi-squared tables are given there and in many other books.

The relative precision with which an initiating event rate can be
estimated is indicated by the ratio of the upper 95% limit to the
lower 95% limit., This ratio is a function only of n (T cancels out),
so relative precision is controlled by n. Table 2-6 gives the upper
and lower 95% statistical confidence limits, in units of 1/T. Also
tablulated is the ratio of the upper limit to the lower limit. (The
limits have been rounded so their ratio is not always equal to the



Table 2-6 Statistical confidence limits on a constant
occurrence rate, in units of 1/T

n Lower 95% Limit Upper 95% Limit Ratio
0 - 3.0 --
1 0.05 4.8 92

2 0.4 6.3 18

3 0.8 7.8 9.5
5 2.0 10.5 5.3
7 3.3 13.2 4.0
10 5:5 17.0 3.1
15 9.3 23.1 2.5
20 13.3 29.1 2.2
30 21.6 40.7 1.9
50 39.0 62.2 1.6

tabulated ratio.) Figure 2-1 gives a plot of this ratio as a function
of n and thus shows graphically how precision increases with
increasing n. Note that one occurrence yields essentially two orders
of magnitude of uncertainty (as guantified here), three yield about
one order of magnitude, etc.

It should be added that any statistical analysis is conditional on the
assumption of "good" data. Uneven or poor data quality introduces
additional uncertainty that is not quantifiable. For example, inac-
curate or inconsistent reporting of initiating events would vitiate
any analysis of the data in Table 2-5.

A popular way of expressing subjective (as opposed to statistical)
uncertainty is by way of a lognormal degree-of-belief distribution for
a parameter, such as an occurrence rate. This distribution is often
characterized by a median and an "error factor." The error factor
squared is the ratio of the 95th to 5th percentile of a lognormal
distribution. Though statistical confidence limits and subjective
probability limits are not at all the same concepts, one can see from
Table 2-6 that an error factor of 10 corresponds roughly to data of
one occurrence in T years:; an error factor of 3 corresponds to essen-
tially three occurrences. This correspondence is an aid in interpret-
ing subjective error fac”ors. For example, consider a nominal subjec-
tive estimate of 10 “/yt with an error factor of 10. To obtain a
comparable assessment based on a statistical confidence interval would
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require data of one occurrence in about 10 000 years. That is, one

would need such data for a statistical uncertainty assesasment to match
this subjective assessment.

For the case of n = 0 occurrences, 2ll that can be inferred statisti-
cally is an upper bound. If an event has not occurred, then there is
no statistical basis to rule out the possibility that the underlyinn
rate is actually zero. Thus, zero would be the lower bound, which
means relative precision is undefined. The conventional statistical
point estimate of the occurrence rate, n/T, without modification,
equals zero in this case, which of course is an imprudent value to
assume in a PRA. Some indication of the information provided by data
of no occurrences in T years and the assumption that the underlying
rate is constant is given by the upper 95% statistical confidence
limit of 3/T and the upper 50% limit of 0.7/T. However, a major
uncertainty in any assessment for an event which has not occurred is
the specification of the denominator, T. For example, in estimating
the large LOCA rate for a particular plant, what experience should be
used: U.S.? World-wide? Vendor-specific? ... Pooling experience
over any set of reactors carries the (uncertain) assumption of a con-
stant occurrence rate over that set of reactors. Data of no occur-
rences provide no guidance on what experience is relevant, so such a
choice has to be based on other considerations which also may be quite
uncertain.

Estimates of initiating-event rates in published PRAs have not been
wholly statistical in nature, but, because of data limitations or
unavailability and analyst philosophy, have been based at least in
part on analyst judgment and beliefs. Reactor Safety Study [6] esti-
mates, which have been used repeatedly, were based on an informal
amalgamation of data and judgment. More recent estimates have been
based on a formal BRayesian analysis, whereby judgment is expressed
probabilistically (the "prior" distribution), then merged with data
via Bayes's Theorem to provide a "posterior" probability distribution
representing the analyst's so-called "state-of-knowledge," or "degree-
of-belief"™ about the occurrence rate of an initiating event. A
Bayesian analysis can reduce the apparent uncertainty in an estimate,
but it can also increase uncertainty because it introduces another
source of uncertainty: analyst-to-analyst differences.

Consider the case of a large LOCA, an event which has never happened.
In the Bayesian analyses done for the Zion and Indian Point risk
assessments,[8 9] the experiential data cited in each case were zero
occurrences in 131 reactor-years (U.S. PWRs). These data alone yield
an upper 95% statistical confidence limit on the large LOCA rate of
0.023/yr. After incorporating their prior distribution, the Zion
authors obtained a posterior 95th percentile of 0.0036/yr. To obtain
this value as a statistical 95% confidence limit would require no
occurrences in 833 reactor-years. Thus, from a statistical stand-
point, the assumed prior distribution (not disclosed or substantiated
in the report) effectively added 702 LOCA-free years to the data base.
The same group of analysts (but a different individual), in performing
the Indian Point study, chose a different prior distribution and ob-
tained a posterior 95th percentile on the large LOCA rate of 0.0062/yr
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for Unit 2. This corresponds to addiang 345 LOCA-free years to the
recorded experience of 131 reactor-years. Thus, analyst differences,
even within the same team, amounted to a factor of two in this case.
Independent subjective estimates of rare event probabilities can dif-
fer even more, as experience with earthquake frequency estimation
shows.

The occurrence rates of extreme natural hazards, such as earthquakes
and hurricanes, are extremely difficult to estimate because of the
relative briefness of recorded history and the lack of understanding
of the physical laws that govern their occurrence. Thus, "informed
opinion"” has been called upon for estimates. For example, Okrent
polled seven experts in the field of earthquakes and obtained inde-
pendent estimates of the occurrence rates of large earthquakes at a
variety of sites.[16] The results showed considerable differences of
opinion, often spanning two to four orders of magnitude. For example,
for one specified large earthguake (MMI VIII) at the Pilgrim site in
Massachusetts, the_estimated annual rates of the five experts respond-
ing ranged from 10~/ to 2 x 10 !/yr.

Another example of earthquake estimation uncertainty is provided by
the Indian Point analysis.[9] Two consulting firms provided families
of seismicity curves (exceedance frequency vs. peak ground accelera-
tion). A major uncertainty concerns the maximum possible ground
acceleration. The curves provided (see Figure 2-2, which is Figure
7.2-4 in volume 10 of the Indian Point Probabilistic Safety Study)
indicate opinions on the maximum acceleration that ranged from 0.25 to
0.8 g. The estimated occurrence rates of these maximum earthquakes
were about 10 °/yr. The curves also indicate that for an event yield-
ing 0.4 g acceleration, the estimated occurrence rate ranges from zero
to about 10 “/yr. Thus, again, analyst uncertainty is substantial.
However, in the Indian Point analysis the different curves were
assigned probability weights, shown in Figure 2-2, so that analyst
uncertainty was treated as random variation,

2.2.2 Component Failure Probability Estimation

Estimating accident sequence rates requires estimating the probabili-
ties of the combinations of component failures that lead from the ini-
tiating event to core damage. The uncertainty of component estimates
can have a substantial impact on the uncertainty of an accident
sequen~e estimate. For example, because system failures often involve
dual failures, one order of magnitude uncertainty for a component
becomes two orders for the system.

As is the case with initiating event rates, different PRAs have used
different component estimates based on differen' sources of informa-
tion. The Reactor Safety Study used a combination of nuclear plant
data, other data, and judgment.[6] The IREP analyses generally used
the RSS estimates, modified in some cases by findings from data col-
lected after the RSS.[17] The attendant subjective uncertainty was
expressed as lognormal probability distributions. That is, analyst
"degree-of-belief" about a component failure probability was expressed
as a lognormal probability distribution characterized by a median and
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an "error factor" (ratio of the distribution's 95th percentile to its
median).

The type of uncertainty meant to be covered by an error factor is not
always clear. One might be considering differences in component per-
formance from plant-to-plant, or performance differences among com-
ponents of the same type within a plant, or performance differences of
a single component in different environments, or some combination of
these and other sources of uncertainty. Such ambiguity makes it dif-
ficult to interpret uncertainty assessments of the type described.
However, even if the sources of uncertainty are clearly specified, the
assumption, say, that the plant-to-plant distribution of component
failure probabilities is completely known, is unwarranted. Thus, the
interpretation that must be attached to the RSS and related uncer-
tainty distributions is that of subjective uncertainty. The failure
probability of all components within a given class, at a plant, is
assumed to be an unknown constant, p. Subjective uncertainty about p
is then expressed as a lognormal distribution. Such an expression may
be quite arbitrary and of little force for others who don't share the
same (quantified) degree-of-belief.

The clear need for better-substantiated estimates of component failure
probabilities has led to NRC- and industry-sponsored data collection
efforts. Estimates based on licensee event reports (LERs) have been
published in a series of reports by INEL.[18-20] A sample is given in
Table 2-7. Because the data are available plant by plant, it is pos-
sible to assess plant-to-plant variation. Note that in Table 2-7
estimated failure probabilities (the last column) range from 0.0012 to
0.061. It should also be noted, though, that there are differences in
reporting requirements and diligence among plants, so one cannot tell
the extent to which observed differences reflect performance or
reporting differences. Another, so far unquantifiable, source of
uncertainty in the LER data is the fact that the denominators--the
number of attempts to start a pump, for example--are not known from
plant records, but must be estimated. Typically, one might aissume
monthly tests in the period spanned by the data and then estimate the
demands accordingly. Demands on other than monthly tests would not be
sounted, though presumably failures in such cases would be reported.

A more recent data collectiun and analysis effort has been that of the
In-Plant Reliability Data System (IPRDS).[21 22] 1In this program,
maintenance records have been collected and analyzed by NRC contrac-
tors. This data system is closer to actual plant experience and
removes some of the uncertainty of LER reporting. The uncertainty of
estimated denominators remains, however. As of yet, no PRAs have used
the IPRDS. Neither have they used the NPRDS (Nuclear Plant Reliabil-
ity Data System) which is a voluntary reporting system and hence very
uneven in reporting quality.

Some PRAs have performed Bayesian analyses using plant-specific data
(retrieved from LERs and plant operating logs) and subjective prior
probability distributions based somewhat on the RSS subjective dis-
tribitions and the industry-wide LER summaries. This is the approach
of the Zion and Indian Point PRAs.



Table 2-7 Sample Licensee Event Report Summary.
excerpted from Reference 18

GENERAL ELECTRIC VALVE--OPERATOR (MOTOR)=--FAIL TO OPERATE
Component Population Estimated
Number of Total Total Failure
Number of Demands Number of Number of Probability
Plant Valves per Valve Failures Demands (Failures/Demand)
BF1 66 20 5 1260 4,0E-03
BF2 63 20 2 1260 1.6E-03
BF3 63 18 4 1134 3.5e-03
3R1 72 17 7 1224 5.7E-03
3R2 72 20 4 1440 2.8E-03
oDl 57 20 11 1140 9.6E-03
DAl 67 20 5 1340 3.7E-03
DR2 51 20 0 1020 8.8E-03
DR3 51 20 5 1020 4.9E-03
EN1 68 20 7 1360 5.1E-03
EN2 67 10 10 670 1.58-02
FP1 10 20 22 360 6.1E-02
NIl 34 20 1 680 1.5E-03
MOl 47 20 6 940 6.4E-03
NMi 21 20 1 420 2.4E-03
ocl 42 20 1 840 1.2E-03
PB2 54 20 4 1160 1.4E-03
P33 58 28 8 1160 6.9-03
PIl A7 20 5 940 5.3E-03
QC1 57 20 6 1140 5.3E-03
QC2 $7 20 6 1140 5.3E-03
Vvl 56 20 _6 1120 5.4E-03
TOTALS 135 22768 5.9E-03




Not surprisingly, the variety of approaches to estimation and the
variety of information used has led to a variety of estimates and
assessed uncertainties. A selection of these is given in Table 2-8.
For pumps and valves, the nominal values are all within an order of
magnitude of each other. As mentioned above, such uncertainty in
component failure probabilities can translate into up to two orders of
magnitude in a sequence estimate. Also, note that actual data tend to
suggest higher probabilities than the RSS and IREP estimates.

2.2.3 Dependent Failures

Severe acvidents generally require multiple component failures. If
the occurrences of multiple failures, say of redundant pumps, are
etatistically independent, then failure probabilities can be multi-
plied in the mathematical model of the accident sequence. However,
cuncern about the possibility of nonindependent failures exists. Some
dependencies, such as the dependence of components on common support
systems, are generally explicitly modeled, bvt other subtle dependen-
cies may remain. Thus, estimating the probability of multiple fail-
ures may involve more than just multiplying estimated probabilities.

One model for dependent failures is referred to as the beta-factor
method.l23] Consider the case of failure of two pumps and let p
denote the failure probability of a single pump. Then the beta-factor
model for two-pump failure is

P(two pumps) = p(p + 8).

Some attempts have been made to estimate values of f from LER

data.[24 257 These estimates are based on industry-wide experience
and their ipplicability to plant-specific dependencies is a source of
uncertainty. Other estimates have been primarily subjective. For
example, the Zion and Indian Point analysts assumed a lognormal state-
of-knowledge distribution for B, with a mean of 0.014, The point to
be made, though, is that the modeling of dependent failures and the
estimation of parameters in those models is presently an important
source of uncertainty.

2.2.4 Human Error Probability Estimates

There are three main sources of uncertainty in estimating human error
probabilities:

1. The unavailability and quality of data on human perforrance in
nuclear power plants.

2. The inherent variability of human performance by one indi-
vidual, as well as across different individuals.

3. The use of "informed opinion" to provide subjective estimates.

The following discussion of these sources of uncertainty is
adapted from the PRA Procedures Guide.[26]
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Table 2-8 Selected estimates of component failure probabilities

. ——

Component /Event RSS[6] IREP[17] Zion[8) 1P-2(9] 1P-3(9] LER[18 19 20] IPRDS[21 22)
Puups Motor- med.* 1072 1073 6x1074 6.4x10 3 1073 3x1074 5.3x10° 3
Driven/

Fail-to- (EF)* (3) (10) (2.5) {2} (3) - -
operate

Valves, MOV/ med. 1073 1073 1.5x12 2,8x10 3 1073 4x1073 6.4x10?
Fai1l-to-

mrerate (EF) (3) (10) (1.3) (2) 14) i b1
Diesel med. .03 .03 .018 .012 L013 .044 —
Generatora/

fail-to- (EF) (3) (3) (1.4) (2) (2) e )
start

-
The RSS and the IREP Procedures Guide authors expressed their nominal failure probabilities and attendant

uncertainty in terms of lognormal distributions characterized by a median and an error factor.[6 17] The
and Indian Point authors summarized their posterior distributions by their mean and variance.[8 9]

have been equated to the corresponding lognormal moments in order to obtain approximate medians and error
factors, for the sake of comparison.
frequencies.[18-22] Because the analyses performed in the appropriate LER are based on the assumption of no
system-to-system or plant-to-plant variation, which can be seen to be badly violated, they understate
uncertainty, so no approximate error factors or statistical confidence limits are given here.

The LER and IPRDS nominal values are the overall observed failure

Zion
These moments



The first source of uncertainty, the shortage of human-performance
data specific for nuclear power plants, is the most critical. Histor-
ically, such data have not been collected on a scale large enough to
establish a data base for operations in nuclear power plants. Pre-
sently, some data have been collected from control room simulators
[27] and this could be a valuable future source of information, if
realistic experiments can be run. Because of the lack of data, most
available estimates of human-error probabilities involve extrapolation
from other sources of information. These sources include (1) the
collective judgment of experts (i.e., people with expertise on the
performance of the tasks being evaluated) who may directly or indi-
rectly assess error probabilities, (2) the human-performance models
and the associated derived estimates from sources like Reference 12,
and (3) data gathered on operationally similar tasks. For example,
the actions involved in closing a valve, as specified in a set of
procedures, often will be very similar whether the actions are per-
formed in a chemical processing plant or in a nuclear power plant,
Such data from similar tasks can be extrapolated or modified to
account for dissimilarities in the situations. This extrapolation is
subject to error itself, but represents the best approximation
available.

A second source of uncertainty is the inherent variability of human
performance due to individual differences, both within and between the
people whose performances are being assessed. Even if one had a large
amount of excellent-quality human-performance data collected for years
on all nuclear-power-plants tasks, this variabiilty would contribute
to the uncertainty in a human-reliability analysis. A human-
reliability analysis does not attempt to estimate the performance of
one known person: instead, the analyst's estimates have to account for
the fact that any given task may be performed by any one of many indi-
viduals, each of whom may vary somewhat in his reliability from day to
day or even within a day.

As mentioned above, the lack of data means that subjective estimates
may be necessary, with all the uncertainty that entails. The situa-
tion is much the same as for subjective estimates and uncertainty
assessments for component failure probabilities, but with the addi-
tional problem that there are no data available (yet) to calibrate the
judgments or modify them via Bayes's Theorem, or otherwise. Further-
more, the intricacies of human actions and the differences in analyst
understanding and perception of these actions mean that considerable
differences in subjective estimates may result. For example, in a
current NRC-sponsored project on psychological scaling (the program
plan is Reference 28, but the results are not yet published) nineteen
BWR trainers were asked to assess the following event:

A station blackout including total failure of the diesel generator
system has just occurred. After the first immediate steps have
been taken, the emergency procedures are referenced. What is the
likelihood that the operator will attempt to restore off-site
power before he attempts to restore power using the diesel gen-
erators




The nominal values given ranged from 10 ° to 0.5. The trainers were
also asked to consider the variability of human performance and situ-
ational factors and give lower and upper 95th percentiles for the
probability of this error. The range from the lowest lower bound to
the highest upper bound was 10 ® to 1.0. Such uncertainty is not
necessarily typical (though this example was selected without first
considering the results) but does illustrate what can happen with
subjective estimation.

2.2.5 Accident Segquence Estimates

Imprecision in the estimates of initiating event rates, component
failure probabilities, and human error probabilities translate into
imprecision in estimating the occurrence rates of accidents, or clas-
ses of accidents. This imprecision of the "bottom line" estimates is
of interest as an analysis summary and as an input to post-core-damage
analyses. An example of sequence uncertainty is provided by the
Ssandia reviews of the Zion and Indian Point studies.[1l1l 15] These
reviews included a statistical assessment of the uncertainty associ-
ated with various accidents, classified into five damage states. The
results of this assessment are shown in Table 2-9. Fairly extensive
data went into this assessment, yet it is clear that substantial
uncertainty still exists in estimating the frequency of severe
accidents.

Table 2-9 Statistical estimates of plant damage state annual

frequencies*
Zion [11] Ind. Pt. 2 [15] Ind. Pt. 3 [15]
Plant
Damage State L95 U95 L95 U95 L95 U95
Early Core Melt 2(-5) 2(=3) 2(-8) 3(-4) 0 6(-4)
With Contain=-
ment Cooling
Early Core Melt 1(-8) 3(-5) 1(-9) 2(-6) 1(-9) 2(=6)
Without Con-
tainment Cooling
Late Core Melt 3(-8) 3(=5) 0 5(-4) 0 5(-4)
With Contain-
ment Couoling
Late Core Melt -=-=-= No Statistical assessment ----
Without Con-
tainment Cooling
Containment 0 1(-7) 0 2(-7) 0 2(=7)

Bypass

¥ Tabulated values are lower and upper statistical 95% confidence
limits on the annual occurrence rates of accidents resulting in the

specified damage. Externally-initiated accidents_are excluded. An
abbreviated notation is used: 2(-5) means 2 x 10 ?/yr.



s Summary

Identifying accident sequences and estimating their frequencies is an
important facet of severe acciden*t analysis. The accident sequences
identified as impcrtant in a risk study define the initial boundary
conditions for the core melt, containment, and consequence analyses.
The estimated frequencies of these accident sequences directly affect
the ultimate estimated risk results (e.g., the freguency of early
fatalities). Therefore, uncertainties at this stage of an accident
sequence analysis are important.

There are many sources of uncertainty in the identification and quan-
tification of PRA accident sequences. The primary categories of
uncertainties described in this section relate to the models used in
the analyses, completeness, and the estimation of accident sequence
frequencies.

Model uncertainties occur because of limitations in the ability to
faithfully represent the real world by analytical models. An example
is the binary nature of event trees and fault trees, whereas actual
plant responses may involve partial failures or degraded system opera-
tion. This uncertainty can cause PRA results to underestimate or
overestimate the prokbupility of an accident occurring. Model uncer-
tainties are acknowledged and addressed by efforts to make models as
realistic as possible. Conservative assumptions and models ’‘i.e.,
those which may deliberately lead to an overestimation of risk) are
often used in PRAs when more exact information is unavailable.

One of the most important uncertainties in the delineation and quanti-
fication of accident sequences deals with the completeness of the
models. Completeness uncertainties include:

l1. Initiating events: 1Is the list of initiating events complete and
exhaustive?

2. Component failures: Are all of the significant contributors to
component failures properly identified?

3. System interactions: Are all physical and environmental inter-
actions between systems properly accounted for?

4. Accident sequences: Are all potentially significant accident
sequences identified and properly characterized?

5. Operator actions: Are actions performed by the reactor operators
which either mitigate or exacerbate an accident accounted for in
the models?

Table 2-10 summarizes the modeling and completeness uncertainties in
identifying and modeling accident sequences.

Given that a model for an accident sequence is specified, there can be
large uncertainty in the estimates of parameters used by the model.



The sources of parameter estimation uncertainty include (1) the amount
of data, (2) the diversity of data sources, and (3) the accuracy of
data sources. The use of subjective estimates, in the absence of
data, is another substantial source of uncertainty. Data-based
uncertainty best yields itself to quantification via statistical tech-
niques. Present results suggest that statistical uncertainty pertain-
ing to the core melt frequency spans three to four orders of magni-
tude. Table 2-11 summarizes the uncertainties that affect estimating
accident frequencies. Tables 2-10 and 2-11 show that uncertainties at
the front end of accident sequence analyses nssentially carry through
to subsequent stages and final risk estimates.
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Table 2-10 Summary of accident sequence definition uncertainties

Uncertainty

Implications

Comments

Identification of all
important initiating events

Delineation of all impor-
tant accident sequences

System Mcdeling

Modeling of human actions

Limits accidents tc be
considered in subse-
quent analyses.

Limits accidents to be
considered in subse-
quent analyses.

Affects choice of acci-
dent sequence models.

Affects the way in
which human inter-
actions are considered
in accident sequence
models.

Sequences contributing to the core melt
frequency and/or risk may be missed.

Binary nature of event trees adds uncer-
tainty as does an inadeguate knowledge of
how systems and operators interact during
accidents. Impacts core melt frequency

and risk calculations,

FSAR criteria are based on accidents
which do not lead to core melting and may
be overly conservative or nonconserva-
tive. Binarv nature of fault trees
limits definition. Inadequate under-
standing of system capabilities adds
uncertainty. Incomplete understanding of
how components might fail adds
uncertainty.

The wide variety and complexity of human
persconalities and conditions which affect
human performance makes it difficult to

accurately model human actions.

Table 2-11 Summary of

uncertainties in estimating accident frequencies

Uncertainty

Implications

Comments

Initiating event rates

Component failure
probabilities

Human error probabilities

Affects accident occur~-
rence rates and conse-
quence frequencies

Affects accident occur-
rence rates and conse-
quence freguencies

Affects accident occur-
rence rates and conse-
quence freguencies

Industry-wide data provide a statistical
evaluation of this uncertainty. Largest
uncertainties are associated with “rare”
initiating events

Plant-specific and industry-wide data
can be used to evaluate these uncertain-
ties. The use of subjective estimates
can add additional uncertainty

Estimates and assessed uncertainties are
now primarily subjective
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3. CORE DAMAGE AND RELOCATION IN THE REACTOR COOLANT SYSTEM (RCS)

The severe light-water reactor (LWR) accidents treated in this section
involve the overheating of the reactor core and subsequent progression
to severe damage states in the absence of actions that arrest the
damage and return the core to a cooled state. Incidental discussion
is included which treats actions designed to arrest the damage, but
this is not the main focus of the discussion.

The core damage process is important beyond its marking the onset of a
severe accident; overheating, accompanied by oxidation of the clad-
ding, can lead to distortion and breach of the fuel, loss of core
geometry, production of very high temperature gases (including hydro-
gen), thermal degradation of structures in the reac*or pressure ves-
sel, and the potential for contact between molten materials aud
water.[l] These, in turn, are important because

® the rates of core heatinyg and the temperatures attained bear

importantly upon the mobilities and release of fission pro-
ducts from the fuel (Subsection 7.1),

® the very high temperature gases influence strongly the flow
velocities, heat transfer, and turbulence levels that govern
fission-product and aerosol transport and retention within the
vessel and RCS (Subsection 7.2),

®¢ the high temperatures of the core, its loss of geometry, and
the degradation of in-vessel structures yield the possibility
of significant in-vessel melt-water interactions (Subsections
3.4 and 3.5),

® the evolved hydrogen can escape the RCS, where its combustion
can pressurize and heat the containment (Sections 5 and 6),
and

® the melting and downward relocation of core materials can
breach the pressure vessel resulting in a dischcerge of high-
temperature melt, fission products, and aerosols into the
containment, where they may interact with the atmosphere,
water, and/or concrete (Sections 3.4 and 4). The characteris-
tics of these discharges, which are determined by in-vessel
processes, are among the most important contributors to uncer-
tainties in containment failure mcde and timing (both "early"
and "late"), and to uncertainties in the release of radio-
activity from the plant (Sections 4, 5, 6, and 7).

Although the accident sequences underlying the treatment given here
involve shutdown (scram) of the fission process, so that decay of
fission products drives the initial heating of the reactor core, it is
recognized that certain sequences have been postulated in which the
reactor's shutdown system fails and core heatup is driven by full or
partial fission power. The treatment of such transients is compli-
cated by the necessity of considering reactivity effects (i.e., neu-
tronic feedback) in a space- and time-dependent manner. %“owever, many



of the phenomena and attendant uncertainties discussed herein also
apply, although probably with different time scales, to these
transients.

In a large-break loss-of-coolant ac:ident (LOCA), a liarge amount of
coolant is discharged from the break, a large reduction in pressure
occurs, and the core is rapidly uncovered. However, the risk from
severe accidents in IWRs is considered to be dominated by transient
and small-break loss-of-coolant sequences in which the reactnr core is
uncovered by quasi-steady boiloff or flashing of coolant, heats up,
and ultimately melts, with a significantly slower ioss of pressure.
Because of the need to compress the discussion of in-vessel and RCS
processes, only tke latter scenario is considered in this section.
(Other sequerces can differ in timing, rates and excent of heating and
oxicdation, thermal-hydraulic conditions--including the presence of
residual water in the lower plenum--and in other ways. However, many
of the processes discussed, and the associated uncertainties, will
exist in these sequences.)

From the viewpoint of severe core damage, the processes in pressur-
ized-viter reactors (PWRs) and boiling-water reactors (BWRs) should be
somewhat similar, although core-wide natural circulation (Subsection
3.2 below) in BWRs during the initial damage phase will be precluded
by the bundle shrouds. Also, the additional metal in the bundle
shrouds and control blades of the BWR provides increased barriers to
radiation heat transfer and additional surfaces for oxidation reac-
tions. These differences are not treated explicitly herein,

This section discusses the known processes that play important roles
in severe core damage and the attendant uncertainties that have so far
been identified. The discussion is divided into four parts, corre-
sponding to four chronological phases of the core-damage process
identified in Table 3-1l.

Table 3-1 Phases of core damage during boiloff

Approximate Subsection

Duration of This
Phase Starting Condition (min) Report
1 Core uncovering begins 10 3.1
2 Hottest fuel attains 1300 K 5 3.2
3 Hottest fuel attains 2000 K 10-25 3.3
B Fuel discharged to lower plenum 0-80 3.4, 3.5
Ex-Vessel Vessel breach (Section 4) - -~
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Bach phase in Table 3-1 begins with the indicated starting condition
and terminates with the starting condition of the following phase.
The discussion of severe core damage concludes with breach of the
reactor vessel and discharge of core materials into the containment
environment. The reasons for the division into the phases and the
choices of starting (ending) events in Table 3-1 are given in the
discussion of each phase.

The durations of the phases given in Table 3-1 are intended to provide
a general orientation:; they are necessarily approximate and incor-
porate ranges of values (Phases 3 and 4), both because the table
applies to a range of sequences with different conditions and because
of the attendant uncertainties.

One element in the consideration of severe core damage is the poten-
tial for the reintroduction of coolant into the damaged area (as
occurred at TMI-2). Although traditional treatment of accidents in
probabilistic risk assessments (PRAs) usually involves the assumption
that core-coolant injection, once lost, is not regained (i.e., that
coolant is not injected into a damaged core), injection into a damaged
core is likely under certain circumstances (for exemple, when lost
electrical power is restored). If water is reintroduced early enough,
the configuration of the fuel rods differs little from the original
geometry, and the temperatures of the fuel and cladding are only
modestly above operating levels. Cooling of the core under these
conditions is reasonably assured. However, reintroduction of coolant
at later times creates conditions under which the resultant outcome is
significantly uncertain. Uncertainties regarding core behavior during
coolant reintroduction are discussed for each phase (other than Phase
1) in Subsections 3.2 through 3.4.

The core-damage process[2] is a progression of coupled events and
interactions such that uncertainties in earlier parts of the process
tend to be amplified into greater uncertainties in later parts. Thus,
uncertainties during the later phases of damage are generally greatet
than those concerning the early development of damage.

3.1 Phase 1

Phase 1 begins with the start of boiloff of water from the core region
and ends when the highest temperature fuel in the core attains 1300 K.
This choice is based on 1300 K marking the effective onset of signifi-
cant oxidation of Zircaloy cladding by steam.

Fuel temperatures at the beginning of Phase 1 are close to the system
saturation temperature because heat fluxes to the coolant are small
(giving small temperature gradients), and the fuel-temperature eleva-
tions corresponding to “he expected coolant heat transfer regime
(nucleate boiling) are quite small. Damage to fuel in the part of the
core covered by coolant is not expected.

buring the uncovering of the core, the fraction of the core-decay
power that is utilized to vaporize the water is reduced as the water
level is lowered. To a first approximation, this leads to an exponen-
tial lowering of the level, such that it takes about 1.7 times as long



to uncover the second third of the height as it did to uncover the
first third of the height. Analytic approximation of the boiloff pro-
cess is discussed in Reference 3; a detailed treatment of the local
heat transfer, two-phase mixture dynamics, and coupling with reactor
coolant systems requires use of complex computer models. However,
uncertainties regarding the boiloff process are not currently regarded
as significant to the core-damage process.

Because of low gas flow rates, the cooling of the fuel in the un=-
covered part of the core by the flow of steam generated by boiloff is
relatively ineffective, and the initial temperature rise in the un-
covered fuel is probably well approximated during Phase 1 by adiabatic
absorption of the fission-product-decay energy.[3]

During boiloff, fission-product-decay power is the dominant driving
force for water loss from the primary system as well as for core
uncovering. Uncertainties in predicted behavior and timing can arise
from inappropriate assumptions regarding irradiation time, neutron
capture, and heavy-element decay. Also, approximately half of the
decay energy is in the form of gamma rays and the escape of this form
of energy from the core boundaries and its direct deposition in sur-
rounding structures(3] is often ignored in thermal analyses, introduc-
ing some uncertainty into the magnitude of predicted temperatures in
the fuel rods near the core boundary.

None of the uncertainties in Fhave 1 significantly affect the hydrogen
evolved during the accident, aid except for relatively minor timing
differences, little uncertainty is intr iuced into the fission product
source term or containment int grity considerations.

3.2 Phase 2

The startL of Phase 2 (Table 3-1) is denoted by the initiation of
significant cladding oxidation, which begins at about 1300 K. This
phase is particularly important to severe core damage because

® The oxidation of zirconium is highly exothermic (approximately
6.5 MI/kg Zr reacted),

® The reaction rate increases strongly with cladding tempera-
ure, and

. @ gaseous reaction »roduct is hydrogen.

Although a considerable amount of data on oxidation-reaction kinetics
exists, there remains some controversy as to the validity of more
recent data compared to the most-commonly-used Baker and Just formula-
tion.[(4] It is generally believed that the reaction is limited by
oxygen diffusion through the 2r0; film and underlying metal. Mass~-
transfer effects in the hydrogen-steam boundary layer adjacent to the
surface could also influence the access of water molecules to the
surface.



Most oxidation experiments have been performed at a limited range of
temperatures and in steam-rich environments., Extrapolation of the
kinetics to higher temperatures and high hydrogen concentrations may
not be valid. The most recent measurements made at higher tempera-
tures include the work o2f Urbanic and Heidrick in 1978 which extended
to 2123 K,[5)] and the work of Leistikow and S_hanz up to 1873 K at
Kernforschungszentrum Karlsruhe (KfK).[6)

Although some of the uncertainty in predicted oxidation behavior is
due to differences in kinetics formulations, other aspects of the
phenomena yield even greater uncertainties. These include

® Uncertainties regarding the transfer and transport of the
reaction energy near the oxidation zone,[7)

® {eedback to the oxidation reaction by increased steam flow
resulting from transfer of oxidation energy to the coolant,[3]
and

® Changes in interfacial area (steam/cladding) due to cladding
deformation, rupture, and relocation.[7]

Heat is removed from the reaction site by transport in hydrogen, and
by inward and axial transfer to the metal substrate and then to the

fuel. Outward heat transfer is by convective and radiative loss to

the flow stream and surroundings.

Gas movement in the core and plenum regions of PWRs above the two-
phase mixture is driven almost entirely by natural ccnvection (buoy-
ancy) forces during high-pressure accidents.[8-~10)] Numerical demon~
stration of the potential magnitude of these forces is provided by
Table 3-2. The table gives Rayleigh numbers (Ra) and convective
velocities (V) corresponding to assumed wall and gas temperatures for
both steam (St) and hydrogen (H; ), at two pressure levels. The wall
temperatures correspond Lo the saturation Lemperatures at the given
pressures. Two levels of elevated gas temperatures are given. 1In
evaluating the Rayleigh numbers, a characteristic length of 3 m has
been used (as a typical height), and the gas properties (except §)
have been evaluated at the mesn film temperature, (T + T )/2.
The estimated velocity is based on the tﬁoory that tH8'dquar®®Poot of
the Grashof number constitutes a special case of the Reynolds number.

Because of the very large Rayleigh numbers (even at fairly modest
ATs), and the large corresponding velocities relative to the small
velocities of steam flow arising from boiloff of the core water (cm/s
or smaller), the transport of core energy and the heat and mass trans-
fer (fission products) from the gas to the surroundings will be com=-
pletely dominated in PWRs by the buoyancy-driven components of the
flow field, This transport may be enhanced by direct heating of the
gas phase by suspended gaseous and aerosol fission products.

With the exception of the 3-dimensional-fluids version of TRAC and the

code discussed in Reference 9, no current severe-accident codes treat
the buoyancy-driven large-scale recirculating flows discussed
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Table 3-2 PWR natural convection parameters

Twall Tgal AT v
Pressure Gas (K) (%) (K) Ra (m/s)
6.9 MPa 13
(1000 psia) St 558 842 284 7.4 x 10 3.1
St 558 1631 1073 1.8 x 1013 4.4
H, 558 842 284 1.3 x 1o0l2 3.1
Hy 558 1631 1073 6.2 x 1041 4.4
1308 MPa
(2000 psia) st 609 791 182 2.5 x 1044 2.6
St 609 1580 971 £.8 x 10'7 23
Hy 609 791 182 3.8 x 1047 2.6
Hy 609 1580 971 2.3 x 1042 5.8

above. As a resuit, most current (1983) predictions of the rates of
core heating, extent of oxidation, and core heat transfer are likely
to be in error significantly. (For example, the authors of Reference
9 predict significantly larger rates of oxidation.) This error is
also expected to lead to considerable uncertainty in predictions of
in-vessel retention of fission products and aerosols (se¢ Reference
10).

When the reaction zone sttains temperatures above 1600 to 1800 K, the
oxidation rate becomes so large that nearly all the available steam is
reacted (for typical boiloff sequences).(ll] Under these conditions,
any mechanism which increases the rate of steam generation can result
in an increase in enargy; generation rate and hydrogen release due to
increased oxidation. The injection of coolant into the vessel during
this phase of the sequence (in an effort to terminate the damage)
could precipitate an acceleration in core damage and hydrogen release
due to increased steam generation caused by coolant boiling on newly
reflooded core surfaces.(12) If increased oxidation results in even
small increases in the fraction of the oxidation energy going into the
vaporization of coolant, the feedback will cause a nonlinear <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>