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The Operational Performance Technology Section

The Operational Performance Technology (OPT)
Section at Oak Ridge National Laboratory (ORNL) con-
ducts analyses, assessments, and evaluations of facil-
ity operations for commercial nuclear power plants in
support of the Nuclear Regulatory Commission (NRC)
operations. OPT activities involve many aspects of fa-
cility performance and safety.

OPT was formed in 1991 by combining ORNL’s
Nuclear Operations Analysis Center with its Perfor-
mance Assurance Project Office. This organization
combined ORNL’s operational performance technol-
ogy activities for the NRC, DOE, and other sponsors
aligning resources and expertise in such areas as:

* event assessments * trends and patterns analyses
» performance indicators  technical standards
» data systems development e safety notices

OPT has developed and designed a number of
major data bases which it operates and maintains for
NRC and DOE. The Sequence Coding and Search
System (SCSS) data base collects diverse and com-
plex information on events reported through NRC’s
Licensee Event Report (LER) System.

OPT has been integrally involved in the development
and analysis of performance indicators (Pis) for
both the NRC and DOE. OPT is responsible for

compiling and analyzing Pl data for DOE facilities
for submission to the Secretary of Energy.

OPT pioneered the use of probabilistic risk assessment

(PRA) techniques to quantify the significance of
nuclear reactor events considered to be precursors
to potential severe core damage accidents. These
precursor events form a unique data base of signifi-
cant events, instances of multiple losses of redun-
dancy, and infrequent core damage initiators. Identi-
fication of these events is important in recognizing
significant weaknesses in design and operations, for
trends analysis concerning industry performance
and the impact of regulatory actions, and for PRA-
related information.

OPT has the lead responsibility in support of DOE for

the implementation and conduct of DOE’s Technical
Standards Program to facilitate the consistent appli-
cation and development of standards across the
DOE complex.

OPT is responsible for the preparation and

publication of this award-winning journal, Nuclear
Safety, now in its 37th year of publication sponsored
by NRC. Direct all inquiries to Operational
Performance Technology Section, Oak Ridge
National Laboratory, P.O. Box 2009, Oak Ridge,
TN 37831-8065. Telephone (423) 574-0394
Fax: (423) 574-0382.
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cant issues in the field of nuclear safety.
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of nuclear power reactors worldwide and the
research and analysis activities that promote this
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fuel fabrication, spent-fuel processing and han-
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The Nuclear Community and the Public:
Cognitive and Cultural Influences on
Thinking About Nuclear Risk

By M. A. Meyerab

Abstract: This article examines why the public holds views
of nuclear-related risk different from people working in the
field of nuclear safety. In particular, the study looks at how
feelings enter into thinking about risk. It focuses on (1) the
nuclear community, specifically the technical experts who
perform accident analyses, and the regulators who use these
analyses in making risk assessments or policy decisions; and
(2) the general public. This article summarizes these
groups’ approaches to nuclear risk and explores the effects
of cognition and cultural conditioning in creating these dif-
ferences. The goal is to increase the nuclear community’s
understanding of the public’s approach to risk, as well as its
own, in hopes of improving communication.

This article is a summary of literature gathered from
diverse fields describing how people think and feel
about nuclear-related risks. Its aim is to help the
nuclear community, especially the U.S. Nuclear Regu-
latory Commission (NRC) and its contractors, under-
stand how they differ from the public in thinking about
such risks.

“TSA-1, Statistics Group, MS F600, Los Alamos National
Laboratory, Los Alamos, New Mexico 87545.

bThis work was funded in part by the U.S. Nuclear Regulatory
Commission, Office of Nuclear Reactor Regulation, and by the Los
Alamos National Laboratory.

The intended audience includes the scientists and
engineers who work in the area of nuclear safety. They
may be technical experts, such as the scientists who
perform accident analyses by creating and running
complex computer models, or they may be regulators,
the decision makers who use these analyses in making
risk assessments or policy decisions. The article de-
scribes the cognitive and cultural influences that selec-
tively operate to form their views of nuclear risk; how-
ever, this study is expected to benefit any member of
the nuclear community who communicates with the
public about nuclear safety.

Understanding how the public thinks about nuclear
risk is important for several reasons. First, nuclear en-
gineers and scientists often have dealings with the pub-
lic concerning nuclear safety; for instance, the NRC
personnel frequently communicate with the public,
such as in circulating rules and environmental assess-
ments for review, responding to petitions and allega-
tions, holding open meetings, sponsoring workshops
on controversial issues, and answering general ques-
tions about nuclear energy and radiation issues. Under-
standing people’s thinking about risk has been identi-
fied as necessary to communicating effectively about
risk and to creating acceptable public policy.!?

Second, communications with the public on nuclear
risk have been problematic; for example, the NRC has
encountered difficulties in communicating information

NUCLEAR SAFETY, Vol. 37, No. 2, April-June 1996
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to the public; the NRC provides information when in-
dividuals ask or when the regulations stipulate (e.g.,
when environmental assessments are to be dissemi-
nated for review). The purpose of the NRC’s informa-
tional program is to explain the technology, to articu-
late its risk with precision, and to let people evaluate
for themselves the technology’s acceptability;® how-
ever, many times the public does not want to hear the
“facts” about nuclear energy, nor do they believe the
NRC’s assessments of risk. In one well-known in-
stance, H. Denton, the NRC’s chief official on site af-
ter the Three Mile Island (TMI) accident, could not
convince a portion of the public that the radioactive
release had been very small—a fraction of the
agency’s regulatory limit. These individuals would not
believe the NRC records of the release. Because they
had metallic tastes in their mouths, they were con-
vinced that there had been a massive release.

The work described here began as an attempt to
answer some questions concerning people’s thinking
about risk:

« Why has informing the public about the scientific
basis of risk assessments had so little effect on the
public’s views in the last few decades?

¢ How do feelings enter into thinking about risk?

¢ In particular, why are the public’s feelings about
nuclear risk so resistant to change or scientific
counterargument?

* More generally, why do technical experts view
risk so differently from the public?

This article offers answers to these questions. It dif-
fers from other reviews of the risk literature in three
ways: (1) it includes findings from more diverse fields,
such as physiology and anthropology; (2) it examines
the role of people’s emotions in their thinking about
risk; and (3) it proposes the cognitive mechanisms by
which individuals become aware of risk and deal with
it. In general, this article proceeds from describing
how different groups evaluate risk to explaining why
these differences exist.

Specifically, the article is organized as follows: (1) a
description of how the public and the technical experts/
regulators approach risk, including recent findings on
the public’s feelings about nuclear-related risks; (2) an
illustration of the physiological, emotional, and cogni-
tive mechanisms involved in the individual’s response
to risk; (3) a culturally based explanation for the differ-
ences in the technical experts’ and public’s views of
nuclear risks; and (4) a summary.

NUCLEAR SAFETY, Vol. 37, No. 2, April-June 1996

THE PUBLIC EVALUATES NUCLEAR-
RELATED RISKS DIFFERENTLY THAN
EXPERTS OR REGULATORS DO

To describe the views of risk of different groups,
risk must first be defined. Risk is the “potential for
realization of unwanted, negative consequences.”
Negative consequences can range from relative intan-
gibles, such as decreased quality of life (e.g., as the
result of mental anguish), to more concrete possibili-
ties, such as the loss of health, life, or property; for
instance, making a left turn across traffic could be
viewed as risking frustration, loss of time, vehicle
damage, injury, or even death.

The Public’s Approach to Risk

The public is defined here to mean the diverse
groups of citizens, some of whom may belong to spe-
cial interest groups, such as the Sierra Club. This
population is frequently studied by means of random
telephone or mail surveys. According to such surveys,
the public’s approach to risk tends to be qualitative,
anecdotal, and personal. Typically, the public thinks
about risk in terms of their feelings and of the effects
of the risks on themselves and their loved ones.5

The following additional characteristics of people’s
thinking are likely to impact their evaluation of
nuclear-related risks.

Individuals mentally lump the risks from nuclear
weapons and nuclear waste with those of nuclear
power reactors. Evidence that lay people mentally
lump all nuclear risks can be found in Slovic’s study of
risk perception.” In this study, people ranked nuclear
reactor accidents next to nuclear weapons’ fallout in
their perception of the riskiness of these hazards.

Additional evidence that people lump nuclear risks
comes from psychological studies of images. These
studies are based on the concept that people’s cogni-
tive images are accompanied by feelings and that such
images have important behavioral consequences. In
particular, people’s images of a city predict their pref-
erences for vacationing or relocating there;® for in-
stance, an image of a sunny beach and azure water is
likely to encourage tourists, especially in the winter.

In studies of images, people are given a word or
phrase such as “reactor accident” and asked for the
words they associate with it. In three separate studies
of the images associated with reactor accidents,
nuclear waste repositories, and nuclear war, people’s
images of disaster were equivalent. In particular, the
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people’s images of the consequences of reactor acci-
dents were the same as those that they gave for nuclear
war. 9

Slovic® offers an explanation of why people’s per-
ceptions of reactor accidents are so severe when there
have been relatively few fatalities to date. He notes
that the early reactor risk assessments were worst-case
scenarios causing tens of thousands of deaths and that
these received much publicity, such as in the movie
“China Syndrome.”

Individuals implicitly think about many factors in
considering riskiness. Experimental psychologists
Slovic, Lichtenstein, and Fischhoff have studied
people’s perceptions by asking them to rank the risks
of well-known hazards (e.g., numerically rate the riski-
ness of these hazards and the level of regulation they
desired for each). They also asked people to rate the
hazards with regard to characteristics thought to be
important for the way people perceive risk.

Their results” showed that people’s views of risk
tended to differ from their own and experts’ estimates
of annual fatalities. ¢ People rank risks on the basis of
such characteristics as how well they understand the
problem, how equitably they feel the danger is distrib-
uted, how well they can control their exposure,
whether they have assumed the risk voluntarily, and
how children and future generations are affected by the
risks.

Individuals view nuclear hazards as riskier. When
several of the characteristics associated with riskiness
are grouped, nuclear power is one of the highest scor-
ing hazards. Slovic’ used psychophysical scaling and
multivariate analyses to group the following character-
istics: “perceived lack of control, dread, catastrophic
potential, fatal consequences, and the inequitable dis-
tribution of risks and benefits.” The higher a hazard’s
score in this grouping, the higher the perceived risk,
the more that people want its risks reduced, and the
more they want strict regulation. Nuclear weapons and
nuclear power score highest on these characteristics of
riskiness. People’s perceptions of the riskiness of
nuclear power do not change when they consider its
parts—radioactive waste, uranium mining, and nuclear
reactor accidents. According to Slovic,” these results
have been replicated in studies across a wide cross
section of the population.

9According to Slovic,” experts’ views of risk correlate highly
with technical estimates of annual fatalities.

Analysis of nuclear imagery reveals negative im-
ages indicative of feelings of revulsion and fear. In
their study of the images of nuclear waste repositories,
Slovic, Layman, and Flynn® found extremely negative
images of “dangerous/toxic,” “death/sickness,” “envi-
ronmental damage,” and “bad and scary.” Positive im-
ages, such as of “employment” or “money/income,”
accounted for only a few percent of the images. These
images were relatively stable across time (1988 to
1990) and populations (the nation at large and resi-
dents of Nevada, Arizona, and California).

The researchers compared these images with those
in other studies and concluded that the feelings that
underlie these images are of “dread, revulsion, and an-
ger; the raw materials of stigmatization and political
opposition.” Given that people lump nuclear risks to-
gether, this conclusion can be viewed as applying to
nuclear reactor accidents also.

Revulsion or fear may not be amenable to logical
thinking, even in those aware of this effect. Informa-
tion on how people act when experiencing revulsion
comes from studies of averse reactions.!? In such stud-
ies, college students were asked what they would do in
the following situations: drink their favorite juice if a
dead cockroach was dipped in and removed; if a dead
and sterilized cockroach was dipped in and removed;
or if a brand new fly swatter was used to stir it. In
these three situations, approximately the same number
of students said they would not drink their juice; how-
ever, only in the first instance, the dead cockroach,
could fear of exposure to germs be the reason for re-
vulsion and refusal. In the last two cases, the students
knew that they were being irrational; however, this did
not change their feeling of revulsion nor their reluc-
tance to drink a contaminated beverage.

This same kind of reaction occurs in other situations
where there is even less chance of contagion; for ex-
ample, college students are reluctant to wear a sweater

_that has been sterilized after being worn by a person

who has committed moral offenses, such as child mo-
lestation. The students know that their feelings and
behavior are irrational, but they are unable to do
otherwise.

Redelmeier, a physician,10 states that averse reac-
tions, such as revulsion, can be resistant to change,
even if people know that these feelings are irrational
and even if they have been given scientific
counterarguments. He further proposes that people
do not usually volunteer information on averse emo-
tions and may not even be aware that they have
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them. This effect is of special interest given the pre-
vious evidence of many people’s aversion to nuclear
technologies.

People’s evaluations of nuclear risk may be influ-
enced by their trust in the managing organizations.
Although the evaluation of nuclear risks by people
may not be affected by logic, it may be influenced
by trust. A study was done of Nevadans’ views of
the nuclear waste repository project.!! Multivariate
analysis showed that perceptions of economic ben-
efits were not good predictors of opposition to the
project but that risk perceptions and trust in reposi-
tory management were closely linked to the posi-
tions of people on the project. The trust of people
directly influenced their risk perceptions; this, in
turn, had a direct effect on their view of the reposi-
tory. In other words, the confidence of people in the
managers of a technology influenced their percep-
tion of a technological risk and the position that
they took on it.

The authors of Public Reaction to Nuclear
Waste'? confirm the importance of trust to the per-
ception of risk and add that public trust in American
institutions has been declining for the last 30 years.
They note that no new reactors have been built since
the late 1970s and that surveys indicate that the ma-
jority of Americans are against building new ones.
Along these lines, E. Beckjord, the former Director
of the NRC’s Office of Nuclear Regulatory Re-
search, has stated that public “confidence in the as-
surances given by the technical experts that nuclear
energy was ‘safe’ was severely shaken” by the TMI
event.!?

Technical Experts and Regulators’
Approach to Risk

Technical experts and regulators, in contrast to
the public, take a quantitative and abstract view of
risk; for example, risk analysis focuses on identify-
ing the hazards and the means by which people
would be exposed; for instance, with respect to reac-
tors, technical experts use computer codes to model
the paths by which reactor accidents could occur,
the probabilities of their occurrence per year, and
their consequences.!* In fact, probabilistic risk ana-
lysts define risk in mathematical terms as the ex-
pected number of occurrences (frequency) times the
consequences for that occurrence. Consequences are
usually figured in terms of human lives lost and
health effects as the result of exposure to radiation.

NUCLEAR SAFETY, Vol. 37, No. 2, April-June 1996

Radiation exposure is quantified by determining the
amount of radiation received as measured in rems.
Regulators, such as those in the NRC, then use the
results of these risk assessments in making policy
decisions. In instances where safety has been found
to be adequate and improvements are being consid-
ered, then cost-benefit analyses may also be per-
formed. In cost-benefit analyses, the costs and ben-
efits for reducing a risk, such as by implementing a
safety feature, are quantified (e.g., in the number of
workdays and money lost or gained).

In summary, the technical experts and regulators
describe risk in a language of technical detail, quan-
tities, and generalized costs—benefits. !

The Result—Adversarial Relations
in Risk Regulation

That technical experts and regulators evaluate
risk differently than the public is especially evident
in the regulatory arena. Risk assessors, managers,
and regulators are very aware that the public does
not share their views of risk. Morgan summarizes
their view:

Many advocates, such as industry representatives pro-
moting unpopular technology or Environmental Pro-
tection Agency staffers defending its regulatory
agenda, argue that the public has a bad sense of per-
spective. Americans, they say, demand that enormous
efforts be directed at small but scary sounding risks
while virtually ignoring larger, more commonplace
ones. !

Otway,!> a noted international risk analyst, has
characterized the approach to risk regulation in the
United States as adversarial: “Regulations are devel-
oped in open confrontation, often with resort to the
legal system to settle disagreements.” Rowe, another
risk analyst, confirms Otway’s view and elaborates
on this process: issues that are unacceptable to some
groups are “blown up through dire predictions of
consequences, based primarily on half truths, but
flamed by competing commercial news media.”’
The goal is to stir public opinion so as to affect
governmental representatives, consumer regulatory
agencies, and the courts.

This confrontational approach seems especially
true of interactions on nuclear power and radioac-
tive waste disposal. “Decisions that formerly were
exercised by scientists, technology managers, and
public officials are now subject to extensive public
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debate, and in many cases decisions are reversed be-
cause of the public.”!!-13 Two examples of the effect of
public opposition are the decline in nuclear power plant
construction and the delay in the siting of the nation’s
first high-level nuclear waste repository.

According to Otway,!> technical experts have
been surprised by the increasingly confrontational
atmosphere, especially by the “lay challenges to
their informed expert judgment.” As scientists they
had believed that regulatory decisions would be less
controversial if their basis in science could be
established.

This situation has been the case in the probabilis-
tic risk and safety assessments (PRAs and PSAs)
performed on nuclear power reactors. Analysts in
this field have believed, albeit for different reasons,
that the scientific foundations of their work have
become more established in recent years; for ex-
ample, some of the analysts view their field as a tool
for presenting the objective truth. To illustrate, Mor-
gan notes that the maturing of the risk analysis field
has made it “possible to examine potential hazards
in a rigorous, quantitative fashion and thus to give
people . . . facts on which to base essential personal
and political decisions.”!

Others performing PRAs or PSAs propose that
the probabilistic assessments are tools for measuring
experts’ degree of belief.!¢ Of these, Watson has ar-
gued that risk analysis should provide “a rational
framework for the debate about safety. .. . The ar-
gument about safety should be on the adequacy of
the model, the nature of the expert judgment, the
quality of the computer codes, and so on.”!7 How-
ever, neither groups’ claims to the rational or scien-
tific basis of their assessments seem to have affected
the public’s views.

Why then does this adversarial situation exist and
seem to be worsening? More basically, why do the
technical experts and regulators view risk as they do
and so differently than the public does? Why has
informing the public about the scientific basis of
risk assessments failed to change the public’s
views? How do feelings enter into thinking about
risk? In particular, why are the public’s feelings
about nuclear risk so resistant to change or scientific
counterargument?

To address these questions requires an under-
standing of how people think about risk. This article
next describes the physiological mechanisms in-
volved in thinking about risk.

PHYSIOLOGICAL, EMOTIONAL, AND
COGNITIVE MECHANISMS INVOLVED
IN THINKING ABOUT RISK

Physiological Mechanisms Involved
in Responding to Imminent Risk

The physiological responses to danger form the
foundations of our thinking about risk. Physiologi-
cal mechanisms are the neurological and biochemi-
cal processes that allow us to quickly assess immi-
nent danger and respond (e.g., fight or flight). The
latest information on how these mechanisms work
comes from studies of the fear response—the reac-
tions of animals facing threatening situations (e.g.,
their muscles contract, they startle easily, and their
blood pressure and heart rate increase).

One important finding has been that the fear re-
sponse relies on crude cognitive information pro-
cessing.!® Take, for example, a hiker hearing a rus-
tling sound and seeing a coiled slender form on the
path ahead. The stimulus from the auditory system
(hearing a rustling sound) or the visual system (see-
ing a coiled slender shape) is processed by the thala-
mus and passed to the amygdala as a possible dan-
ger—snake—that then causes the heart rate and
blood pressure to increase and muscles to contract
in less than a second. LeDoux believes that the fear
response is “quick and dirty” for a reason—evolu-
tionary adaptation. He argues that it is an evolution-
ary adaptation because (1) it is fast and therefore
potentially life saving; and (2) failing to respond
would be more costly to survival than responding
inappropriately to something benign.

Another of LeDoux’s findings is that the fear re-
sponse results in relatively permanent emotional
memories. Emotional memory is our access to the
consequences (the way that we feel and the way that
we behave) of an unconscious emotional process;
for example, if we were in a car accident, we would
remember our feeling of panic, our body tensing for
the impact, and so on. It has been shown that the
“amygdala (a small almond-shaped body in the cen-
ter of the brain) plays an essential part in modulat-
ing the storage and strength of memories.”!8 Thus
fearful responses are learned quickly but are not,
correspondingly, forgotten quickly. Indeed, LeDoux
argues that emotional memories are not erased, but
rather, fearful behaviors are controlled by the part of
the brain responsible for more sophisticated infor-
mation processing—the cortex.

NUCLEAR SAFETY, Vol. 37, No. 2, April-June 1996
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LeDoux’s findings may be important to understand-
ing human response to risk. His work indicates that
responding to danger is a physical and cognitive prior-
ity—that our history as a species may favor a quick and
extreme reaction to any perceived risk. The fear re-
sponse may explain, in part, why people react more
strongly to the potential hazards of a new technology
than to its benefits and why once fear has been aroused,
it is slow to subside.

A third characteristic of the fear response is that
emotional memory and the memory of “things” com-
bine seamlessly in our conscious experiences.'® (The
learning of things is mediated by a separate system
from emotional learning.) Thus we can simultaneously
recall both the details, such as where and how an acci-
dent happened, and the emotional memories of how it
feit. Similarly, in thinking about the details, we may
reexperience the same emotions, fear, and anxiety that
we had at the accident scene.

This interplay of emotional and nonemotional
memories is relevant to other situations beyond the fear
response; namely, everyday life. Our feelings influence
our thoughts and actions;!® and our thoughts, in turn,
can determine our emotional states (e.g., imagining the
worst can cause frustration).2? How our emotions and
thoughts intertwine when we consider risk will be dis-
cussed in detail in the following text.

Cognitive Aspects Involved
in Anticipated Risks

The emphasis from here on will be on future risks
rather than on immediate dangers because those are
what people anticipate when they consider the risks
posed by technological change. In general, people
spend more time worrying about risks than respond-
ing to immediate threats.

Two aspects of anticipation of risk are of interest
here: feeling-based thinking and intuitive modeling.
Feeling-based thinking occurs when people are
thinking of a feeling, such as an emotion like anxi-
ety, or a physical feature like tightness in their gut.
Thinking is involved because the individual must in-
terpret what is felt and what this feeling means; for
example, an individual might think to himself, “Is
this tight feeling in my gut from hunger or uneasi-
ness? If I'm uneasy, why am I uneasy, and what can
I do about it?” (Modeling, the means by which the
individual thinks about such things, will be dis-
cussed separately in the section on Characteristics of
Modeling.)

NUCLEAR SAFETY, Vol. 37, No. 2, April-June 1996

Feeling-based thinking can be viewed as a more
complex version of the emotional mechanisms of the
fear response. As LeDoux proposes,'® people’s experi-
encing of feelings arises from the system that forms
the basis of the fear response. With the fear response,
thought processes have to be quick and dirty; with an-
ticipating risk, however, there is time to deliberate.
Thus thinking about future risk allows more complex
information processing (such as involving the cortex
of the brain) and interpretation. New research on
memory clearly links the emotional mechanisms of the
fear response to everyday living.2! This research
shows that memory is boosted by everyday emotions,
such as being worried or a little scared. Our emotional
memory seems to work in graduations, activated in
proportion to the emotional charge.??

Proposed Characteristics
of Feeling-Based Thinking

Feelings are used to evaluate corporal, emotional,
or ethical states. People typically employ this kind of
thinking to check their corporal, emotional, or ethical
feelings in a projected situation; for example, a person
may mentally ask himself “Would I feel good about
that?” and check his body for a feeling of tightness or
discomfort.23 In this way, feeling-based thinking gives
quick feedback to the individual about contemplated
decisions or actions.

Feelings are likely to enter into decisions about the
acceptability of risks. Because feeling-based thinking is
used by individuals to assess their feelings about situa-
tions, it naturally enters into decisions about values—
“what do I desire or what do I consider good?” The
social acceptability of risks has recently been defined
as a question of values rather than of facts.!36 Thus
feeling-based thinking could play heavily in the arena
of people’s perceptions of the acceptability of risks.

Feelings are trusted more than reasoning in deci-
sion making. People are in the habit of using feeling-
based thinking to mentally check projected situations;
so they are comfortable with this process and trust it.
Indeed, people often believe that their feelings provide
them with a deeper truth or with a more reliable guide
for decision making than reason;2? for instance, Ann
Landers advises her readers to follow their guts. “I'm a
great believer in trusting one’s gut. My own has never
failed me. What one feels is often more important than
what one thinks.”2*

Even risk analysts are not exempt from following
their guts; for example, Lewis, a risk consultant for




GENERAL SAFETY CONSIDERATIONS 103

50 years, said that he had trouble using seat belts in
cars. “He would never fly a plane without fastening up,
but felt that the seat belt in his car was an intrusion on
his free will. He says it was perfectly normal and yet
irrational.”"??

Feelings carry the same convincingness as do the
emotional memories from fear responses. The primacy
of feeling-based thinking partially explains why
people’s feelings about risk are not responsive to logic,
especially others’ logic.

What is felt is taken for reality. Evidence that
people believe what they feel comes from studies of
their perceptions. Samuelson notes that the real dan-
gers of daily life are low and decreasing (e.g., as
shown by statistics on crime and on health, safety, and
environmental hazards), whereas our fears are “high
and rising.” He attributes this phenomena to our being
inundated by psycho-facts:

beliefs that, though not supported by hard evidence, are
taken as real because their constant repetition changes
the way we experience life. We feel assaulted by rising
crime, increasing health hazards, falling living standards
and a worsening environment. . . . The underlying con-

ditions aren’t true, but we feel they are and, therefore,

they become 50.26

One reason why psycho-facts affect our feelings
and subsequent perceptions of reality is emotional
memory. As Cahill’s research showed,?! we selectively
remember the news that upsets us. This means that the
public is likely to forget the neutral information on a
much publicized technology, like nuclear power, and
to remember only the news that worried them. Over
time, it is possible that some people may develop an
aversion to a technology, where just thinking about it
makes them feel revulsion. This revulsion toward
nuclear technologies has been documented among
many populations, as was described earlier in the sec-
tion on nuclear images.

Feelings play a special role in alerting people to
risk and letting them know when they have dealt with
it. Although people’s dealings with risk involve visual,
aural, ¢ and feeling-based thinking, the feelings are

“In addition to thinking by means of feelings, people can men-
tally think in terms of pictures or sounds.”” Each of these ways of
thinking has its own flavor. Visual thinking has the nuance of view-
ing something from a distance, such as when one replays where one
has been to find a lost object. Aural thinking has the flavor of
mentally monitoring one’s place in a process (e.g., “I've done this
and this and need to do that next”) or of cautioning (“this situation
could backfire”) or criticizing oneself and others.

likely to be key. In particular, feelings are the means
by which individuals become aware of risk. This pro-
cess will be described in detail in the section on Inter-
action Between Feelings and Modeling.

Characteristics of Modeling

In addition to feeling-based thinking, individuals
use mental models in dealing with risk. Models are
defined as “selective abstractions that help users iden-
tify, explain, predict, and control events in the
world.”?8 Given this definition, worry is one form of
modeling;  for example, when we worry, we

create scenarios or images of impending events based in
part upon what we feel is fairly certain in our future and
in part on vague notions of what we believe is possible
(rather than probable). Such scenarios could serve as
means for understanding ways in which future events
might be realized and could be useful in preparing to
meet them.?®

Models are created in interaction with the situation.
The models that the individual creates are done so in
interaction with the situation.?® The situation broadly
includes the things in time and the environment that
are associated with the risk—for instance, the person’s
concept of self (e.g., what he thinks he can or should
do), past experiences (e.g., factual and emotional
memories), and other cultural factors.

Note that individuals may create more than one
model per situation, and these models may be logically
inconsistent. Take, for example, someone who is wor-
rying. The individual “may create a spectrum of poten-
tial scenarios, some of which may be mutually exclu-
sive, and proceed to worry simultaneously about the
outcome of each. .. .”3!

Models include assumptions about how things func-
tion. Individuals’ models include implicit assumptions
about how things in the world function or are related,
especially causally. Individuals use their understanding
to try to control outcomes, in this case, to avoid the
negative consequences of risk.

Take, for example, the area of risk to health. In one
woman’s model, becoming chilled was the cause of
head colds. She stated that she and two members of her
family came down with bad head colds this summer
because they had become chilled by the extreme air

bNote that the running of computer codes for assessing techno-
logical risks and this report’s description of human thinking about
risk can be viewed as other forms of modeling; they are external
manifestations of the human capacity to mentally model.
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conditioning in church. Her implicit model was that
exposure to cold temperatures, not germs, caused the
head cold. At a more detailed personal level, she be-
lieved that head colds caused her to have subsequent
earaches, chest colds, and laryngitis.

Models imply a course of action. Individuals em-
ploy their models in thinking about how to achieve
something desired or to avoid an unwanted conse-
quence. Thus, in the preceding example, the woman’s
model led her to dress warmly year round to avoid
getting a cold.

Models behave like reality in the expectations of
their users. Compton et al. point out that a “basic fea-
ture of a model is that it can simulate reality, behave
like reality according to the expectations of the
users. . . . The model is not the thing but it behaves like
the thing, not in an absolute sense but according to the
expectations of the. . . users;”32 for instance, in the head
cold example, the woman acts as if her model were
reality. She follows the implied course of action in the
belief that it will save her from getting a bad ear infec-
tion. She does not consider her thinking as a model, an
abstraction, or a simplification of reality.

Models are often based on illusory correlation. The
assumptions in the individuals’ models are often wrong
because humans and other animals frequently assume
that things covary, when, in fact, they may not.333*
This tendency is called illusory correlation. Illusory
correlation stems from a very basic tendency—to men-
tally associate events that occur together in time.

This process of linking events has allowed creatures
through time to learn causes and effects and to ma-
nipulate them; for example, pigeons will associate ran-
dom feedings with whatever motion (e.g., hopping)
they were making just before the food arrived. Base-
ball pitchers will associate the onset of a losing streak
with some unrelated object, such as an unlucky hat,
and will subsequently avoid it as taboo.3® The ten-
dency to link events and assume causal relationships is
the basis for animal training, fear conditioning, and the
creation of rituals or taboos;33 however, this process
often leads to incorrect assumptions about how things
are related. Thus, in modeling, the individual is often
mistaken about what causes a particular loss and how
to avoid it in the future.

Models are updated. The person’s models change in
interaction with situations; for example, the woman
who believed that cold temperatures caused her to get
head colds had learned this from her mother. Her
mother had provided her with a background of what
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caused head colds—exposure to cold. Her mother also
said that going from extreme hot to cold temperatures
caused bladder infections; however, the daughter
changed her submodel as a result of a situational expe-
rience: “I learned my mother was wrong when I was in
Florida because we went from very hot to very cold in
the Pizza Hut. The cold made my bones ache, like they
feel before you get the flu, but I never got a bladder
infection.”

For models to evolve, they need to be replaced by
better models (that is, models that are less wrong).
Models are described as less wrong rather than right
because all models are simplifications and therefore,
even at best, cannot be correct. ¢ Thus, for models to
evolve, they must be recognized as wrong and replaced
with something less wrong.

Models do not always evolve, however. Sometimes
they are replaced by models that are more wrong, such
as when a person overgeneralizes from some traumatic
experience (e.g., when a person concludes that cars
cause death). More commonly, though, people’s mod-
els are slow to change; for example, it has been noted
that people’s illusory correlations “can persist in the
face of disconfirming evidence.”33

Interaction Between Feelings
and Modeling

This section illustrates how modeling and feeling-
based thinking might interact in situations involving
risk.

Feelings alert individuals to the presence of risk.
Feeling-based thinking is the cue that alerts individuals
to an anticipated risk; for example, in thinking about
an upcoming situation, such as a tax audit or voluntary
surgery, the person’s emotion could be fear, anxiety,
worry, or dread; his feelings could be vague uneasiness
or physical symptoms, like a queasy stomach, tight
chest, racing heart, or sweaty palms. Generally, the
feelings that alert the individual to risk will be those
judged unpleasant or negative.

After the negative feelings have alerted the indi-
vidual to risk, the individual begins modeling the situ-
ation. After the negative feelings have alerted the indi-
vidual to the possibility of loss, the individual starts
thinking about the situation, modeling it as described

“In addition, models cannot be proven correct, only wrong. Ac-
cording to the philosopher Popper,® models are like hypotheses,
and hypotheses can never be proven true—only false.
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in the preceding section. Modeling is part of the
individual’s response to the risk; it allows the indi-
vidual to relate aspects of the situation to the outcome.
Generally, individuals will try to change either the an-
ticipated undesirable consequences, their negative feel-
ings, or both.

One means of changing the consequences is to take
action to limit them. The options for action are typi-
cally implied by the individual’s model; for instance,
the woman in the earlier example was alerted to the
risk of an ear infection by her cold symptoms. Her
model predicted that colds lead to ear infections unless
she kept her ears free of fluids. Thus she took action—
decongestants—to keep her colds from spreading to
her ears.

One means of changing the negative feeling is to
deny it; for instance, the woman could have denied
that she had a cold, thinking, for example, “I don’t
have a cold because I can’t afford to be sick now.
Maybe it’s just allergies.” Other means of changing the
negative feeling are by taking drugs, exercising, pray-
ing, meditating, or engaging in relaxation techniques.
Note that the individual can employ a variety of strate-
gies in changing the consequences or the negative feel-
ings and that these are likely to overlap.

Feelings are the means by which individuals judge
that they have resolved the risk. Feeling-based think-
ing is the means by which individuals know that they
have resolved the imagined or actual situation, that
their efforts have worked, and that they can go on to
something else. The kinesthetic feedback that allows
them to go on is typically a positive feeling of confi-
dence, an “it’s-going-to-be-all-right mood,” a relaxed
state, or an “at-peace” sensation. Individuals may
check their feelings as a conscious judgment, such as
when they decide that they will keep thinking of solu-
tions until they find one with which they are comfort-
able, or people may be unaware that they are using
their feelings in this manner until it is called to their
attention.

If people do not receive positive feelings as feed-
back, they may become stuck in the unpleasant state of
uneasiness, or worse, fear. In the extreme case, this
most often occurs after the individual has been a vic-
tim of some traumatic experience. No matter what cop-
ing strategies the individual employs, his mental check
just reveals muscular tension and fear. Owing to the
relative permanence of emotional memories from a
fear response, this situation may continue for a long
time.

For example, a woman who had been in a car acci-
dent reduced her amount of driving and avoided busy
thoroughfares; however, these strategies did not help
greatly:

When a “car follows too closely, her heart races. She

locks her jaw and tenses her muscles.” . . . She has flash-

backs to the accident in April that totaled her Mitsubishi

Mirage. She’s afraid to drive. “I feel like that impact is

going to come again,” ... . “I just want to get into a car

and drive without worrying,”36

More commonly, however, individuals become
stuck in receiving slightly negative feelings as feed-
back over a shorter period of time. This often occurs
when they are trying to make a difficult decision and
none of the alternatives are totally satisfactory. Nega-
tive consequences or risks are associated with each
option. The individual knows that he is not happy with
the status quo (this is the negative feedback) and
thinks of alternatives but is not comfortable with these
either (this is also negative feedback).

CULTURAL FACTORS AFFECTING
APPROACHES TO RISK

Cultural factors condition how people perceive and
react to risk. Culture is simply defined as what people
learn socially as members of groups. Groups include
family, religious, educational, vocational, and interest
groups. People learn beliefs, values (e.g., what is
good), and norms for behavior (when is it appropriate
to act a certain way). The learning can be conscious,
such as through receiving instruction, or unconscious,
such as by emulating others. Through this process,
people internalize the group’s culture; that is, they
adopt many of its beliefs, values, or norms as their
own. As a result, they are likely to view things from
their culture’s perspective and to perceive its ways as
superior.3” This tendency—ethnocentrism—operates in
the risk arena and accentuates the differences between
groups.

People Learn Mental Models, Emotions,
and What Is Considered Risky
from Their Cultures

People learn models. Individuals learn their
culture’s beliefs on how objects in the world are re-
lated. These beliefs are, in essence, models; for in-
stance, members of western scientific culture believe
that colds are caused by germs and that these are
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transmitted to others via their nose, eyes, or mouth.
Thus members of this culture believe that sharing
silverware with a cold sufferer is risky behavior.

These models are viewed as indisputable by the
members of a culture; for example, just as many in
the Western scientific world consider germs to be
the root explanation of illness, many in Africa (even
those trained in Western medicine3®) believe witch-
craft to be the underlying cause. To each, his own
model is truth; the other’s model is wrong, naive, or
nonsensical. This kind of thinking illustrates the ef-
fect of ethnocentrism.

People learn when and how to feel and express
emotions. Individuals learn what is valued, and this
sets a context for the experiencing of emotions; for
example, members of Western society tend to value
sanitary conditions as good, and given their belief in
the germ model, healthy. Thus members of this cul-
ture are likely to feel revulsion at the thought of
flies climbing on their food or faces.

Individuals also learn the context in which an
emotion is felt and expressed; for example, what
makes a person angry depends upon those situations
or events which are considered by his culture offen-
sive or frustrating.? For instance, the Mescalero
Apache Tribal President has proposed to open a
monitored retrieval storage facility for spent nuclear
fuel rods on the reservation in New Mexico.*9 Angry
antinuclear activists have chanted protests outside
the reservation. These protesters were not members
of the tribe. Tribal members may not have felt an-
gered by their tribal leader’s proposal, or they may
not have considered it appropriate to express their
anger overtly. ¢

Note that individuals are sometimes trapped in
feeling their own emotions. They may wish to feel
otherwise but be unable to do so because they have
learned emotions in a single-minded way;3* for ex-
ample, they may have learned that snakes are fright-
ening or that “no nukes are good nukes.” They have
become victims of their own mental associations.

“In January, Mescalero Apache tribal members voted 490 to 362
against the creation of the storage facility. The tribe’s manager for
the project attributed the loss to “fear of possible contamination by
the fuel rods and to ignorance about the project.”*! Six weeks later,
the tribe voted in favor of the storage facility.*?
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Scientists Belong to a Separate Subculture
and Are Socialized Differently
Regarding Risk

As a result of their educations and on-the-job train-
ing, scientists can be considered as having been social-
ized in a separate culture.? This separate culture takes
a different approach to risk than the public does. Sci-
entists, as a whole, have been shown to perceive less
nuclear-related risk than the public;*? for example, sci-
entists believe that nuclear wastes are less risky than
most lay persons believe they are.

In addition, subcultures within the scientific culture
itself hold different views of risk. Barke and Jenkins-
Smith* have found that scientists’ views of nuclear
risk correlate to their field (e.g., physics, biology, and
engineering) and to their type of employer (e.g., Fed-
eral Government, local government, and academia).
For instance, scientists working for the Federal Gov-
ernment judge the risks posed by nuclear waste to be
less severe than do scientists in local governments and
academia, and physical scientists perceive nuclear
risks to be lower than do life scientists. In addition,
scientists working for the Federal Government con-
sider environmental restrictions to be a less valid
means for dealing with nuclear risks than do those em-
ployed by universities or local government. In sum,
scientists who work for local governments and
academia have views of risk closest to those of the
general public; those working for the Federal Govern-
ment hold the views of risk furthest from those of the
public. Thus NRC scientists, with their physical sci-
ence background and federal employment, are likely to
view risk very differently than the public.

The work that scientists perform can further condi-
tion their views of risk; for example, work that in-
volves modeling, such as of reactor accidents, is likely
to make its practitioners prone to a particular cognitive
bias—illusion of control. MMusion of control occurs

byocational sclection may also be a factor in explaining why
scientists differ from other groups. Research on vocational selection
indicates that people are drawn to fields and jobs that match
their interests and preferences; for example, according to a
well-respected personality diagnostic (Myer-Briggs), the majority
of people in the United States are extroverts, whereas the majority
of scientists are introverts. This is an important difference because
introverts tend to focus on the inner world of ideas, and extroverts,
on the outer world of people. Thus scientists may be predisposed by
their very personalities to approach risk differently—more concep-
tually and less personally—than the public.
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when people acquire the impression of having more
control over outcomes than is justified. Illusion of
control has been shown to occur in individuals when
they have spent time analyzing a situation or ob-
serving a sequence of successful outcomes.33-34 Thus
those who go through the thought processes intrinsic
to modeling are particularly prone to this cognitive
bias. This bias could cause them to unconsciously
underestimate the magnitude of uncertainty present
in the model.** As a result, they could tend to give
more credence to the model’s predictions than is
warranted.

SUMMARY

This work was initiated to explore some ques-
tions about how people think about risk. In this sec-
tion, the findings will be summarized by questions.

* Why do technical experts and regulators
view risk so differently than the public? Cultural
conditioning is largely responsible for the different
approaches to risk. Technical experts and regulators
are mostly scientists and as such have been social-
ized by their educations, work, peers, and organiza-
tions to view risk differently than the public.

* Why has informing the public of risk
findings—the approach used throughout the
government—had so little effect? How do feelings
enter into thinking about risk? In particular, why
are the public’s feelings about nuclear risk so re-
sistant to change or scientific counterargument?
Informing the public about the results of science-
based risk analyses and assessments does not change
their thinking for several reasons. First, for people
to accept the scientific views of risk, they must view
“science,” or at least rationality, as a higher author-
ity. They would be more likely to do so if they had
received the same cultural conditioning as scientists.
Because they have not, the public is likely to have
their own ideas of higher authority and question the
pronouncements of science in their personal
lives.645 Then, too, the public’s views of risk are
affected, usually negatively, by their confidence in
those managing the technology.!"!2 Second, much
of the public’s thinking about nuclear risk involves
averse feelings, and these feelings have been identi-
fied as resistant to change. Averse feelings may be
long lasting because of the way in which emotions
are learned or because of their link to a survival
mechanism—the fear response.
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Twenty-Third Water Reactor Safety
Information Meeting

By D. A. Copinger?

Abstract: This article is a brief review of the Twenty-Third
Water Reactor Safety Information Meeting, one of an ongo-
ing series of meetings sponsored by the U.S. Nuclear Regu-
latory Commission (NRC), Office of Nuclear Regulatory Re-
search (RES). The purpose of these meetings is to give the
nuclear safety community up-to-date information on NRC-
sponsored and other research in the nuclear-power-reactor
safety field. A table listing all the papers and authors is
included, and highlights of the meeting are provided.

More than 300 people, representing 23 countries, at-
tended the Twenty-Third Water Reactor Safety Infor-
mation Meeting (23WRSIM), held at the Bethesda
Marriott Hotel in Bethesda, Maryland, on October
23-25, 1995. Papers from France, Italy, Norway,
Russia, Sweden, and Switzerland, as well as the United
States, were presented. Every important aspect of
water reactor safety was covered. The presentations
also addressed the next generation of reactors and
concerns regarding operating reactors.

Twelve technical sessions, including two on severe
accident research, were held. Table 1 lists the 63 talks
and papers (including the plenary session) presented at
the meeting. Summaries of the presentations are in-
cluded in the transactions,! and the complete papers
are published in the proceedings.?

The meeting is one of a series previously known as
the Light-Water Reactor Safety Research Information
Meetings. The elimination of the words Light and Re-
search was intended to convey a somewhat broader
coverage, one that would also include heavy-water re-
actors and safety matters not as strictly tied to research
activities as was formerly the case.

In this article, selected papers and talks are briefly
summarized. Space limitations prevent covering more
than just a few papers. The inclusion of a paper is not
meant to indicate preferences or importance. Inclusion

%0ak Ridge National Laboratory.

does, however, mean the paper addresses what are
considered to be the more timely issues facing the
industry.

PLENARY SESSION AND LUNCHEON
SPEECH

The keynote address for the meeting was given by
the Chairman of the Nuclear Regulatory Commission
(NRC), Dr. Shirley Ann Jackson, who pointed out her
understanding of “. . . the role that research plays in
the fulfilment of agency and corporate missions.”
Dr. Jackson then stressed how NRC research programs
furnish the technical basis for regulatory programs,
which, in turn, ensure that public safety is not compro-
mised: “Clearly, valid regulatory decisions must be
based on the firm technical understanding that comes
from research. NRC research programs provide a
strong independent technical capability for our regula-
tory programs. Without this strong technical compo-
nent, our decision-making capability would be dimin-
ished and public safety could be compromised.”
Dr. Jackson addressed two general areas regarding
NRC research: (1) industry use of NRC research and
(2) the future of the NRC research program. Excerpts
from her remarks follow:3

INDUSTRY USE OF NRC RESEARCH

The research programs have provided significant en-
hancements to data bases of all kinds, and they have pro-
duced analytical methods and measurement techniques
that have been very useful to the nuclear industry.

Behavior of Emergency Core Cooling Systems

In the early 1970s, NRC conducted a major hearing
on the behavior of emergency core cooling systems
(ECCS) during loss-of-coolant accidents. As a result,
NRC undertook a number of research programs to con-
firm judgments that were made in the hearings. Without
the promise of that comprehensive research program, it is
quite possible that no construction permits or operating
licenses would have been issued in the mid 1970s. In that
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decade, our research confirmed the conservatism in oxi-
dation kinetics, decay heat levels, embrittlement criteria
and other requirements. Arguments over ECCS analyses
no longer held up licensing activities.

Heavy Section Steel Research

In another area, where work was started early by our
predecessor—the Atomic Energy Commission—the
heavy-section steel program provided essential informa-
tion on materials properties and fracture behavior of
steels and weld materials. Virtually all of the early re-
search on the effects of irradiation on the embrittlement
of reactor pressure vessels was performed in NRC re-
search programs.

Piping Integrity Research

NRC’s piping integrity research provided much of the
basis for relaxing earlier requirements and allowing leak-
before-break to be considered.

Risk Assessment

One of NRC’s most important research accomplish-
ments is in the area of risk assessment. It is fair to say
that the NRC’s research program has had a major impact
on the discipline of probabilistic risk analysis and par-
ticularly in its application to nuclear reactor safety. While
elements of risk assessment had some earlier use in the
aerospace industry, the NRC’s Reactor Safety Study
(WASH-1400) represented the first integrated assessment
of nuclear plant risk ever done. Our later assessment of
severe accident risks (NUREG-1150) provided better es-
timates of plant risk based on a more complete under-
standing of severe accident phenomena. All U.S. nuclear
plants have now performed risk assessments and, because
of this work, the increased use of risk insights in regula-
tory activities holds the potential to improve safety and at
the same time reduce costs.

Severe Accident Research

WASH-1400 demonstrated that essentially all of the
risk from nuclear plants comes from core-melt accidents.
Therefore, right after the accident at Three Mile Island,
the NRC initiated an aggressive severe accident research
program to examine core-melt sequences and subsequent
accident phenomena that might challenge containment
integrity. The understanding of severe accident phenom-
ena from this research allowed the risk assessment meth-
odology of WASH-1400 to be revisited to produce the
credible assessments of NUREG-1150. Although, it may
not be generally realized, more than 75 percent of all the
severe accident research done in the U.S. has been done
by the NRC. The Department of Energy work on the
examination of Three Mile Island represents about 10
percent of the severe accident research in the U.S., and a
little less than 15 percent was done collectively by the
industry under EPRI [Electric Power Research Institute]
and the Industry Degraded Core Rulemaking program.
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This large body of severe accident research has been
used by all U.S. utilities as the basis for their risk assess-
ments and Individual Plant Examinations.

Source Term Research

Reévised source terms, which have come out of our
research program, include a more realistic timing and fis-
sion product composition and will provide the basis for
the design and operation of plant features to mitigate fis-
sion product releases more readily.

Current Research Activities

The NRC is also working in newer areas. Let me iden-
tify some of these areas, and you will hear more about
them in the technical sessions that will start later today.

Most of you are aware of a recent concern about high-
burnup fuel and our current program in that area. We
issued an Information Notice to the utilities last year on
this subject, and it was discussed last year at this Water
Reactor Safety Information Meeting. Using data largely
from foreign sources and a strong domestic analytical
effort, we are hoping to revise fuel damage licensing cri-
teria without creating undue penalties for the operating
utilities.

Our progress on the thermal hydraulics of the ad-
vanced pressurized water reactor, the AP-600, has been
significant, including scaled testing in the ROSA loop in
Japan and in a test loop at Oregon State University, and
detailed studies utilizing the RELAP computer code are
being performed. Several design changes in the AP-600
have been made by Westinghouse that can be attributed,
at least in part, to results from these programs.

Hardened vents in Mark-I containments and provisions
for flooding the Mark-I basemat to prevent liner attack are
examples of actions taken as a result of our core damage
research. Of no less importance, the severe accident re-
search program has provided the basis for not doing any-
thing in other areas. For example, early consideration of
the possibility of direct containment heating in PWR con-
tainments suggested a high likelihood of early contain-
ment failure. More detailed and structured results from
this program have indicated that direct containment heat-
ing is a very small contributor of public risks at most
plants.

Present work on piping integrity is almost complete
for the large baseline programs of the International Pip-
ing Integrity Research Group. We are now pursuing more
specialized studies. For example, in collaboration with
the Nuclear Engineering Power Corporation (NUPEC) of
Japan, we are participating in large-scale seismic tests of
main steam and feedwater piping systems on the largest
shaking table in the world.

International Safety Research Cooperation

After the accidents at Three Mile Island and at
Chernobyl, nuclear safety has been increasingly
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recognized as a world-wide concern, and our cooperative
programs have intensified. This trend has been further
enhanced by the general reduction in research budgets at
home and abroad, and the resulting need to pool re-
sources in cooperative programs.

Some of our cooperative programs, like the Halden
Project’s fuel behavior work and the International Piping
Integrity Review Group, have continued over many
years, and we are still participating in their activities.
Others, like the high-burnup fuel tests in the French
CABRI reactor and the containment integrity program
with NUPEC in Japan, are relatively new cooperative
programs.

THE FUTURE OF THE NRC
RESEARCH PROGRAM

We will continue to work in important areas like
thermal-hydraulics, materials, severe accidents, and risk
assessment; and we will continue to participate in, and to
stay abreast of, international nuclear research programs.

We are now in a period of change at the NRC. The
electric utility industry is under strong competitive pres-
sures and is diligently examining means to reduce its
costs. NRC has a role to play in reducing the regulatory
burden when the safety benefit is marginal.

However, even without external pressure to reduce
costs, a new culture, which I refer to as risk-informed,
performance-based regulation, is being adopted by the
NRC. NRC is becoming less prescriptive and more
performance-oriented in its regulatory posture in order to
provide greater flexibility to licensees while maintaining
adequate protection for the public. Cost-consciousness
and cost-effectiveness pervade all of NRC’s operations,
including research.

NRC'’s research programs are being reexamined to en-
sure proper focus under this new paradigm. Research
planning must consider the current and prospective level
of plant safety, and there should be a reasonable expecta-
tion that research projects and their results will be cost
beneficial. Among the criteria to evaluate the merits of a
research project is the likelihood that the results will im-
prove the effectiveness of regulations and minimize any
undue burdens they impose. Some of the rules that the
NRC developed conservatively in the 1960s and 1970s
because of lack of information can now be modified as a
result of improved knowledge that has been gained
through investments in research over the past 20 years.
Future investments in research will be expected to con-
tinue this trend.

As nuclear power plants age, we must examine the
standards and operating procedures that have been im-
posed on critical components, such as the primary cool-
ant system boundary, to assure ourselves and the public
that an adequate safety margin still exists. Only through
research can we derive dependable estimates against
which we can make such judgements. One of our top

research priorities is improving our understanding of the
aging processes in nuclear power plants with particular
focus at the present time on reactor vessels, steam gen-
erators, and electrical cables.

Many of the performance standards will be estab-
lished by drawing on knowledge developed in risk as-
sessments performed both by NRC as well as licensees.

However, we must acknowledge realities. Careful
evaluation is needed to determine the future value of ad-
ditional research in all areas. We are approaching the
point where we can, in some areas, go into a program
maintenance mode that includes a very limited experi-
mental program and thoughtful fine-tuning of existing
analytical models. Our current international cooperative
experimental programs are expected to provide additional
data to help make this determination. In doing this, how-
ever, we have found that adequate resources and careful
planning are still required to avoid losing the important
technical skills.

However, further emphasis and new work is needed in
important areas related to changing focus of our mission,
i.e., risk assessment research to develop and strengthen
methodologies for dealing with human/organizational
factors and degraded equipment. New methodologies
from other fields need to be developed and applied to age
related effects in reactors, i.e., going beyond fracture me-
chanics to relate detailed measurements using new ex-
perimental probes to microscopic materials properties in
order to make stronger predictive statements about be-
havior, as well as development of possible in situ probes
of key plant systems such as the Reactor Pressure Vessel
itself.

I know that countries already share the results of their
reactor research and that in some specific technical areas,
a number of countries have joined together to address
issues of common concern and interest. We need to be
certain that our collaborative research projects recognize -
and build upon the unique areas of specialization and
particular expertise each of us has. Through existing in-
stitutions, such as the Committee on the Safety of
Nuclear Installations of the OECD [Organization for
Economic Cooperation and Development] Nuclear En-
ergy Agency, we must more diligently focus our atten-
tion to the planning and integration of our research ef-
forts. At the same time, we should hold these institutions
to high performance and efficiency standards so that
value is achieved from our investments in them. But, I
would like to propose that we go much further. I think
that we should consider an international reactor research
program focused on aging and risk assessment method-
ologies in which we seek to integrate the regulatory re-
search activities of various countries within the context
of a formal international research program. Each country
could specialize in areas of its particular expertise. Thus,
we would avoid duplication of effort and meet the com-
mon challenges which we are-encountering and the com-
mon downward pressures on our various regulatory re-
search budgets.
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Strategic Assessment and Rebaselining

We still need to develop a strategic vision that allows
us to adapt to a changing environment and to budgetary
constraints, to carry out our regulatory programs more
effectively, to take on possible new missions, to conduct
effective resource planning, while remaining responsive
to the public and the regulated industries. The first phase
of the strategic initiative, the “strategic assessment,” in-
volves identifying and examining the sources of the man-
dates that make up our regulatory mission—statutes, ex-
ecutive branch directives, and Commission decisions—so
that we can establish a mutual understanding of what the
NRC mission is and what is required of us. Also included
in this phase is a process of looking at all agency activi-
ties to determine whether they are being conducted in
response to a specific mandate or whether these activities
have some other rationale for their existence, and
whether there are areas where we should have ongoing
programs to implement specific missions, but do not.
This phase is also meant to begin to surface key strategic
issues, questions, and decision making points, which the
Commission will address.

The subsequent phases—rebaselining and strategic
planning—flowing from Commission decisions on the
key strategic issues, questions and policy alternatives,
will address what our programmatic needs are and should
be, and what resource levels should be assigned to them.
The first phase will drive and provide input to the follow-
ing phases and ultimately to budget and human resource
planning, which is the final phase. I believe that this re-
view is necessary to position us to meet effectively the
challenges we face and to guide intelligently our activi-
ties and decision-making in the future.

Following Dr. Jackson’s remarks, William T.
Russell, Director of NRC’s Office of Nuclear Reactor
Regulation (NRR), presented current issues in nuclear
reactor regulation as they relate to research activities.
Mr. Russell’s remarks, in part, were as follows:*

So, let me start off by saying that I have not tried to
give a comprehensive listing of issues that are currently
facing the reactor program, but rather to select those that
1 thought were relevant as they relate to research activi-
ties. Use of probabilistic risk assessment in regulatory
decisions; materials aging issues concerning steam gen-
erators and reactor vessels; high burnup fuels; accident
management; and digital instrumentation and control are
just a sampling of the important issues that I want to talk
about.

Probabilistic Risk Assessment (PRA)

The Commission in August passed a major milestone
with the publication of a policy statement on the use of
probabilistic safety assessment in regulation. We had
been for some years using probabilistic safety assessment
techniques starting with WASH 1400. Shortly after Three
Mile Island, the “Lewis” report reviewed the use of PRA
in regulation.
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In the intervening years, from 1980 to 1995, there has
been substantial progress made in the use of PRA, and
this is recognized in the Commission’s policy statement,
which encourages, to the extent supported by data and by
the state-of-the-art, the use of PRA in expanding regula-
tory activities.

A precedent was set when four NRC office directors
got together and developed an overall plan for how the
agency should proceed. These four offices were NMSS
[Office of Nuclear Material Safety and Safeguards],
RES, NRR, and AEOD [Office for Analysis and Evalua-
tion of Operational Data]. We proposed that there be an
agency-wide action plan for coordinating these activities.
Within that plan, there are a few areas that should be
highlighted that related to the future use of PRA and our
interface with the NRC research program.

One area in particular deals with in-service testing
requirements. These requirements flow from Section X1
of the ASME [American Society of Mechanical Engi-
neers] Code.

Another area that NRR is working on very hard and
that we have had feedback on is implementation of the
new maintenance rule.

An important part of implementation of the mainte-
nance rule is the use of risk insights on a plant-specific
basis to develop the list of those systems, trains, and
selected components that have a relatively high risk sig-
nificance and to monitor and trend their performance.

There is a major effort being looked at by the RES to
try to develop appropriate standards for a PRA when it is
being used in a regulatory context. RES and NRR are
respectively working on the development of a Regulatory
Guide and Standard Review Plan for various applications
of PRA to regulated activities.

Steam Generators

In the aging area, one aging problem—and a real cur-
rent problem—is the issue associated with steam genera-
tors. Proceeding essentially on a case-by-case basis with
what I call crisis management, we continue to identify
degradation mechanisms in steam generators. This fall has
been a particularly heavy time, with the identification of
additional circumferential cracking in Combustion Engi-
neering generators, and much more substantial axial
cracking in the area of the support plates in Westinghouse
generators. In many cases, licensees have not anticipated
the degradation sufficiently.

Our objective for the rulemaking is that it be perfor-
mance based. That is, we would establish objective crite-
ria, probably along the line of Regulatory Guide 1.121 as
it relates to structural integrity margins to be
demonstrated.

We have three different issues to examine: (1) normal
operation with respect to primary-to-secondary leakage
through generators, which is relatively easy to detect
with on-line monitoring for radioactive materials leaking
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through the generators; (2) in the context of accident
analysis in the past we have used very conservative ap-
proaches, looking at, essentially, one gallon per minute
primary-to-secondary leakage through the generator with
very conservative calculations for iodine spiking factors
and atmospheric dispersion; and (3) severe accidents,
particularly for transients resulting from loss of second-
ary heat sink where you may be either boiling off the
primary, ending up with hot gases, or conditions under
which you might have high-pressure core melt or core
damage sequence.

The implications of a degraded generator and what it
means as it relates to a potential containment bypass sce-
nario are significant and need to be examined in an inte-
grated way. We hope to have a three-tiered approach.
That is, the performance-based rule would establish the
framework and the objectives. Next, we would expect to
have a regulatory guide to identify various methodolo-
gies for qualifying, for example, inspection techniques
and providing guidance on the type of analysis to be
done. Below that we would have a number of topical
reports for various degradation techniques or for various
vendors for the types of inspection techniques that they
may use. These reports would be reviewed and compared
to the guidelines in the regulatory guide.

Reactor Pressure Vessel

The next issue is a critical one: reactor pressure ves-
sels. The Commission has rulemaking under way to ad-
dress procedures for annealing. You are aware of the
pressurized-thermal-shock (PTS) rule and some of the
other requirements of Appendix G, fracture toughness,
and of Appendix H, surveillance programs.

We published a NUREG report containing the data
that have been received by NRC in response to the earlier
Generic Letter 92-01. We hope the industry will take this
to the next step and include all data, and that we will
resolve the issues with respect to treatment of data as
proprietary. Most of you are aware that I have sent out
letters to deny withholding of proprietary information on
the basis that the information constitutes information im-
portant to reactor safety and therefore should be available
to the public so the bases for our conclusions on such
issues of vessel toughness and the ability to meet the
pressurized-thermal-shock rule can be understood.

High Burnup Fuel

High burnup fuel is an example of what I think is a
success, both on an international level and on a research
level. We learned about some testing that had been done
in France and also in Japan on transient reactivity behav-
ior of fuel under conditions of high burnup.

In reviewing the acceptability of higher burnups, we
have to be concerned with both the transient reactivity
behavior and also the recent experience with the Three
Mile Island core. At TMI-1, failures of cladding on first-
cycle fuel in a transition core occurred. The combination

of high boron/boric acid chemistry along with relatively
high heat fluxes caused failures of fuel pins. These issues
also relate to the integrity of cladding, which, if this is
occurring on first-cycle fuel rather than high-burnup fuel,
concerns us.

Accident Management

Accident management is an issue on which the staff
has been patient. We need to mine the severe accident
research work, some of the Individual Plant Examination
work, and the NUREG-1150 work on severe accidents to
try to identify appropriate strategies that can be used in
the context of accident management and also to develop
aids to assist decision makers, and to come up with a
framework for what I characterize as the Emergency Op-
erations Facility inward aspects of responding to an
emergency.

Digital Instrumentation and Control

In the area of digital instrumentation and control
(I&C), I am focusing on a rather narrow aspect. The Na-
tional Academy of Sciences is looking at the overall ap-
proach to instrumentation and control, particularly digital
1&C, and the human factors aspects of maintaining
software-based protection systems or safety systems.

James M. Taylor, NRC’s Executive Director for
Operations, gave the luncheon speech on October 25,
1995, the last day of the conference. Mr. Taylor ad-
dressed three areas in which reactor safety research has
a vital function. Portions of his remarks are presented
here:?

It remains clear that nuclear safety research continues
to play a vital role in our agency’s approach to accom-
plish its regulatory mission. For research not only may
uncover potential problem areas, as is the case with high
burnup fuel, but also offers the potential to provide the
solution to such problems, as with reactor pressure vessel
annealing.

I want to briefly talk to you this afternoon on three
topics where reactor safety research has played, and con-
tinues to play, an important role. These areas are the
increased use of probabilistic risk assessment methods in
regulatory activities, thyroid cancer studies arising from
the Chernoby! accident, and recent developments in reac-
tor pressure vessel annealing.

PROBABILISTIC RISK ASSESSMENT METHODS

On August 6, 1995, the NRC published its Final
Policy Statement on the Use of Probabilistic Risk Assess-
ment Methods in Nuclear Regulatory Activities.

This policy statement represents the logical conclu-
sion to a long and successful application of probabilistic
risk assessment, or PRA, methods in nuclear safety re-
search and analysis. In this final policy statement, the
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Commission stated that an overall policy on the use of
PRA methods in nuclear regulatory activities should be
established so that the many potential applications of
PRA could be implemented in a consistent and predict-
able manner and would promote regulatory stability and
efficiency. I'd like to briefly remind you of the back-
ground and events that led to this policy and touch on the
key points of the policy itself.

PRA Background

The NRC has generally regulated nuclear power
plants and the use of nuclear material based on a deter-
ministic approach. In this approach, a set of challenges to
safety is determined, and an acceptable level of mitiga-
tion is defined. This leads to the so-called design basis
accident, or DBA, approach.

An example is the postulated loss-of-coolant-accident,
or LOCA. Here, the safety challenge is a postulated cool-
ant pipe rupture, up to and including the largest coolant
pipe in the reactor coolant system. The level of mitiga-
tion required is that the fuel cladding temperature not
exceed a specified temperature in the face of this chal-
lenge. Another aspect of the LOCA postulates the occur-
rence of a fission product release within containment as
the safety challenge, and requires that the plant design
and site characteristics be such that a hypothetical indi-
vidual located at the exclusion area boundary would not
receive a radiation dose in excess of prescribed limits.

In 1975, the Reactor Safety Study, or WASH-1400,
was published. This was the first systematic assessment
of reactor risk that used modern probabilistic methods,
and this report represents a seminal event in reactor risk
assessment. More recently, we have seen the issuance of
NUREG-1150 in 1990, which used improved PRA tech-
niques to assess the risks associated with five U.S.
nuclear power plants. This study has been noted as a
significant turning point in the use of risk-based concepts
in the regulatory process.

Recent PRA Applications

PRA methods have been successfully applied in a
number of regulatory activities, acting as a complement
to the traditional deterministic process. A number of re-
cent Commission Policies or rules have been based, in
part, on PRA methods. It may be appropriate to mention
just a few of these.

These include the Backfit Rule, 10 CFR 50.109, the
Commission’s Safety Goal Policy, the Commission’s Se-
vere Accident Policy, and the Commission’s Policy on
Technical Specification Improvement. PRA methods
have also been used in developing regulations regarding
anticipated transients without scram (ATWS), the station
blackout rulemaking, and in support of generic issue
prioritization and resolution.

The NRC is also currently using PRA techniques to
assess the safety importance of operating reactor events
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and as a part of the design certification review for ad-
vanced reactor designs. As many of you are aware, the
Individual Plant Examination (IPE) Program, which re-
sulted from the Commission’s Severe Accident Policy,
has resulted in power reactor licensees using risk assess-
ment methods to identify potential plant vulnerabilities.

PRA Policy Statement

I will briefly summarize the major points covered in
this policy statement. First, the Commission has stated
that the use of PRA technology should be increased in all
regulatory matters to the extent supported by the state-of-
the-art in PRA methods and data and in a manner that
complements the NRC’s deterministic approach and sup-
ports the NRC’s traditional defense-in-depth philosophy.

Second, the Policy states that PRA and associated
analyses should be used in regulatory matters, where
practical within the bounds of the state-of-the-art, to re-
duce unnecessary conservatism associated with current
regulatory requirements, regulatory guides, license com-
mitments, and staff practices.

Third, the Policy states that PRA evaluations in sup-
port of regulatory decisions should be as realistic as prac-
ticable, and appropriate supporting data should be pub-
licly available for review.

Finally, the Policy concludes that the Commission’s
safety goals for nuclear power plants and subsidiary nu-
merical objectives are to be used with appropriate con-
sideration of uncertainties in making regulatory judg-
ments on the need for proposing and backfitting new
generic requirements on nuclear power plant licensees.

STUDY OF CHILDHOOD THYROID CANCER
FROM THE CHERNOBYL NUCLEAR ACCIDENT

Another area that could potentially have significant
benefit to the industry has been the U.S. Government
efforts in conducting epidemiologic studies of radiation
induced thyroid disease in Belarus and Ukraine.

These studies focus on the incidence of thyroid dis-
ease, especially cancer, resulting from the 1986 accident
at the Chernobyl nuclear power plant. Two scientific pro-
tocols have been signed. The first was signed with
Belarus on May 26, 1994, and recently, the second, with
Ukraine on May 10, 1995, during the president’s visit to
Kiev. The purpose of these thyroid studies is to assess the
risk of thyroid cancer and hypothyroidism among per-
sons, particularly children, who were exposed to iodine
radioisotopes, especially 1-131, during and/or following
the Chernobyl accident.

The release of radioiodine is likely to figure promi-
nently in any nuclear power plant accident.

These studies originated under the auspices of a 1988
memorandum of cooperation between the United States
and the former Soviet Union concerning civilian nuclear
reactor safety following the Chernobyl accident.
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Currently the studies are being primarily implemented
by the National Cancer Institute [NCI] with support from
the Department of Energy [DOE] and the Nuclear Regu-
latory Commission in cooperation with the Ministries of
Health of Belarus and Ukraine and several scientific in-
stitutes in these countries.

Presently, NRC, DOE, and NCI continue to provide
all the financial support for the implementation of the
studies. Considering present U.S. Government budget is-
sues, international participation may be welcome in the
future.

ANNEALING OF NUCLEAR REACTOR
PRESSURE VESSELS

Assuring the structural integrity of the reactor pres-
sure vessel is fundamental to the safe operation of
nuclear power plants. It has been long recognized that
neutrons escaping from the reactor core can embrittle the
pressure vessel materials, and, as plants age, can limit the
safe operating life of a reactor pressure vessel.

Today, thermal annealing of the reactor pressure ves-
sel is the only known technique for mitigating neutron
irradiation embrittlement.

Thermal annealing consists of heating the pressure
vessel beltline materials to temperatures of about 850 to
900°F, well above the normal operating temperature of
the pressure vessel, and holding them there for an ex-
tended period, typically about one week. The annealing
temperature must be high enough to allow atomic diffu-
sion to take place and restore the embrittlement damage
but not so high as to cause geometric distortion of the
vessel or affect the original heat treatment of the vessel
materials.

Reactor pressure vessels in 13 Russian designed
plants in Russia and Eastern Europe have been success-
fully annealed. This experience lends significant credibil-
ity that thermal annealing in the U.S. is feasible from an
engineering point of view.

The engineering feasibility of thermal annealing is be-
ing addressed through two Annealing Demonstration
Projects, being jointly funded by the U.S. Department of
Energy and the nuclear industry, including some interna-
tional support. Currently, the two demonstration projects
are planned using the reactor pressure vessels of two can-
celed PWR plants. One plant, Marble Hill in Indiana, is a
typical Westinghouse design, while the other, Midland in
Michigan, is a typical B&W [Babcock and Wilcox]
design.

HUMAN FACTORS SESSION

L. F. Hanes and J. F. O’Brien presented a paper
about the human factors program at Electric Power
Research Institute (EPRI).% They indicated that EPRI

has produced 67 products since the program began in
1975. They then reviewed the program products, not-
ing that more than 60% of them concern maintenance.
This, however, reflects more recent efforts rather than
a trend. They also noted

The HPT [Human Performance Technology] PG [Product
Group] thrust has changed over the years with shifting
utility needs. Products in pre-TMI years were concerned
with control room reviews and methods for correcting
human factors deficiencies. Following TMI, products ad-
dressing control room human factors issues were ex-
panded. Products were delivered dealing with control
room enhancements, displays, and alarm systems. A Hu-
man Factors Primer was published to make nuclear plant
management more aware of the need for and value of
human factors. During the immediate post-TMI period,
human factors products addressing maintenance issues
were completed, also. The interest in maintenance re-
sulted from recognition that the majority of consequential
human errors occur during maintenance tasks, that high
costs are associated with such errors, and that worker
training is expensive. In recent years, the EPRI HPT pro-
gram has shifted mainly to products solving maintenance
problems.®

Another paper” presented the results of a design re-
view of an advanced human-system interface evalua-
tion. That paper is part of the draft NUREG-0700,
Rev. 1, and notes, “The NRC has established programs
to review the human factors engineering (HFE) aspects
of design and implementation of significant changes to
existing CRs [control rooms] and advanced CR de-
signs in order to help assure that the incorporation of
advanced technology enhances the potential safety
benefits and minimizes the potentially negative effects
on performance and plant safety.””

Finally, a paper presented in the PRA topics session
concerned Human Reliability Analysis (HRA) meth-
ods.? That paper focused on one aspect of HRA, “the
omission of errors of commission, or those errors that
are associated with inappropriate interventions by op-
erators with operating systems.”® A team of people
from several organizations (Battelle National Labora-
tory, John Wreathall & Company, Science Applica-
tions International Corporation, and Buttonwood Con-
sulting, Inc.) sought “to develop a new method for
HRA based on analyzing risk-significant operating ex-
perience.”® The project was divided into four phases:
(1) Assessment Phase, (2) Analysis and Characteriza-
tion Phase, (3) Development Phase, and (4) Implemen-
tation Phase. The first two phases are complete, and
the results were published in NUREG/CRs.%!0 The
third phase is the subject of the presented paper, and
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. .. the concepts of the framework have matured into a
working HRA method, with identified process steps. This
working HRA method, albeit in preliminary form, has
been expanded by using trial applications concluding in
quantification of a human failure event. The new HRA
method, called ATHEANA (A Technique for Human Er-
ror Analysis), improves the ability of PRAs to:

¢ identify and characterize important human-system in-
teractions and their likely consequences under acci-
dent conditions;

¢ represent the most important severe accident se-
quences that could occur;

» estimate the frequencies of these sequences and the
associated probabilities of human errors; and

¢ provide recommendations for improving human per-
formance based upon characterizations of the causes
of human errors.?

The authors found that

The trial application was a ‘proof of concept’ for
ATHEANA,; it demonstrated that it is possible to identify
and estimate the probabilities of HFEs [and associated
EFCs (error forcing contexts)] that have an observable
impact on the frequency of core damage, and which are
generally not included in current PRAs.

A general process was outlined that addresses the itera-
tive steps of defining HFEs and estimating their prob-
abilities using search schemes.

A knowledge base was developed with the objective of
describing the links between unsafe actions and error
forcing contexts, and is based on behavioral science
theory and analysis of NPP [nuclear power plant]
events.?

PROBABILISTIC RISK ASSESSMENT TOPICS

Two papers from researchers at Idaho National En-
gineering Laboratory (INEL)!!:12 in association with
NRC and a third!? written in conjunction with Sandia
National Laboratories (SNL) and NRC characterize the
PRA topics theme. All three papers concern the use of
computer codes developed by INEL under the auspices
of the NRC. These codes are grouped together and
included in a suite that is defined in the paper:

The Systems Analysis Programs for Hands-on Integrated
Reliability Evaluations (SAPHIRE), refers to a suite of
computer programs that were developed to create and
analyze a probabilistic risk assessment (PRA) of a
nuclear power plant. The programs in this suite include:
Models and Results Data Base (MAR-D) software, Inte-
grated Reliability and Risk Analysis System (IRRAS)
software, Systems Analysis and Risk Assessment
(SARA) software, Fault tree, Event tree, and Piping and
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instrumentation diagram (FEP) graphical editor, and the
Graphical Evaluation Module (GEM) software. Each of
these programs performs a specific function in taking a
PRA from the conceptual state all the way to
publication.!!

The first paper!! discusses the features and capabili-
ties of the SAPHIRE computer codes. New software
development implementing the Windows-based 32-bit
version is also presented. The suite of programs now
support Level 2 PRA analyses as well as allow an
unlimited number of basic events, gates, systems, and
event trees in the data base. Older versions of the data
are automatically converted to a newer version; how-
ever, because of the increase in the number of events,
gates, and systems, the data base has essentially
doubled in size. The next two papers regard the use of
SAPHIRE for specific purposes. INEL developed
Level 1 risk models for use with SAPHIRE for the
PRA plant-specific Accident Sequence Precursor
(ASP) Program.'? To better understand the work by
INEL, a few basic definitions from the report are pre-
sented here:

¢ Precursor. In general, an accident sequence precursor
is a sequence of events that successfully prevented
core damage, that if additional failures had occurred,
would have resulted in core damage. Precursors have
been separated into two types. The first type involves
the occurrence of an initiating event (analyzed in an
initiating event assessment), and the second type in-
volves failures or degradations in mitigating equip-
ment (analyzed in a condition assessment). In the ASP
Program, a precursor is retained if the likelihood* of
those additional failures leading to core damage is
greater than or equal to 1.0 x 1079, Occasionally,
there are exceptions for events with coincident con-
tainment failure or unique influences difficult to ana-
lyze (sic). These are reported in the ASP Program
annual reports but do not necessarily receive the same
level of analytical treatment as the more traditional
precursors.

*Likelihood is used in this context to indicate either a
conditional core damage probability (CCDP) or a
change in CCDP (i.e., event importance).

¢ Change Set. A change set is a listing of the risk model
basic events that have been designated with a change
in probability from the base case. In ASP evaluations,
a change set is used to identify the basic events (and
initiating events) that must be re-evaluated to repre-
sent the events and conditions observed during the
reported precursor. GEM assists in creating the proper
ASP evaluation change set by automatically identify-
ing basic events that must change once the initiating
event or condition duration is specified.

¢ Conditional Core Damage Frequency (CCDF). The

conditional core damage frequency is the hazard rate
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representing the expected number of core damage
events per hour given a set of known failures or plant
operating conditions.

» Conditional Core Damage Probability (CCDP). The

conditional core damage probability is the likelihood
of experiencing a core damage event given a set of
known failures or plant operating conditions. When
calculated for an operational event, the CCDP is a
measure of how close the plant came to core damage
during the event. Alternatively, the CCDP can be
thought of as the likelihood of failure of the remain-
ing barriers to core damage.

INEL’s work focused on four areas: (1) model im-
provements, (2) revision 1 models, (3) revision 2 mod-
els, and (4) ASP model extension. The first and last
areas profile the scope of work, whereas the middle
two areas detail specific changes and are also the sub-
ject of other reports. Excerpts from the presented paper
concerning areas 1 and 4 are included here.

MODEL IMPROVEMENTS

INEL investigated the feasibility of making enhance-
ments in several modeling areas. These areas were:

* Uncertainty Analysis. The ASP models have never
had the ability to give an uncertainty estimation. It
was well-known that a basic parameter uncertainty es-
timation capability comparable to that of a typical
full-scope PRA was necessary and practical. The
INEL was also tasked with investigating how to esti-
mate the unique modeling uncertainty associated with
simplified ASP models.

¢ Human Reliability Analysis. The purpose of this
task was to make improvements in the current prac-
tice for human reliability analysis (HRA) for the
ASP program. Specific areas needing attention
were the treatment of recovery errors and the as-
sessment of dependency. The goal was to develop a
general, easy-to-apply, method which handled ac-
tuation, recovery, and dependency through a con-
sistent model of human behavior.

* Common Cause Failure [CCF] Analysis. The CCF
improvements work focused on providing better basic
parameter estimates while not increasing the com-
plexity of the models. The current ASP logic models
are straightforward for construction and review pur-
poses and they generate a reasonable number of
simple cutsets . .. .

Since the ASP logic models were to remain un-
changed, the focus was placed on the CCF basic events
values. Use of the Multiple Greek Letter method was
simple for point estimate calculations but was compli-
cated for uncertainty analysis. Therefore, other alterna-
tives were investigated, with conversion to the Alpha
method being the final determination . . . .

¢ Modeling Level of Detail and Scope. . . . Enhance-
ments were prioritized and it was decided to develop
support system models as part of this work with exter-
nal events, low power/shutdown [LP/SD] risk, and
Level 2 and 3 risk models . . . .

Each improvement was demonstrated on several
plant models selected from a set of prototype models
consisting of Byron, St. Lucie, Peach Bottom,
Oconee, and Three Mile Island . . . .

ASP MODEL EXTENSION

. .. RES contracted the INEL to perform a feasibility
study to investigate extending the ASP models, giving
them the capability of analyzing the risk significance of
operational events associated with LP/SD operations,
full-power and LP/SD internal flooding, LP/SD fire and
earthquakes. Full-power fire and earthquakes were al-
ready being evaluated by another project . . . .

Specific selection guidance is being developed in the
following areas:

(1)Low Power Operations. The selection guidance
used for full power operation is conservatively being
used for low power operations.

(2) Shutdown Operations. The selection guidance ad-
dresses various situations involving loss of shutdown
cooling, loss of coolant inventory control, and conditions
that could impede proper operator actions.

(3)Full Power External Events. The selection guid-
ance addresses actual occurrences of an external event
and various situations where conditions are such that
given an external event, the CCDP would likely be
greater than 1.0 x 1079,

(4) Shutdown External Events. The selection guidance
for these events is an adaptation of that for shutdown
internal events, with the external events viewed as an-
other means of impacting shutdown cooling, inventory
control, and operator actions.

INEL, in conjunction with SNL under the auspices

of NRC,'3 used previous work!! to develop Level 2
risk models for use in the ASP Program. Their objec-
tive is outlined as follows:

As outlined in the ASP Program Plan, the ASP Program
pursues the ultimate objective of performing risk signifi-
cant evaluations on operations events (precursors) occur-
ring in commercial nuclear power plants (NPPs). To
achieve this objective, the Office of Nuclear Regulatory
Research (RES) is supporting the development of simple
probabilistic risk assessment (PRA) models for NPPs in
the U.S. Presently, only simple Level 1 plant models
have been developed which estimate core damage fre-
quencies. However, the plan calls for the capability to
append to existing Level ! outcomes the capability of
performing Level 2/3 risk assessments such that the po-
tential consequences and risks could also be assessed.
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The paper goes on to explain the scope of work
necessary to accomplish their objectives:

This paper documents the current ASP Level 2/3 model
development effort. As done in the Level 1 model devel-
opment, all NPPs are classified into groups with a single
plant being selected from each group as the subject of the
initial model development effort. During the plant-group
model development, to the extent feasible, information
and methods developed and collected in the course of the
NUREG-1150 study [NRC, 1990] are utilized. The ob-
jectives of the Level 2/3 plant-group model development
are to demonstrate: (1) appropriate interfaces between the
Level 1 models and the Level 2 models; (2) simplified
Level 2 models; (3) source term (ST) estimates; (4) con-
sequence estimates; and (5) integration of the Level 2/3
models into the existing ASP software.

The paper explains further, “To estimate conse-
quences and risk, a linked event tree approach is uti-
lized where event trees are used to model the Level 1,
Level 2, and Level 3 portions of the analysis. Whereas
the endstates from the Level 1 tree represent the fre-
quency of core damage for an operation event, the
endstates from the Level 3 tree represent its risk.”
Moreover, “[e]mbedded in this methodology is the
flexibility to link Level 2/3 models of various levels of
detail to the Level 1 models.”

ECCS STRAINER BLOCKAGE RESEARCH
AND REGULATORY ISSUES

A paper presented by NRC!4 staff profiles the is-
sues, history, and efforts to date regarding the potential
for ECCS strainer blockage. The report explains that
historically,

Nuclear power reactor licensees in the United States of
America (US) are required to ensure long-term cooling to
the reactor core in accordance with the Code of Federal
Regulations (CFR), specifically 10 CFR 50.46, ‘Accep-
tance Criteria for Emergency Core Cooling Systems for
Light Water Nuclear Power Reactors.’ Following a pos-
tulated loss-of-coolant-accident (LOCA), LOCA gener-
ated debris (e.g., thermal insulation), operational debris
(e.g., corrosion products), and foreign materials may mi-
grate to the ECCS suction strainer in boiling water reac-
tors (BWRs) and block (clog) the suction strainer. If the
resistance across the strainer is great enough, the perfor-
mance of the ECCS pumps may be degraded because of a
decrease in net positive suction head (NPSH) and result
in a reduction or elimination of flow available for core
cooling and decay heat removal. Debris blockage of
ECCS suction strainers is a safety concern.

The United States Nuclear Regulatory Commission
(NRC) first addressed this concern as part of the
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resolution of Unresolved Safety Issue (USI) A—43, ‘Con-
tainment Emergency Sump Performance,” in the mid
1980s.

However, more recently,

Events at two operating reactors in 1992 and 1993 com-
pelled the NRC to re-evaluate the debris blockage aspects
of USI A-43 for BWRs and its resolution of the issue.

The paper continues,

On July 28, 1992, a safety relief valve (SRV) inadvert-
ently opened in the Barsebidck-2 nuclear power plant, a
Swedish BWR, and discharged into the drywell. The
steam jet stripped fibrous insulation from adjacent pipes
and part of that insulation debris was transported to the
wetwell pool and accumulated on two strainers. After
about one hour, the resultant increase in head loss from
debris blockage across the strainers caused the plant op-
erators to stop pump operations to prevent damage to the
pumps. The plant operators backflushed both strainers,
then reinitiated containment spray.

The paper further indicates that two additional
events occurred:

On January 16, and April 14, 1993, two events involving
the clogging of ECCS strainers occurred at the Perry
nuclear power plant, a US BWR. The first Perry event
involved clogging of residual heat removal (RHR) pump
suction strainers by debris in the suppression pool. The
second Perry event involved deposition of fibers from
temporary drywell cooling filter materials inadvertently
(i.e., foreign material) dropped into the pool on these
strainers coupled with the filtration of suppression pool
particulates (i.e., corrosion products or ‘sludge’).

The insights from the analyses of the Barsebick
and Perry incidents were examined, and the NRC
concluded,

The lessons of Barsebick and Perry have demonstrated
that the ECCS is susceptible to a potential common-
cause failure due to clogging of the suction strainers
that could prevent them from being able to perform
their safety function of decay heat removal over the
long term. This lesson was reinforced by a recent
strainer clogging event that occurred at Limerick,
Unit 1 on September 11, 1995.

A stuck open safety relief valve at Limerick led to the
initiation of both loops of suppression pool cooling. The
‘A’ loop subsequently experienced flow and current os-
cillations, an indication of a clogged strainer. Limerick
operators shutdown and restarted the pump with no fur-
ther complications, and the rest of the event was miti-
gated without any additional problems. Post-event
strainer inspection revealed that the suction strainer had
been clogged by a combination of polyethylene fibers
and corrosion products (sludge). The sludge is generally
present in US BWRs; however, the fibrous material that
was present in the suppression pool was due to a failure
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at some time to prevent the introduction of foreign mate-
rial into the suppression pool.

As a result, the NRC reevaluated its position on USI
A—43:

Because of the 1992 Barsebick event, the 1993 Perry
events, and the actions and research of Swedish and
Finnish regulatory authorities, the NRC began to evaluate
the effects of debris blockage of suction strainers on the
long-term cooling function of the ECCS system. The pur-
pose of the evaluation was to determine if strainer block-
age was a safety concern for US BWRs and to judge the
adequacy of the resolution of USI A—43 as it pertains to
BWRs. The initial thrust of this study was both probabi-
listic and deterministic, with emphasis on estimating the
probability of losing NPSH margin.

Regarding the new evaluation, NRC determined
that,

. .. the staff’s analysis and research indicated that debris
blockage for BWRs was a greater safety concern than
early analysis had concluded.

The paper then reports on the present status of the
issue:

The current state of knowledge regarding the US BWR
ECCS strainer blockage issue leads to the following ob-
servations and conclusions:

(1) A singular (or generic) solution is not possible in the
US because of the variations in BWR containment
designs, installed passive strainers, ECCS long term
cooling requirements, variability of installed insula-
tion materials, and foreign materials present . . . .

(2) Calculational models to accurately predict amounts
of debris generated and the physical characteristics
of such debris are lacking . . . .

(3) Drywell transport of LOCA generated debris is the
second area of continuing technical debate . . . .

(4) Suppression pool debris transport models which in-
clude settling and materials dependence (to a vary-
ing degree) have been developed. There appears to
be consensus that suppression pool debris transport
modeling, as described in Reference 8, is acceptable
and reasonably well understood . . . .

(5) Experiments over the past 3—4 years have produced
considerable data to estimate pressure drop associ-
ated with debris materials which can be transported
to the suction strainers . . . .

The paper also points out how the agency is ad-
dressing outstanding issues:

In retrospect, it is clear that prior USI A-43 evaluations
and findings developed in the mid 1980s, when compared
to the current knowledge base and recent plant incidents,
will under-estimate the potential for loss of long term
cooling capability during the post-LOCA period for US

BWRs. Based on the current knowledge base and avail-
able plant information the conclusion was reached that
passive suction strainers currently installed in US BWRs
are probably undersized and susceptible to the detrimen-
tal effects of debris blockage. The NRC staff considers
larger strainer surface areas the best solution to the BWR
Suction Strainer Blockage Issue.

The paper specified the issues: “There are two as-
pects to the potential strainer clogging issue. The first
is the potential for clogging of ECCS suction strainers
by debris and sludge which is present in the pool dur-
ing normal operation.” Consequently, the paper points
out, “Based on these considerations, NRC Bulletin
95-02 was issued . . . .” The other issue addressed by
the paper is explained: “The second aspect of the issue
is the potential clogging of ECCS suction strainers by
a combination of debris generated by a LOCA and
debris and sludge which is present in the pool during
normal operation.” Following this, the paper indicates,
“The staff issued a draft bulletin and proposed revision
to Regulatory Guide 1.82, Rev. 1 for public
comment ... .”

Another paper presented at the conference!’ dealt
with the international repercussions resulting from the
Barsebick incident:

The Barsebick incident spurred immediate action on the
part of regulators and utilities alike in several Organiza-
tion for Economic Cooperation and Development
(OECD) countries (e.g., Sweden, Finland, Germany,
Switzerland, and France). For example, the Swedish
Nuclear Power Inspectorate (SKI) required that immedi-
ate measures to prevent strainer clogging should be taken
for the five oldest Swedish BWRs which had strainers of
small area before they were allowed to start again.

The paper also indicated that several steps were ini-
tially taken to improve communications and dissemi-
nation of information,

To accelerate exchange of information and experience,
and provide feedback of actions taken to the international
community, a workshop on the strainer clogging issue
was hosted by SKI in Stockholm, Sweden, on January
26-27, 1994, under the auspices of Committee on the
Safety of Nuclear Installations/Principle Working
Group—-1 (CSNI/PWG-1). The objectives of the work-
shop were (1) to give an overview of decisions and work
performed recently on this issue, (2) to address the actual
safety issues with regard to the reliability of ECC recir-
culation, and (3) to discuss further actions needed. The
workshop revealed a rather confusing picture of the
available knowledge base, examples of conflicting infor-
mation and a wide range of interpretation of guidance
provided in the USNRC Regulatory Guide 1.82, Rev. 1.
Following this workshop, SKI requested formation of an
international working group (IWG) under the auspices of
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CSNI/PWG-1 committee for establishing an internation-
ally agreed-upon knowledge base for assessing the reli-
ability of emergency core cooling water recirculation
systems.

The specific tasks given to the group were:

(1) Critical review and compilation of available experi-
ments and other data related to the performance of
ECC water recirculation systems, including forma-
tion and behavior of various types of debris con-
taminating the water.

(2) Assessment of the applicability of the data base.
Identification of major uncertainties, lack of infor-
mation and data.

(3) Proposal of additional research and experiments as
well as pointing out those uncertainties which
should be accommodated in terms of conservative
design features.

The IWG, composed of participants from German (GRS),
Swedish (SKI), Finnish (STUK), Japanese (NUPEC), and
US (USNRC) regulatory authorities, the US BWR Own-
ers Group (BWROG), insulation vendors (PCI and
Transco Products, Inc.), Vattenfall Utveckling AB, and
SEA [Science and Engineering Associates, Inc.] (a NRC
subcontractor), met initially in April 1994 in Stockholm,
Sweden, and three additional meetings have been held.

The IWG indicated that “[t]wo design approaches
have emerged for dealing with LOCA generated de-
bris—the robust design approach (the Nordic coun-
tries) and the ‘calculational’ approach (United
States).” The IWG divided the LOCA considerations
to be addressed in ECCS design into five areas: Debris
Generation, Drywell Transport, Wetwell Transport,
Strainer Pressure Drop, and Related Issues. Their con-
clusions regarding these areas are as follows:

“. . . the IWG concludes
that plant-specific studies
are needed.”

Debris Generation:

Drywell Transport: “. .. conservative assump-
tions are recommended re-
garding the fraction of the
debris transported through

the drywell.”

Wetwell Transport: “The new experiments us-
ing debris that was removed
from the reactors or aged by
temperature, showed that
the material tended to re-
main suspended in the water
and thus is available for

strainer clogging.”
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“Small particles, in combi-
nation with fibrous debris,
would generally promote
strainer clogging.”

Strainer Pressure Drop: “Many experiments were
performed on mixtures of
fibers and particles. Gener-
ally, the pressure drops
significantly increased for
these mixtures as com-
pared to pure materials.”

“Experiments also showed
that the regression curves
used for fibrous insulation
in the earlier guidelines
were non-conservative.”

“A mixture of fibrous and
reflective metallic insula-
tion [RMI] debris have
been found to result in
head losses that are higher
than the sum of their pure
constituents.”

Related Issues: “A number of potential
concerns for the recircula-
tion operability were iden-
tified that encompass such
issues as vent path clog-
ging; generation of mis-
siles; strainer penetration;
potential for liquid flow re-
strictions in, for instance,
spray nozzles and fuel
bundles; and effects on
pump operability.”

A third paper presented at the conference!S re-
ports on the computer code that was developed in
support of the NRC’s studies of the ECCS strainer
blockage phenomenon. SEA, under the auspices of
the NRC, was selected to “estimate the potential for
loss of net positive suction head (NPSH) margin of
the ECCS pumps in a BWR due to clogging of
suction strainers by a combination of fibrous and
particulate debris, either generated by the LOCA or
previously present inside the containment.” The
results of SEA’s work were published in a
NUREG/CR.!”
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SEA determined that

NUREG/CR-6224 concluded that for the reference plant,
a BWR 4 with a Mark 1 containment whose dry well
piping is essentially all insulated with steel jacketed fi-
brous material, considerable potential exists for loss of
the ECCS pumps due to strainer clogging by the LOCA
generated debris. It was further concluded that very thin
insulation debris layers are sufficient to induce pressure
drops that are in excess of available NPSH margin for
most BWRs.

Further, SEA reported,

The NUREG/CR-6224 methodology was codified in a
computer code named BLOCKAGE. The elements of
the methodology developed for BLOCKAGE to evalu-
ate the effect on head loss across strainers due to de-
bris introduced into the suppression pool as a result of
a LOCA follows the key LOCA event progression
phenomenology . . . .

121

Moreover,

A LOCA event can be effectively divided in two phases
for the purpose of BLOCKAGE analysis: (1) the short
term phase, starting with the actual weld failure and end-
ing with the drywell de-pressurization and (2) the long
term phase which ends when the ECCS and long term
residual heat removal functions are no longer necessary.
BLOCKAGE can be effectively set-up to analyze both
phases of a LOCA event.

CONCLUSIONS

It is not possible to summarize or even mention all
the papers presented at the conference. Nor is it pos-
sible to provide an adequate review of the meeting;
therefore the reader is urged to read all the papers pub-
lished in the proceedings and again is referred to
Table 1, which lists all the reports.
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NRC Confirmatory AP600 Safety System Phase I Testing in
the ROSA/AP600 Test Facility

S. Yokobori, K. Arai, and H. Oikawa (Toshiba)
J. Reyes (OSU), D. Bessette (NRC), and M. DiMarzo (UM)

M. Ishii et al. (PU)
G. Varadi et al. (PSI)
G. Rhee (NRC), Y. Kukita (JAERI), and R. Schultz (INEL)

(Table continues on the next page.)
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Table 1 (Continued)

HUMAN FACTORS RESEARCH

Chairperson: J. Persensky

1. Review of EPRI Nuclear Human Factors Program

2. Interim Results of the Study of Control Room Crew Staffing
for Advanced Passive Reactor Plants

3. Human-System Interface Design Review Guideline: The
Development of Draft Revision 1 to NUREG-0700

L. Hanes and J. O’Brien (EPRI)

B. Hallbert, A. Sebok, and K. Haugset (OECD Halden Project);
D. Morisseau and J. Persensky (NRC)

J. O’Hara, W. Stubler, and W. Brown (BNL); J. Wachtel and J. Persensky
(NRC)

ADVANCED 1&C HARDWARE AND SOFTWARE

Chairperson: C. Antonescu

1. Lessons Learned from Development and Quality Assurance
of Software Systems at the Halden Project

2. Assessment of Fiber Optic Sensors and Other Advanced
Sensing Technologies for Nuclear Power Plants

3. Preliminary Studies on the Impact of Smoke on Digital
Equipment

4. Development of Electromagnetic Operating Envelopes for
Nuclear Power Plants

5. Performance Evaluation of Fiber Optic Components in
Nuclear Plant Environments

T. Bjorlo et al. (OECD Halden Project)

H. Hashemian (AMS)

T. Tanaka (SNL), K. Korsah (ORNL), and C. Atonescu (NRC)
P. Ewing and S. Kercel (ORNL)

M. Hastings and D. Miller (Ohio State U.); R. James (EPRI)

SEVERE ACCIDENT RESEARCH I

Chairperson: C. Tinkler

1. Resolution of the Direct Containment Heating Issue for All
Westinghouse Plants with Large Dry Containments or
Subatmospheric Containments

2. Status of the FARO/KROTOS Melt-Coolant Interactions
Tests

3. An Overview of Fuel-Coolant Interactions (FCI) Research at
NRC

4. Progress on the MELCOR Code

5. Investigation of a Steam Generator Tube Rupture Sequence
Using VICTORIA

6. The Severe Accident Research Programme PHEBUS F. P.:
First Results and Future Tests

M. Pilch, M. Allen, and E. Klamerus (SNL)

D. Magallon et al. (JRC, Italy)
S. Basu and T. Speis (NRC)

K. Bergeron et al. (SNL)
N. Bixler and C. Erickson (SNLY); J. Schaperow (NRC)

M. Schwarz (IPSN/CEA) and P. von der Hardt (JRC, France)

SEVERE ACCIDENT RESEARCH II

Chairperson: A. Rubin

1. Preliminary Results of the XR2-1 Experiment

2. Steady-State Observations and Theoretical Modeling of
Critical Heat Flux Phenomena on 2 Downward Facing
Hemispherical Surface

3. Hydrogen Detonation and Detonation Transition Data from the
High-Temperature Combustion Facility

4. Recent Experimental and Analytical Results on Hydrogen
Combustion at RRC “Kurchatov Institute”

5. SCDAP/RELAPS Code Development and Assessment

6. Recent SCDAP/RELAPS5 Improvements for BWR Severe
Accident Simulations
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R. Gauntt and P. Helmick (SNL); L. Humphries (SAIC)
F. Cheung and K. Haddad (PSU)

G. Ciccarelli et al. (BNL), H. Tagawa (NUPEC), and A. Malliakos
(NRC)
S. Dorofeev et al. (RRC/KI)

C. Allison and J. Hohorst (INEL)
F. Griffin (ORNL)
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Table 1 (Continued)

Pl e

PROBABILISTIC RISK ASSESSMENT TOPICS
Chairperson: M. Cunningham'
Development of an Improved HRA Method: A Technique for J. Taylor and W. Luckas (BNL), J. Wreathall (JWC), S. Cooper (SAIC),

Human Error Analysis (ATHEANA) and D. Bley (BCI)

Uncertainties in Offsite Consequence Analysis M. Young and F. Harper (SNL); C. Lui (NRC)

Advanced Accident Sequence Precursor Analysis Level 1 M. Sattison et al. (INEL) ’

Models

Advanced Accident Sequence Precursor Analysis Level 2 W. Galyean, D. Brownson, J. Rempe (INEL); T. Brown, J. Gregory,
Models F. Harper (SNL); C. Lui (NRC)

New Developments in the SAPHIRE Computer Codes K. Russell, S. Wood, and K. Kvarfordt (INEL)

INDIVIDUAL PLANT EXAMINATION
Chairperson: T. Su

Core Damage Frequency Perspectives for BWR 3/4 and S. Dingman and A. Camp (SNL), J. LaChance (SAIC), and M. Drouin
Westinghouse 4-Loop Plants Based on IPE Results (NRC)

Severe Accident Progression Perspectives for Mark 1 C. Lin, J. Lehner, and W. Pratt (BNL); M. Drouin (NRC)
Containments Based on the IPE Results

Perspectives on Plant Vulnerabilities and Other Plant and J. LaChance, A. Kolaczkowski, and J. Kahn (SAIC); R. Clark and
Containment Improvements J. Lane (NRC)

IPE Results as Compared with NUREG-1150 W. Pratt and J. Lehner (BNL), A. Camp (SNL), and E. Chow (NRC)
IPE Data Base: Plant Design, Core Damage Frequency and J. Lehner, C. Lin, and W. Pratt (BNL); T. Su and L. Danziger (NRC)

Containment Performance Information

STRUCTURAL & SEISMIC ENGINEERING
Chairperson: J. Costello
An Assessment of Seismic Margins in Nuclear Plant Piping W. Chen and K. Jaquay (ETEC); N. Chokshi and D. Terao (NRC)

PRIMARY SYSTEMS INTEGRITY
Chairperson: M. Mayfield

RPV and Steam Generator Pressure Boundary J. Strosnider (NRC)

Environmentally Assisted Cracking of LWR Materials O. Chopra et al. (ANL)

Steam Generator Tube Integrity Program D. Diercks and W. Shack (ANL); J. Muscara (NRC)

Embrittlement Recovery Due to Annealing of Reactor E. Eason, J. Wright, and E. Nelson (MCS); G. Odette and E. Mader
Pressure Vessel Steels (UCSB)

Reactor Pressure Vessel Integrity Research at the Oak Ridge W. Corwin, W. Pennell, and J. Pace (ORNL)
National Laboratory

EQUIPMENT OPERABILITY AND AGING
Chairperson: J. Vora

Condition Monitoring and Testing for Operability of Check D. Casada and K. McElhaney (ORNL)

Valves and Pumps

Corrosion Effects on Friction Factors L. Magleby (INEL) and S. Shaffer (Battelle)

Results of a Literature Review on the Environmental R. Lofaro, B. Lee, and M. Villaran (BNL); J. Gleason (GLS);
Qualification of Low-Voltage Electric Cables S. Aggarwal (NRC)

DOE-Sponsored Cable Aging Research at Sandia National K. Gillen et al. (SNL)

Laboratories

DOE-Sponsored Aging Management Guideline for Electrical G. Gazdzinski (OEES)
Cable and Terminations

(Table continues on the next page.)
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Table 1 (Continued)

ECCS STRAINER BLOCKAGE RESEARCH AND REGULATORY ISSUES

Chairman: C. Serpan

1. An Overview of the BWR ECCS Strainer Blockage Issues
2. The CSNI/PWG-1 International Task Group on ECCS
Reliability

3. Experiments of ECCS Strainer Blockage and Debris Settling in

Suppression Pools
4. The Stainer Blockage Assessment Methodology Used in the
BLOCKAGE Code

A. Serkiz, M. Marshall, and R. Elliott (NRC)
O. Sandervag (SKI, Sweden), T. Riekert (GRS, Germany), A. Serkiz

(NRC), and J. Hyvirinen (STUK, Finland)

G. Hecker et al. (ARL)

G. Zigler and D. Rao (SEA)

“Abbreviations of organizations are as follows:

AMS Analysis and Measurements Services Corp.
ANL Argonne National Laboratory

ARL Alden Research Laboratory

BCI Buttonwood Consulting Inc.

BNL Brookhaven National Laboratory

EPRI Electric Power Research Institute

ETEC Energy Technology Engineering Center
GLS GLS Enterprises, Inc.

INEL Idaho National Engineering Laboratory
IPSN/CEA French Atomic Energy Commission
JAERI Japanese Atomic Energy Research Institute
JRC European Commission, Joint Research Centre
JWC John Wreathall & Co.

MCS Modeling and Computing Services

NRC Nuclear Regulatory Commission

bAll papers and talks are included in the proceedings.
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Analysis of a PWR LBLOCA Without SCRAM?

By Trevor N. Tyler, Rafael Macian-Juan, and John H. Mahaffy?

Abstract: We analyze a conservative recriticality scenario
to explore the potential risk of fuel damage during a large-
break loss-of-coolant accident in a typical U.S. pressurized-
water reactor. No SCRAM is assumed, and no credit is taken
Jor injected boron in core neutronics calculations. Although
the scenario is conservative, the analysis is best estimate,
using TRAC-PFI1/MOD?2 to model the thermal-hydraulics,
coupled with a three-dimensional, transient neutronic model
of the core. The simulation can follow complex system inter-
actions during the reflood, which influence the neutronic
feedback in the core. In all cases examined, the return of
cold water to the core is limited by increased steam produc-
tion from a marginal (local) return to power. A quasi-steady
state is established during low-pressure safety injection
cooling in which sufficient core flow exists to maintain rod
temperatures to well below the fuel damage limit, but insuf-
ficient total inventory is present to result in a full return to
power.

The risk of reactivity accidents has been considered an
important safety issue since the beginning of the
nuclear power industry. In particular, several events
leading to such scenarios for pressurized-water reac-
tors (PWRs) have been recognized and studied to as-
sess the potential risk of fuel damage. The common
characteristic of such events is the injection of cold
water with low boron content into the core. Depending

4Supported by USNRC contract NRC-03-93-027.
®Department of Nuclear Engineering, The Pennsylvania State
University, University Park, PA 16802.
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on the thermal-hydraulic conditions during the injec-
tion, the potential exists for a return to criticality,
which could lead to a dangerous power excursion.

Some studies have been performed to analyze this
type of accident during local dilution transients! and
small-break loss-of-coolant accidents (SBLOCASs),?
and the potential for a recriticality scenario following
the large-break loss-of-coolant accident (LBLOCA)
reflood phase has also been identified. One of the com-
mon conclusions reached in these studies has been the
necessity of a detailed three-dimensional (3-D)
thermal-hydraulic and a 3-D neutronic core model to
better describe the transient evolution. A version of
TRAC-PF1/MOD?2 has been created with these fea-
tures at The Pennsylvania State University.

The work described here analyzes one of these acci-
dents, the LBLOCA, from its initiation to the
postreflood cooling phase with the use of TRAC-PF1/
MOD2 3-D core and vessel models. This study is an
extension of LBLOCA analyses made by Los Alamos
National Laboratory3# with the use of a modified ver-
sion of TRAC-PF1/MOD2v5.3. In these studies, a re-
actor SCRAM was assumed, and the potential for
recriticality was thus averted. For analysis described in
this article, a similar plant model was used, but two
major differences were introduced: no SCRAM was
simulated, and a full 3-D neutronic core model was
used instead of the classic point-kinetics model. As a
conservative assumption, no credit was taken for boron
in the emergency core cooling system (ECCS). The
fine thermal-hydraulic and neutronic coupling allowed




a refined study of the core power evolution as the tran-
sient progressed and could predict a return to a critical
state should it occur during the reflooding phase.

This work also differs from the Los Alamos study
because a modified version 5.4 of TRAC-PF1/
MOD?2 was used rather than version 5.3. The modi-
fications to the thermal-hydraulic portion of the
code are essentially identical to those used by Los
Alamos in the analysis with version 5.3. They are
required to correct problems with water packing and
interfacial drag logic in the downcomer that prevent
either version 5.3 or 5.4 from successfully running
this class of LBLLOCA transient.

Our purpose in this study is not to produce a high
fidelity reproduction of conditions in a specific plant
but to explore the general consequences of feedback
between core neutronic and thermal-hydraulic behav-
ior. We will demonstrate that feedback between
moderator-induced power increases, and the resulting
increase in core pressure is rapid enough to keep the
core liquid level below that required for a full return to
power.

This article first presents the generic system model
together with the assumptions involved in its develop-
ment, especially in the neutronics part. Then the com-
putational process is described, and the results of the
steady state are presented. Finally, a description of the
transient is followed by the conclusions.

COMPUTER MODEL DESCRIPTION

Thermal-Hydraulic Model

The thermal-hydraulic plant model used in this
study was developed as part of the international safety
research effort known as the 2-D/3-D Refill/Reflood
Program. The model describes a typical U.S./Japan
PWR with four loops and 949 fluid cells.

The primary side is modeled in detail except for the
high- and low-pressure safety injection (HPSI and
LPSI) systems that are simulated by four mass flow
boundary conditions (TRAC Fill components) repre-
senting the combined HPSI and LPSI in each loop.
Four active accumulators (one per loop), modeled by
means of pipe and valve components, complete the
ECCS. The nitrogen in the accumulators is allowed
into the system and followed by TRAC as an addi-
tional gas field. Therefore its effect on condensation
rates within the primary-side components is taken into
account.
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The four loops of the primary side are identical ex-
cept for the cold leg of the loop 3, where the 200%
guillotine break occurs between the cold-leg nozzie
and the ECCS injection point. The containment
backpressure is simulated by time-dependent boundary
conditions implemented with a table option in the
TRAC Break component. From an initial atmospheric
pressure (0.0999 MPa), the containment pressure
reaches a peak of 0.341 MPa at 25 s and then drops to
0.242 MPa at 300 s.

The pressurizer is connected to a hot leg of the sec-
ond loop. For this work the water level is set to 2.7 m,
according to the minimum requirement of Technical
Specifications in a PWR. This level was selected as a
conservative assumption.

The steam generators (SGs) are modeled with a
moderate level of detail. They contain a recirculation
path in the secondary side with the recirculation flow
rate adjusted at steady state to match typical plant
value. The balance of the plant is simulated by mass
flow boundary conditions for feedwater flows (TRAC
Fills) and pressure boundary conditions at the steam
outlets. The secondary-side pressure is set during a
steady-state calculation through active control of a
valve between the secondary-side outlet nozzle and the
Break component, and its value is adjusted to keep the
plant energy balance within actual values.

The vessel component is divided into 544 hydrody-
namic cells representing 17 axial levels, 4 radial rings,
and 8 azimuthal sectors. Most of the vessel internals
are included in the model: downcomer, upper and
lower plena, upper head, and the spray nozzles are
located there. Leakage paths between the hot legs and
core barrel are also included.

Finally, the core region within the vessel is con-
tained in the inner two rings and between axial levels
five to nine. This region is subdivided such that each
inner ring azimuthal sector contains 10.125 fuel as-
semblies (2065.5 fuel rods), and each outer ring sector
contains 14 assemblies (2856 fuel rods). The lower-
core support plate covers the three inner radial rings at
the top of level four. The upper-core support plate is
located at the top of level ten.

References 3 and 4 contain detailed noding dia-
grams for the TRAC-PF1/MOD?2 portion of this plant
model.

Neutronic Core Model

The core contains 193 of the 15 by 15 fuel assem-
blies (a total of 39 372 fuel rods) of three different
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enrichments: 65 of 2.2 wt %, 64 of 2.7 wt %, and 64 of
3.2 wt %. The mapping of the fuel assemblies and the
core hydraulic cells was described in the previous sec-
tion. The neutronic core model is completed by 64
radial reflector nodes per axial level surrounding the
fuel region and 432 reflector nodes in the first and last
axial levels to simulate the axial reflectors.

A two-group 3-D neutron kinetics model was devel-
oped to simulate the core power evolution during the
transient. Previous analyses used a point kinetics
model or at best a one-dimensional (1-D) model. The
TRAC-PF1/MOD?2 version used in this study contains
a full 3-D neutronics module developed by Bandini,’
which is based on the Nodal Expansion Method
(NEM)¢ and is capable of handling steady-state and
transient situations with several energy groups. The
NEM method is one of a variety of recently developed
nodal coupling schemes, where the solutions to the
transverse integrated 3-D diffusion equation are ap-
proximated by a polynomial expansion. This method
has been shown to provide accurate results for a vari-
ety of benchmark problems.”#

The neutronic core is divided into 368 radial nodes
per axial level; each one of the nodes represents the
portion of fuel assembly within the axial level except
for the center rows of assemblies in the X and Y direc-
tions, which are subdivided into four nodes per assem-
bly to ensure symmetry between the thermal-hydraulic
and the neutronic noding schemes. This division re-
sulted in a center assembly divided into 16 nodes and in
a fine nodalization that allowed fractions of center row
fuel assemblies to be mapped with appropriate symme-
try into the r-theta distribution of TRAC fuel rod com-
ponents. The final result was a symmetrical steady-state
power mapping consistent with the actual core power
distribution of a typical PWR. Figure 1 shows the
thermal-hydraulic-neutronic mapping scheme.

The coupling between the neutronic and the
thermal-hydraulic core is achieved by 16 active ROD
components (one per each core sector in an axial
level). Each ROD models an average rod for its re-
spective region and receives the power generated by
the sum of all neutron kinetic nodes mapped to it. The
axial power shape is determined by the 3-D neutronics
calculation. This power is transferred to the core hy-
draulic cells connected to the active ROD through a
standard TRAC heat transfer calculation.® The cou-
pling is completed by the information that the rod tem-
peratures and the thermal-hydraulic conditions in the
hydraulic core cells feed to the 3-D neutronics module,
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which is used to obtain the appropriate cross sections
for each of the 368 neutronic nodes. This linkage be-
tween the neutronics and thermal-hydraulics is nu-
merically explicit and updated at every time step in the
calculation.

CALCULATION PROCEDURE

Cross-Section Calculation

Bandini’s original NEM implementation in TRAC-
PF1/MOD?2 used polynomial fitting to obtain the cross
sections and diffusion coefficients. This approach
works well for transients with relatively small devia-
tions from the dormal operating conditions; however,
the conditions during an LBLOCA vary widely enough
(particularly the mean fluid density) that a more reli-
able approach is required. For this reason, an interpola-
tion method based on cross-section tables was devised
and implemented in the module. Table bounds were
established from a baseline LBLOCA with SCRAM.
Conditions in the transients reported here always re-
sulted in interpolations within the bounds of our tables.

Only two independent variables were considered to
model the two most important reactivity feedback
mechanisms expected to control this scenario: the fuel
temperature, responsible for the Doppler feedback, and
the moderator density, including water temperature
and void fraction effects. Coolant density determines
the moderation efficiency, which controls the neutron
spectrum surrounding the fuel elements. Appropriate
consideration of this last effect is very important in
this study because the return of liquid to the core is the
process expected to lead to recriticality. The 3-D kinet-
ics was selected because nodes located in different
parts of the core, even at the same axial level, can be
surrounded by different void fractions, which yields a
different neutronic behavior. This study did not require
accounting for dependence of cross-section and diffu-
sion coefficients on boron concentration because of the
underlying conservative assumption of the study. With
no credit taken for injected boron or concentration in-
creases as the result of boiling, only the base operating
concentration is needed for calculation of kinetic pa-
rameters. The version of TRAC used for this study,
however, has the ability to include boron concentration
with fuel temperature and moderator density as an in-
dependent variable in the cross-section tables.

The fuel temperature ranged from 350 to 3200 °F,
and the water density ranged from pure liquid
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Fig. 1 3-D thermal-hydraulic-neutronic mapping.

at 220.0 °F to highly voided (void fraction = 0.6) fluid
at 570.1 °F. In the case of an LBLOCA, where the core
void fraction ranges from 0.0 to almost 1.0 at the end
of blowdown, to decrease again after reflooding starts,
void fraction is the most important parameter control-
ling coolant density. Void fractions larger than 0.6
were not considered in the table generation for two
reasons: (1) the code selected to calculate the cross
sections, PSU-LEOPARD,!0 could not handle accu-
rately void fractions larger than 0.6; and (2) it was
found that such large void fractions would yield very

low moderation and could be neglected if compared
with the moderating power of the high-density
reflooding front flowing into the core. In fact, a run
was made with interpolation of kinetics data to zero
for void fractions equal to one with no appreciable
differences in the results. As mentioned previously, the
3-D analysis can resolve the contribution of each neu-
tronic node to the total neutron population in the core.
Therefore it can account for the much greater influence
that nodes coupled with low void fraction cells will
have in the overall core neutronic behavior if
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compared with those nodes coupled to high void frac-
tion regions. For nodes with void fractions higher than
0.6, the values of the cross sections at 0.6 were used.
Regarding the possibility of whole core recriticality,
the use of overpredicted moderation in the upper core
(with expected void fractions larger than 0.6) will
yield a more reactive core, which will result in a more
severe transient.

The fuel elements were reduced to the unit cell
scheme employed by PSU-LEOPARD, and the runs
were extended up to xenon equilibrium burnup for a
soluble boron equilibrium xenon concentration of
780 ppm. In addition, because the core model repre-
sented a first load core, burnable poison (BP) rods
were present in some of the fuel assemblies. PSU-
LEOPARD is not able to include discrete highly ab-
sorbing rods into the fuel assembly model it uses.
Therefore the effect of the BP rods was accounted for
by including an equivalent boron volume fraction in
the clad region that would yield the same number den-
sity as that in the actual BP rods for the corresponding
fuel assembly. This value was further modified by a
factor that decreased the boron concentration to simu-
late the self-shielding effect on the neutron flux that a
highly absorbing material produces. The same value
was used for all fuel assemblies. The final value for
this parameter was obtained by running several TRAC
steady-state runs based on cross-section tables gener-
ated with different self-shielding factors until k. was
equal to one.

Two different neutronic core models, heterogeneous
and homogeneous core, were developed. The homoge-
neous model consisted of only one type of fuel assem-
bly, representing a full core average fuel assembly and
one type of reflector assembly. The results from this
core were used as a guide and starting point for the
more detailed heterogeneous core, which contained 11
different fuel assemblies and 1 type of reflector assem-
bly. The 11 fuel assemblies represented the 3 different
enrichments described previously together with differ-
ent BP concentrations. This last characteristic was ho-
mogenized throughout the core because the NEM
implementation could not converge to a solution with-
out an excessively fine mesh when a highly heteroge-
neous core was used (i.e., assemblies containing BPs
placed next to assemblies without BPs). This is related
to the fact that the NEM method is based on diffusion
theory. As is well known, in the vicinity of highly
absorbing regions, diffusion theory does not yield ac-
curate values of the neutron fluxes and currents. The
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version of NEM used in this study lacks the mitigating
effects of discontinuity factors and applies a partial
current formulation that is not particularly robust in the
presence of abrupt changes in cross sections.

The homogenization of BPs is a conservative as-
sumption from the point of view of the maximum clad
and fuel temperature reached by the fuel rods. The BP
rods are located in the center and in the highest enrich-
ment fuel assemblies (e.g., the 2.7 wt % assemblies
closest to the center of the core have the highest BP
content). The homogenization process reduces the bo-
ron poison concentration in such assemblies, resulting
in a higher power being predicted than the one that
would actually exist if the poison were heteroge-
neously distributed. The power that those assemblies
transfer to the ROD components coupled to them (the
assemblies correspond actually to NEM nodes) is also
higher, and this increases maximum values predicted
for the clad and fuel centerline temperatures.

LBLOCA Simulation

The study was initiated with a steady-state run. To
obtain convergence with the heterogeneous core, the
steady-state run started with the homogeneous core
model. This strategy allowed a smooth transition from
the initial guesses for the thermal-hydraulic variables
to their steady-state values without causing numerical
difficulties for the neutronics calculation. After reach-
ing a satisfactory convergence in the system param-
eters, the homogeneous core was replaced by the het-
erogeneous one, and the run was extended further until
the convergence criteria were met (variations of <0.1%
within a time step). The main steady-state system pa-
rameters are displayed in Table 1. They correspond to
the actual plant values observed in a typical U.S./Japan
PWR plant.

On the basis of the system steady-state configura-
tion, the transient run was started with a complete
double-ended (200%) guillotine break located in the
largest pipe of the reactor cooling system (RCS). The
break was simulated in the cold leg of loop 3, about
2.70 m from the end of the cold-leg nozzle (between
the vessel injection nozzle and the ECCS injection
point). The pressure history for the containment was
described by pressure vs. time tables.

The system actions after such an event takes place
were according to the standard response of automatic
safety systems. The pumps were tripped by the pres-
surizer low-pressure signal. The SG secondary sides
were isolated by closing the feedwater fills and the
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Table 1 Main System Steady-State

Parameters

Parameter Value
Core power, MW 3315
K 0.9906
Pressurizer pressure, MPa 15.720
RCS loop flow, kg/s 4637.0
Reactor flow, kg/s 18 550.0
Core flow, kg/s 17710.0
Core bypass flow, % 45
Core initial temperature, K 551.4
Core outlet temperature, K 586.0
SG secondary flow, kg/s 449.3
SG steam pressure, MPa 4.964
SG steam temperature, K 536.6
SG feedwater temperature, K 493.4

Core average linear power, kW/m 2242

steam outlet valves connected to the secondary
sides. The injection of emergency cooling water was
initiated by the accumulator’s check valves opening
on the basis of low-pressure readings in the cold leg
(4.23 MPa). The ECCS (HPIS/LPIS), modeled as
pressure-dependent fills, was tripped at 12.5 MPa in
the cold legs with a 25-s delay to account for the
inertia of fluid and pumps in the ECCS.

Regarding the core power evolution, three major
conservative assumptions were made. First, the steady-
state power was set to 102% of the nominal power
(that is, 3315 MW); second, no SCRAM was activated
after the LBLOCA took place; and third, no credit was
given to the strong negative effect that the highly bo-
rated water from the accumulators and ECCS has in
the core reactivity. Therefore the core power was
mainly dependent on the moderation capacity of the
coolant present.in the core (liquid volume fraction) and
on the Doppler feedback resulting from the increase of
the fuel-rod temperature. Finally, the decay heat was
calculated by the standard TRAC decay heat model:
ANS 79 (Ref. 11).

The transient run was extended up to 400 s, when a
certain steady state in the main system parameters was
observed for more than 100 s.

RESULTS AND ANALYSIS

The transient begins with the double-ended guillo-
tine break in loop 3 at time 0.0 s. Following this event,

tthe pressure in the reactor vessel (see Fig. 2) decreases

rapidly. This period, known as early blowdown,
reduces the primary-side pressure to 6 MPa in about
8 s. Because of the fast vessel inventory depletion
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through the break, the core water mass is suddenly
reduced (see Fig. 3), and at 2.3 s the core is almost
empty (void fraction 0.99 = liquid volume fraction of
0.01). As a result, the volume average fuel-rod tem-
perature, a measure of the efficiency of rod to coolant
heat transfer, rises sharply and reaches a first maxi-
mum around 1020.0 K (see Fig.4), which is limited
because of a partial core refill following the initial in-
ventory depletion. This refill is produced by the inertia
of the fluid in the cold legs and downcomer and by the
pump coastdown. Figure 5 shows that the maximum
clad temperature is also below 1000 K at the time of
the first temperature peak.

The pumps, tripped at 3.5 s because of a low
primary-side pressure signal, keep on pumping coolant
into the cold legs until their stored inertia vanishes.
After the core is half-filled at 5.5 s, its liquid inventory
is reduced again because the reactor coolant is being
lost through the break, and there is no other coolant
source. By 30 s, the core is empty, and the clad tem-
perature reaches a second lower peak of 950 K at
32.6 s. Both peaks are well below the limit value of
1475 K. This process takes place during the second
part of the blowdown, when the pressure decreases
more slowly (see Fig. 2) and the accumulators start the
coolant injection into the cold legs at 13.5 s. The

1.0

immediate effect is the rise of downcomer liquid frac-
tion as it fills up with the water from the accumulators.
By 245, the accumulators have discharged most of
their contents, and the amount of coolant being injected
into the downcomer drops abruptly. The downcomer
liquid fraction is reduced sharply as the liquid flows
into the core, whose liquid content raises again (see
Fig. 3). Following this recovery of core inventory, the
ECCS injection is initiated at 28.6 s. The surge of water
from the ECCS into the vessel fills up the lower ple-
num at 30s, and the reflood of the core begins. The
lower core region is quenched at 31 s, and the reflood is
completed near 175 s when the quench front reaches
the top of the fuel rods (see Fig. 6). At this point the
reactor pressure has stabilized at about 0.30 MPa, in
equilibrium with the containment pressure.

During the reflooding process the reactor power re-
mains low as shown in Fig. 7. The rod temperatures
(Figs. 5 and 6) show no sign of the telltale increase that
would be expected in an eventual return to whole core
criticality, especially in the case of the centerline val-
ues. The core and downcomer liquid inventories grow
slowly because of the LPSI. The total mass injected in
the core is shown in Fig. 8. The strong mean flow re-
flected by the slope of these curves provides enough
cooling to keep clad and fuel temperatures low.
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Fig. 3 Core liquid volume fraction.
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The most relevant result is the stable state that the
core reaches after 200 s. Figure 2 shows the stabiliza-
tion of the liquid content in the vessel, with the curves
leveling off at about 200 s. According to Fig. 8, liquid
water is being injected into the vessel during the entire
transient. Therefore the stabilization of the core liquid
fraction around 0.45 is a sign of the evaporation of part
of the incoming liquid as the power generated in the
lower core settles into a slowly decreasing trend at a
level about 5% larger than that expected from decay
heat alone (see Fig. 9).

Figure 10 shows the normalized axial distribution
of fission power at several times in the transient. One
impact of this higher power level relative to the decay
power can be seen in the centerline temperature plots
shown in Fig. 5. With higher amounts of cold liquid in
the lower core, one would expect lower temperatures
in that region; however, the fuel centerline tempera-
tures in the lower core regions (values at 3.09 and 4 m
from bottom of the vessel) remain higher than in the
middle (4.92 m) and upper (5.83 and 6.74 m) regions
after the quenching has been completed.

The 3-D calculation describes the lower core based
on the mostly liquid environment surrounding the fuel
rods. Such conditions effectively moderate the neutron
flux from the precursor decay (computed also by the
model), which results in a higher fission rate and
power production than that observed in the upper core,
where the high void fraction cannot provide enough
moderation to significantly increase the local fission
rate. The total power being generated in the lower core
boils off enough incoming liquid to keep the average
core liquid fraction relatively stable and below the
value necessary to drive the core into a critical state. A
steady-state calculation with the conditions at 400 s
showed a kg equal to 0.958068 when core liquid vol-
ume fraction is approximately 0.45. This value should
be compared to additional studies with an artificial
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increase of core liquid inventory showing the mini-
mum core liquid fraction for whole core recriticality to
be about 0.62. Because conditions at 400 s represented
the highest liquid inventory in the core after the initia-
tion of the reflooding and the most important positive
reactivity feedback in this analysis comes from the
moderator density, the subcritical value for kg gives
reasonable guarantees that the core remained subcriti-
cal during the whole transient. This assertion is sup-
ported by the comparison of the value of kg with a net
Kefr net Obtained according to the methodology proposed
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by Kim et al.!2 From a statistical analysis of the results
presented in Refs. 5, 7, and 8 for several multidimen-
sional benchmarks, the corrected critical ke e, that
would account for the bias of the NEM implementa-
tion used in the present study is 0.9697876. This value
is larger than the subcritical k ¢ computed for the sys-
tem at 400 s and bounding because much of the actual
bias in the method has been eliminated from this prob-
lem through the initial adjustments creating a critical
steady-state core.

Although whole core recriticality does not seem to
be likely under the conditions studied in this article,
there still remains the possibility of local recriticality
effects in the lower core regions. Figure 9 shows
power spikes during the reflooding phase, which could
be explained by such phenomenon. The source of any
possible local recriticality, as mentioned previously,
may be found in an increase in moderation of the de-
layed neutrons being produced in the lower core by the
cold coolant. This would explain why the spikes are
larger at the beginning and their peak values decay as
the transient progresses (as neutron precursors decay).
This process can well be attributed to local recriticality
based on a balance of the neutron economy in the
lower core neutronic nodes; however, it is not possible
to be conclusive in this respect because the NEM
method does not provide information about node k..
Nevertheless, as shown in the power plot, the local
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power spikes are a self-limiting process; the increase
in power causes an increase in moderator temperature
and oscillatory increases in void fraction (compare the
behavior of the core liquid inventory coincidental with
the power spikes). Conversely, the higher baseline

power level, excluding spikes, is probably caused by
the increase in moderation of the delayed neutrons,
that, if enough to increase the number of fissions, is
not enough to produce local recriticality until the
right combination of fuel temperature, moderator
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temperature, and void fraction (density) is locally
reached. At that point, a sudden power spike appears.
The extra power increases fuel temperature, void frac-
tion, and moderator temperature; so enough negative
reactivity is introduced to eliminate the local critical
state until the next right combination is reached be-
cause cold coolant continues being injected in the core.
Toward the end of the transient, the decay of neutron
precursors is such that the amount of neutrons being
released is not enough to result in local recriticality,
and, although the baseline power remains larger than
the decay heat power, the spikes have almost
disappeared.

It is important to point out that the scale in Fig. 9 is
such that the power oscillations can easily be resolved.
The power spikes, however, are much smaller than
rated power. As mentioned previosuly, further analysis
showed a real return to power when the core liquid
volume fraction reached a value of 0.62 by artificially
collapsing the voids in the core (pressure wave). The
resulting power spike observed was larger than nomi-
nal power and rapidly decayed as a result of thc nega-
tive fuel temperature and void coefficients of a PWR
core.

SENSITIVITY CALCULATIONS

These results represent just one of several variations
of transient assumptions and core models that were
studied. We used a simpler homogeneous core to ex-
amine an LBLOCA with SCRAM and a transient with-
out SCRAM. Runs were made with tracking of (but no
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feedback from) ECCS boron. In addition, a need was
found to check the impact of the code’s downcomer
interfacial drag model.

Our first sensitivity test was to compare the results
of this study against a base case matching this calcula-
tion in all respects except in that SCRAM was as-
sumed at the beginning of the transient. This base case
was originally run to check results from the current
code against those from the last Los Alamos LBLOCA
study (they matched reasonably well). We expected to
see the additional fission power, reported in the previ-
ous section, result in a slightly lower late time core
liquid fraction. Figure 3 shows this to generally be the
case.

As indicated earlier, a second plant model was cre-
ated with a homogeneous core. An LBLOCA without
SCRAM was also run for this model and discussed by
Tyler.!3 Results did not vary significantly from those
reported here despite a significantly different radial
core power distribution (maximum normalized assem-
bly power was 2.0 for homogeneous vs. 1.4 for hetero-
geneous). In addition, that plant model included track-
ing of the boron injected from the ECCS. Figure 11
shows time histories of predicted boron calculations
volume averaged over three different levels in the ves-
sel. When we corrected for the numerical diffusion of
the TRAC boron transport model, we found that boron
levels of 2000 ppm were present by 35 s. The maxi-
mum boron concentrations were reached in the core
within 45 s. Although the late time stability for the
conservative assumption of no ECCS boron is reassur-
ing, we expect even safer late time core behavior in a
realistic LBLOCA without SCRAM, where credit is
taken for boron injection. Late time core liquid inven-
tories will be higher than those presented here, close to
those obtained from calculations of LBLOCA with
SCRAM, which will provide additional cooling with
no chance of recriticality.

In reviewing our results, we realized that one set of
standard LBLOCA “conservative” assumptions might
not be conservative in this case. Because recriticality
depends upon core liquid inventory, the assumption of
minimum possible initial pressurizer and accumulator
inventory might miss some important behavior. A
study was performed with maximum initial inventory
for these systems.* No major differences were ob-
served in overall behavior.

One physical phenomenon that can have a major
impact on liquid available to the core is downcomer
bypass. Nithianandan!> has noted that recent versions
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of TRAC-PF1/MOD2 underpredicted liquid delivery
to the lower plenum in several relevant Upper Plenum
Test Facility (UPTF) experiments. We confirmed this
observation with tests of the version of the code used
in this study. The source of the problem was identified
as the interfacial drag model in the downcomer and
lower plenum. Time did not permit us to develop a
model that adequately matched a broad range of
downcomer bypass experiments; however, we did ob-
tain a model that matched or overpredicted delivery to
the lower plenum for the UPTF tests. A 100-s run of
the LBLOCA without SCRAM was made with this
revised interfacial drag without major changes in over-
all system behavior.

It is worth noting that, although general system
behavior, including core power, inventories, and
pressures, did not vary widely during runs with sev-
eral different interfacial drag models, details of the
quench behavior did. Quench times changed signifi-
cantly (>50 s) above the midplane, with changes as
simple as different interpolations between flow re-
gimes in the downcomer interfacial drag. This sug-
gests that conclusions on the validity of core reflood
models should be regarded with some caution when
based on comparison with experiments not using
forced flow to the rods.

CONCLUSIONS

The main objective of the analysis described in this
article was to investigate the possible return to critical-
ity during the reflooding phase of an LBLOCA.
Scoping studies in which snapshots of the core
thermal-hydraulic state are fed to a separate neutron
kinetics code are too conservative because they do not
properly model the self-limiting negative feedback that
an eventual rise of reactor power would produce as a
result of the increase in core void fraction. The tightly
coupled neutron kinetics and thermal-hydraulic analy-
sis package applied to this transient permitted us to
observe the potential results of this feedback.

The analysis of the results has shown that a return
to whole core criticality is not observed. The reactor
power remains at a level slightly higher than decay
heat (Fig. 9), and it is sufficient to effectively evapo-
rate enough incoming liquid to keep the average core
liquid fraction stable around 0.45. This value is, ac-
cording to the power evolution plots (Figs. 7 and 9),
below the threshold for achieving a whole core critical
configuration. The stability of this situation is sup-
ported by the total integrated mass flow rates entering
and exiting the core (Fig. 8). The continuing ECCS
water injection maintains a constant flow through the
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core, which is adequate to ensure enough cooling of
the fuel rods to prevent damage; however, the possibil-
ity of local recriticality has also been pointed out from
the results observed in Fig. 9.

We think that more detailed analysis using the
coupled methodology described in this article, espe-
cially with more refined thermal-hydraulic meshing,
would be important to gain further insight on the dy-
namic response of PWR systems under such events by
finely resolving local effects in the thermal-hydraulic—
neutronic coupling. The ideal thermal-hydraulic
noding scheme that would map each neutronic node
with a corresponding thermal-hydraulic one is still in
the future until more powerful computers can be used
in transient analysis.
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Vulnerability of Multiple-Barrier Systems

By N. C. Lind?®

Abstract: “Vulnerability” is defined as the ratio of the
probability of failure of a damaged system to the probability
of failure of the undamaged system. This definition applies
to all engineered systems and can be specialized to particu-
lar system types. Some disastrous failures (e.g., Chernobyl)
have shown that systems can be highly vulnerable. “Defense
in depth” is a powerful design principle, reducing vulner-
ability when the consequences of failure can be cata-
strophic. In the nuclear industry, defense in depth is widely
used in radiation protection, reactor control, and shutdown
systems. A multiple-barrier system is a simple example of a
system that has defense in depth. The idea is that the system
is not vulnerable. It cannot fail if one barrier fails because
there is another to take its place. This idea is untenable in
waste management, but a quantified vulnerability of a sys-
tem can help owners, designers, and regulators decide how
much defense in depth is desirable or enough. Many
multiple-barrier systems can be modeled as systems of com-
ponents physically in a series, each individually able to pre-
vent failure. Components typically have bimodal distribu-
tions of the service time to failure, as illustrated by an
example of application to a hypothetical nuclear fuel waste
repository.

The purpose of this article is to suggest and illustrate a
quantitative measure of the “vulnerability” of a sys-
tem. Any system should be able to sustain some dam-
age without failure. Many failures and accidents can be
ascribed, at least in part, to vulnerability or lack of
“damage tolerance.” Some examples from the nuclear

“Institute for Risk Research, University of Waterloo, 504-640
Montreal Street, Victoria, British Columbia, Canada V8V 1Z8.

industry occurred at the Brown’s Ferry and Chernobyl
power plants. Damage tolerance can usually be
assured—but at a cost. If damage tolerance is to be
optimized or regulated, then it must first be quantified.
Quantifying vulnerability can help owners, designers,
and regulators decide how much “defense in depth” is
desirable, tolerable, or enough.

Vulnerability has been defined as the ratio of the
probability of failure of the damaged system to the
probability of failure of the undamaged system.! This
definition generally applies to engineered systems and
can be specialized to particular system types. Vulner-
ability and damage tolerance are reciprocal concepts.
If a system is highly vulnerable, it has low damage
tolerance and vice versa. It is convenient to define
damage tolerance as the reciprocal of vulnerability.!
Different concepts of vulnerability and damage toler-
ance have been proposed (e.g., Refs. 2 to 4).

Defense in depth is a powerful design principle;
when consequences of failure can be catastrophic, it
can be used to increase reliability and reduce vulner-
ability. In the nuclear industry, defense in depth is
widely used in radiation protection, reactor control,
and shutdown systems. A multiple-barrier system is a
simple example of a system that has defense in depth.
The idea is that the system is not vulnerable because it
cannot fail if one barrier (or several) fails when an-
other barrier remains to take its place. This determinis-
tic idea is unworkable in the context of probabilistic
analysis because it is explicitly admitted that all barri-
ers can fail.
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Multiple-barrier systems may be modeled prob-
abilistically as a system of components in parallel. This
model is useful if the performance can be assessed in
reliability terms, as when failure is not the expected
behavior. Vulnerability of such systems can be ana-
lyzed directly.! In the design of waste containment
projects, however, the issue is not if, but when, failure
to satisfy the requirements will occur. Many multiple-
barrier systems can be modeled instead as systems of
components in a series. The failure mode is leakage,
which is to be expected and sooner or later violates the
constraints. The components are barriers that cannot
prevent but can only delay transmission of the contami-
nants. (Transmission times can be so long as to result in
effective prevention—that is what makes multiple-
barrier systems useful.) The passage time is the sum of
the passage times for all barriers, a random variable.
Typically, barriers must be modeled by bimodal distri-
butions of the time to failure because two distinct
mechanisms can cause transmission. Other distribution
models can be accommodated when necessary, as when
a component has multiple failure mechanisms.

VULNERABILITY

For a precise definition of vulnerability, there
should be a performance criterion that defines the fail-
ure of the system. Let P(r,S) denote the probability of
failure of the system for the prospective loading S, at a
point r in space {r}, which for a dynamic system is the
space of trajectories in system state space. Let r, de-
note a reference point in {r}; for a dynamic system this
is the trajectory in {r} that represents the behavior that
is intended or expected. Denote a particular deterio-
rated or damaged state space trajectory by r, Then the
conditional vulnerability V of the system in point r for
prospective loading S is the ratio

V=V(r;,S)= P(r;,S)/Pfry, S) )]

The vulnerability equals unity if the probability of
failure is the same in the two states; otherwise it is
generally higher. The system’s life history takes it with
probability P(rg) through one of a set of ordinary tra-
jectories R,. The alternative states, damaged or dete-
riorated, form another spectrum R, for which the vul-
nerability is to be considered. Denote the expectation
of the probability of failure over the sets Ry and S by
P(R,,S). Also denote the expectation of the probability
of failure over the sets R; and S by P(R,,S). Then the
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vulnerability V of the system is defined over the set of
ordinary trajectories as

V =P(R,,S)/P(R,S) )

For example, if something damages a system and
increases the probability of failure threefold, then the
associated vulnerability equals 3.

A MULTIPLE-BARRIER SYSTEM

A multiple-barrier system is modeled as a system of
components in a series. An example is the concept for
the disposal of Canada’s nuclear fuel waste developed
by Atomic Energy of Canada Limited (AECL):5-

Multiple barriers would protect humans and the natural
environment from both radioactive and chemically toxic
contaminants in the waste. These barriers would be the
container; the waste form (spent-fuel pellets in zirconium
alloy tubes, packed in fuel bundles with glass beads in the
container); the buffer, backfill, and other vault seals; and
the geosphere.®

Other nuclear fuel waste repositories are similar, dif-
fering not in principle but in details, particularly in
materials.

Figure 1 is a schematic of a typical system. Ground-
water. seeps into the vault and clay buffer and then
contacts and corrodes the containers. Groundwater also
contacts and corrodes fuel sheaths and reaches the
spent fuel. The contaminants are then released from
the fuel and move through packing (e.g., glass beads),
containers, and buffers. They then pass through a zone
of a low-permeability geological medium (clay or
rock, possibly via backfill in the vaults) and through
the medium and its faults into the biosphere.

Ve Accounting surface

7
(" 6 “\» Biosphere
Rock
Faults
Diffusion zone
Backfill
Buffer
Container
Filling
Fuel sheath
Fuel pellets

Fig. 1 Schematic of a multiple-barrier system.




Figure 2 is a schematic diagram of these processes.
Each process i (i = 1, 2, ..., n; n = 8 in this case) is a
transport of mass from one accounting surface to the
next. The passage time elapsed in process i for a con-
taminant particle is denoted by T;; it is a continuous
random variable, in part because different particles fol-
low different paths and have different speeds and in
part because the parameters of transport are uncertain.
Figure 3(a) is a schematic of the density function £ ()
of passage time T for a barrier.

Process: Accounting

surface:

Buffer saturation

[ * 14
2 . .

Container corrosion

I * 13

3 .

Fuel sheath corrosion

[ * ] 1
4

Diffusion from fuel

[ * ] 1
5 .

Diffusion in filling

[ * 14
6 .. .

Diffusion in buffer

I * 15
7 e

Diffusion in rock

[ * 16
8 )

Transport in rock

[ * 17

Fig. 2 Process block diagram for the multiple-barrier
system in Fig. 1.

The passage time for a barrier would often be as-
signed a bimodal distribution as shown in Fig. 3(a) (for
example, in the Ref. 5 high-level nuclear fuel waste

B
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repository concept, a few containers—on the order of
1% or less—will be defective at the time of placement,
whereas others may fail early when the hydrostatic
pressure and buffer swelling pressure build up). Most
are expected by the AECL to fail much later by corro-
sion. A few fuel sheaths will be placed in broken con-
dition, whereas others will break early upon pressur-
ization; most should fail by corrosion. In particular, in
the Canadian Deuterium-Natural Uranium Reactor
(CANDU) fuel (UO, ceramic pellets) the majority of
the contaminants are locked within the lattice of ura-
nium and oxygen atoms and will be released only upon
solution of the lattice; a small amount, depending on
the species, is found on the grain boundaries, cracks,
or gaps between pellets and sheaths and is released
much faster. The buffer in the AECL concept is made
of blocks of consolidated bentonite clay that is ex-
pected to swell considerably with water; however, it is

(a)
LU N
/0
®
)
mm
(c)
il
f3(t)
f "
t

Fig. 3 (a) Typical bimodal distribution of mass trans-
port (- - -) and net transport of an isotope in view of
sorption and radioactive decay (—), (b) component
distributions of a mixed Gaussian distribution, and
(c) a fixed-point Gaussian distribution. [The fi(t)’s
are mass distribution density functions. m; and m,
represent the means of Gaussian mixtures 1 and 2
and t represents time.]
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prudent to assume that construction and inspection in a
few cases leave a defective buffer. If the vault is situ-
ated in faultless rock, then passage of most contami-
nants will be by diffusion. Yet, stress from construc-
tion or tectonic forces may breach this barrier, whereas
preexisting flaws may erroneously bypass all control
procedures. Outside this diffusion zone the rock is as-
sumed to have some flaws that provide relatively rapid
convection of contaminants to the biosphere, but most
may be assumed to be conveyed along with the general
flow of groundwater in intact rock.

Different contaminants behave very differently in
the system, so their passage must be analyzed indi-
vidually. Many contaminants are radioactive; they
transform by radioactive decay into other species.
Some mass of each species is therefore lost by radioac-
tive decay during passage. Each new species has a spe-
cific chemical behavior; some are sorbed or otherwise
retained or delayed in the material of the barriers.
These effects are shown schematically in Fig. 4. The
result may be drawn into account by contaminant-
specific adjustment of the passage time distribution
density f$(¢) into distribution density f{(r) [Fig. 3(a)],
which may be interpreted as the mass distribution of
the output from a barrier given a unit mass input at
time ¢ = 0.

The passage times T; and T; for two different pro-
cesses i and j are normally statistically independent;
however, it may be considered necessary to account
for dependence, as in the AECL concept case, where
clearly buffer saturation and diffusion in the buffer are
correlated (Fig. 2, processes 1 and 6). Because the ad-
dition of passage times is commutative, any two corre-
lated processes may be lumped into one process by
convolution. The distribution of the lumped process
may turn out to be multimodal.

e A
4 N
Isotope
1
g ul 2
< 3
\_ Y, 4
\ Y,

Fig. 4 Schematic of the transport of a decaying isotope.
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SYSTEM ANALYSIS

Suppose that all processes are (or have been made)
independent. Adding passage times T; and 7; for two
different processes i and j yields for their total passage
time the distribution density

fu0=d(['. [ fdyd)jde (3

in which x and y are dummy indices and subscript T
has been suppressed. Repeated application of convo-
lution [Eq. (3)] for all processes in arbitrary order
yields the total passage time for the system. With
the use of a convolution operator K, transforming
fi and f; into f,;, Eq. 3 may be written symbolically
as

fui = KL S 4

It is easily shown that the convolution operator X is
commutative, associative, and distributive. The distri-
bution density of mass arrival time 7 in the biosphere
for the contaminant may be written

f.=KII} f; 5

If the mass inventory of this isotope is m at closure,
time ¢ = 0, then the mass released to the biosphere
before time ¢ equals m" = mF ), where F,(?) is the
integral of f. (r) from time O to ¢.

Through the biosphere the contaminants follow a
complex network of pathways to the recipients that
eventually will receive a radiation dose or toxic dose
and may suffer harm. Examples of pathways are
{groundwater — stream — lake — sediment —
benthic fish — predator fish — human} and {ground-
water — soil — crop — meat — human}.

The conceivable harm includes cancer, genetic de-
fects, and chronic poisoning and may be expressed col-
lectively in a summary measure H. H may be the loss
of life expectancy, quality-adjusted for health state, ex-
pressed in terms of days lost. H can be either indi-
vidual or collective for a specified group of humans or
other species.

The performance criterion relates in some way to
the expected harm (for example, it could be specified
that the expected harm to any person living down-
stream at any time before 1000 years after closure
shall not exceed 2 weeks’ loss of life in good health).
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Performance criteria will generally be specified by
regulatory authorities. A proponent will also have cor-
porate responsibility and must set its own criteria. Pro-
fessional and corporate ethics dictate other perfor-
mance criteria, for which some guiding principles have
been proposed.” A performance criterion need not in-
volve expected harm explicitly (for example, the crite-
rion might be expressed in terms of “the probability of
catastrophic failure”). Nevertheless, harm is always the
concern implicit in such criteria. The concept of harm
as a function of release rate encompasses them all.

The expected harm is stochastic, a function H(f;) of
the release from the biosphere. Let f,,;m’dT denote the
probability of an increment dH to H at time ¢ + T as the
result of an infinitesimal release m” to the biosphere.
The biosphere system is thus formally treated as a
component, labeled n + 1, extending the system ana-
lyzed, that transforms input m’(¢) into the expected
harm H (this component is not subject to failure, of
course):

H=H(mkII[™" f) (6)

By definition, the system’s vulnerability V to failure
of barrier i is the ratio of the probability of unaccept-
able harm with barrier i failed and all other barriers
effective to the probability of unacceptable harm with
all barriers effective:

V=HmKIT"' f;)/ HmK L' £ £) ()

The numerator in Eq. 7 reflects an assumed trans-
mission time of zero for barrier i. More generally, vul-
nerability may be defined for any specified deviant
(“rogue”) component behavior. This is illustrated in
the following example.

Numerical Analysis

If a mathematical model of the distributions f; is
available, the calculation of the vulnerability by Eq. 7
is simple in principle. The convolutions may be time-
consuming, and exact evaluation may be impractical,
but approximate calculations can be done by simula-
tion (Monte Carlo or Latin Hypercube) or point-
distribution methods.®?

The analysis can be simplified when the process
time distributions are Gaussian mixtures. Figure 3(b)
shows a Gaussian mixture of two distributions. The
distribution in Fig. 3(b) may be written as a weighted

sum of two normal distributions n(...) or as a six-
parameter mixture M(. . .),

f=h+ 1 =qnim,si)+qn(m,,s3)

=M(qn.m,s,,q,,m,,s;) 3

The set may be considered as the union of two sub-
sets, the rogues or defectives, and the normal compo-
nents. Figure 3(c) shows a common special case in
which a proportion g, is defective at time t=m, (m,
would usually equal zero, but not necessarily).

If all distributions are Gaussian mixtures, then the
convolutions in Eq. 7 will result in a Gaussian mixture
of 21 and 2" normal distributions. Each of these is of
the form of a factored normal distribution, IIy n(m, 52),
where m and s2 are sums of means and variances in the
distributions M{. . .). Further simplification is possible
when the probability of a rogue g, is small in compari-
son with g, for all system components. This is illus-
trated in the following example.

Uncertainty

Some people believe that probability can be objec-
tive and demand that it should be. They feel that any
probability that incorporates an element of uncertainty
is an inferior basis for decision making; however, all
probability that relates to the future of the real world is
uncertain. It is sound policy to base important deci-
sions on all available information, critically assessed.
Information should be gathered when feasible until the
value of the information one expects to gain is not
worth the expected quality of choice in the decision.

There are two kinds of uncertainty in probabilistic
system analysis: model uncertainty (that is, uncertainty
about the relationships between quantities) and param-
eter uncertainty (that is, uncertainty about the param-
eters in these relations). Both kinds may be important
in multiple-barrier systems. Model uncertainty is often
given less than adequate treatment in scientific analy-
sis, perhaps because it is difficult for a scientist to hold
conflicting concepts of a process as “true” simulta-
neously. Model uncertainty can‘only be neutralized
(with respect to its influence on the decisions that fol-
low risk assessment) by making sure that a complete
set of reasonably believable models is considered.
Model uncertainty may be represented by a model tree,
which gives a structured synopsis of the conflicting
ways to model the phenomena. The model tree can be
used to aggregate informed opinion into a compromise
view of the risk.
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Uncertainty in the parameters of the distributions f;
arises because they are estimated from statistical data,
not always directly pertaining to the object, and they
have a limited sample size. This uncertainty is often
overlooked or ignored in probabilistic analysis from a
classical point of view. Still parameter uncertainty can
be accounted for within the quantitative risk analysis
in a straightforward way [for example, suppose that a
process (perhaps the way a contaminant is eliminated
from a lake) is modeled by an exponential decay,
exp(-t/A), where ¢ is time and A is the attenuation time,
a constant]. A is uncertain and may take on a finite set
of possible values {A}, A,, ..., A,}, some more believ-
able than others. Each value A; when applied in the
model gives an associated harm, denoted H; Each
value A; is assigned a probability p; expressing how
likely it is thought to be. Parameter uncertainty is com-
monly judged by experts (that is, persons familiar with
the relevant discipline). The expected value of the
harm is the weighted sum H =Yp;H; which is then
used in Eq. 7 to calculate the vulnerability. This vul-
nerability incorporates the views on the parameter un-
certainty of the experts. If the spectrum of possible
harm is (piecewise) continuous, the weighted sum is
replaced by an integral.

In many cases the process models and the parameter
distributions are mathematically tractable. They allow
parameter uncertainty to be incorporated into the
model by changing the uncertain process parameters
{A}, taking expectation over the parameter distribu-
tions.!0 Because uncertainty is in itself very uncertain,
it is often sufficiently accurate to use simple approxi-
mations. Hong,® using the point distributions of
Rosenblueth,® has proposed a simple approximate
method to account for parameter uncertainty.

NUMERICAL EXAMPLE

Consider a high-level nuclear fuel waste repository
design as shown schematically in Fig. 1. For the ex-
ample to be concrete and realistic, the system is struc-
tured like the Canadian concept described by AECL,%
but the parameters are arbitrary and could represent
any nuclear waste repository. The design is based on
the philosophy of defense in depth. Some barriers are,
however, more trustworthy than others. Quantitative
risk analysis may rely on some of the barriers and
disregard others.’ Even when a reliable quantitative
system analysis is presented, some people will be
skeptical and may ask: “You say that the barriers
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cannot fail, but what if nevertheless one of the barriers
fails?” Vulnerability addresses such questions.

The system vulnerability depends on the spectrum
of failed states that are considered. In the present ex-
ample, two such cases are studied: (a) any one barrier
is completely ineffective, transmitting the contaminant
instantaneously; and, more realistically, (b) any one
barrier is a rogue, transmitting the contaminant faster
than normal. Typically, physical components exhibit a
high rate of failure twice during their anticipated life-
time, once shortly after being placed in service (defec-
tive or rogue behavior) and once nearer to the design
life (“normal” deteriorating behavior).

Vulnerability depends also on the criteria of system
failure and component failure. The system will be con-
sidered to fail if the effective radiation dose equiva-
lent, to the most exposed person within 10 000 years
after closure, exceeds a specified limit; for example,
1 mSv/yr has been prescribed in Canada by the Atomic
Energy Control Board.!! As it turns out, the rate of
release of material to the biosphere increases mono-
tonically over the first 10 000 years after closure. Also,
after reaching the biosphere, the material is dispersed
rapidly by convection in air and water. Therefore the
most exposed person within 10 000 years after closure
lives at the end of the period and immediately down-
stream from the effluent. Calculation of this exposure
is complicated because of the transfer functions of
many pathways and biological processes;!? however,
the biosphere input—output relation is fast and linear
and has constant parameters. Therefore the contami-
nant concentrations from the intact and the damaged
systems are proportional to the corresponding outputs
from the geosphere; so the transfer functions of the
biosphere and the receptor (human) cancel out in
Eq. 7. Furthermore, the duration of the life of the most
exposed person is short in comparison with the stan-
dard deviation of the output from the geosphere, so the
environmental exposure and ingestion are approxi-
mately proportional to the density function f,(¢) of the
effluent of radioactivity for = 10000 years. If the
harm is stochastic, proportional to the exposure and
ingestion, the vulnerability is calculated for both cases,
namely (1) any barrier absent and (2) any barrier de-
fective. This assumption is also examined in the dis-
cussion section.

Because of differences in chemical behavior and
rate of radioactive transformation, each contaminant
isotope must be analyzed separately and the expected
harm summed over the set of all isotopes. Some
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isotopes are locked in the crystal lattice of the fuel and
are released only as the pellets dissolve; others accu-
mulate on the grain boundaries and in the gap between
pellets and sheath. Depending on the pH potential,
which varies over time and with location, some iso-
topes precipitate in the buffer and others travel freely
by diffusion or convection. The example illustrates the
transport of a soluble long-lived isotope, '*°I, which
has a half-life of 15.7 million years and so does not
decay appreciably during the 10 000 years of the crite-
rion. The analysis for other isotopes is similar.

1291 is an important isotope (for example, in the esti-
mate for the Canadian concept made by AECL,’ the
maximum radioactivity released to the biosphere dur-
ing the first 100 000 years is about 100 times larger
from 2 than it is from *C and more than 10 000
times as great as that from any other isotope). It would
seem that 1291 presents the greatest risk whether or not
barriers have failed; so other isotopes could be ne-
glected in comparison (but this may be wrong; 2
may be quite innocuous, as shown in the discussion
following). The distribution of each transport process
time is assumed to be a mixture of two Gaussian distri-
butions, characterized by their mean m (years), stan-
dard deviation s (years), and probability of occurrence
g. The first component of each process is short, reflect-
ing defective behavior, whereas the second component

_is of normal duration.

The distribution parameters for the barriers and the
biosphere are given in Table 1. They are specific to the
element (iodine). It is emphasized again that these val-
ues do not represent any real or contemplated system,
although they are meant to be realistic. In particular,

no attempt has been made to model the Canadian
concept for a deep geologic repository, whose
acceptability and possible site have not as yet been
determined.>®

There is a subtle difference in the distributions in
Table 1. There are millions of fuel pellets and thou-
sands of fuel elements, containers, and clay buffers.
This means that realization of the rogues in processes
1 to 6 is practically certain and will occur in the pro-
portion q listed in column (3) in Table 1. But there will
be only one rock or sediment environment and only
one biosphere, so the probabilities in column (3) for
processes 7 to 9 reflect a chance taken. In decision
making based on the mathematical expectation of out-
comes, this difference is of no consequence.

The expected system behavior is calculated first
(Table 2). Multiplying the probabilities from col-
umn (6) in Table | gives the probability that all pro-
cesses proceed in the normal mode, q =0.74 in col-
umn (5). Summation of the means and variances from
columns (7) and (8) in Table 1, respectively, gives the
mean and variance of this eventuality. The expected
efflux from the biosphere in the normal mode at
10 000 years [Table 2, column (9)] is calculated as the
density of a normal distribution with mean m = 32 350
years and variance s> = 5780% years® at x = 10 000
years (Ref. 10). The expected efflux, meaning the an-
nual fraction of the inventory flowing out of the bio-
sphere at 10 000 years, is 2.9 x 10-8 per year in the
normal mode, shown in column (9) in Table 2.

To this normal-mode flux should be added the
probability-weighted effluxes in the rogue modes.
Each process i = | to 8 has a complementary process in

Table 1 Example—Process Time Distribution Parameters, 12°1

First (rogue) Second
Distribution component component

i Process q m s q m s
)] 2) 3) )] (8) 6) (7) ®

1 Vault and buffer saturation 0.03 50 20 097 200 50
2 Breach of container 0.05 0 0 095 2400 600
3 Breach of fuel sheath 0.05 0 0 095 500 200
4 Escape from fuel 0.04 1000 500 0.96 5000 2000
5 Transport in filler 0 0 0 1 200 100
6 Transport in buffer 0.05 50 20 095 9000 3000
7 Diffusion in exclusion zone 0.02 500 200 0.98 5000 2000
8 Flow in rock 005 2000 1000 095 10000 4000
9 Biospliere pathways 0 0 0 1 50 20
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Table 2 Example—Calculation of Annual Expected Efflux
Rate of 1% at 10 000 Years After Closure

Parameters: q m s Efflux per year
(C VI ) B ) )] (5) (()) Y] ®) €))
Normal processes 1-9:  * 0.74 32350 5780 29 x 108
Rogue processes:
Complementary
process First-order term
i q m s q m S Efflux per year

0.77 32150 5780* 0.02 32200 5780 99x107!0
0.78 29950 5749* 0.04 29950 5749 6.6x10°

0.78 31850 5777* 0.04 31850 5777 2.1x10°

077 27350 5423* 0.03 28350 5446 7.8x10°

074 32150 5780* 0.00 32150 5780 O

078 23350 4941* 004 23400 4941 80x1038

0.76 27350 5423* 002 27850 5427 5.4x10°

0.78 22350 4173* 004 24350 4291 14x1038

00~ AW R LN =

Sum of rogues:

Total efflux at t = 10 000 years:

1.16x 107 1.16x 107

1.45 x 1077

the set i =1 to 9; this is the process obtained by delet-
ing element i from the set of second components listed
in Table 1. The parameters are calculated as just de-
scribed for the normal system behavior by substituting
gq=1,m=0, and s =0 in row i, columns (6) to (8).
They are listed in columns (2) to (4) in Table 2. They
serve as auxiliary quantities to calculate the probability
density of each rogue mode; for example (see Table 1,
row 1), consider that the vault and buffer saturate
early, in the mean 50 years after closure instead of 200
years. Then q becomes (0.3)(0.77) = 0.2, the mean
time of reaching the biosphere drops by 200-50 = 150
years, from 32 350 to 32 200 years, and the variance is
reduced by 502 to 20? [which is not enough to give a
noticeable reduction in the standard deviation as
Table 1, column (7) shows]. The effluxes in col-
umn (8) of Table 2 are calculated as for the normal
mode. The sum of these single-rogue effluxes is 1.45 x
1077 per year as shown in column (9). Of course, it is
possible that two or more processes proceed in the
rogue mode, and these eventualities should be exam-
ined, taking correlations (common-cause) into account,
but the combined probability of multiple misbehavior
is very small. Neglecting such rogue behavior, the
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expected efflux of this isotope at 10 000 years for the
expected system performance is 1.45 x 1077 per year.
Next, the expected effluxes at 10 000 years for the
cases of (a) an absent barrier or (b) a defective barrier
are calculated. In case (a), one or more barriers are
completely ineffective. What if one barrier were to fail,
transmitting the contaminant instantaneously? Calcula-
tions for this case are analogous to those shown in
Table 2, but the time is replaced by O for the failing
process. This increases the efflux at 10 000 years by the
factor listed for a few barriers in column (3) of Table 3.

Table 3 Example—Vulnerabilities

i Failing barrier process Case (a) Case (b)
)] 2) (&) @
1 Fast vault and buffer saturation 1.0
2 Early breach of containers 1.6
3 Early breach of fuel sheaths 1.1
4 Rapid escape from fuel 20
5  Transport in container fill 1.0
6  Transport in buffer 263 10.7
7  Flow in exclusion zone 309 25
8  Flow inrock 2.5
7+8 Flow in rock (both zones) 158 19.4
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What if two barriers fail together? The case of two
barriers failing simultaneously, however unlikely, is a
valid subject of conditional vulnerability and is ana-
lyzed in the same fashion. The last row of Table 3
illustrates this event. Both rock zones may fail—per-
haps, if one is faulty, the other could likely be faulty,
too. Yet, since one rock zone is assumed to transmit
the isotope by diffusion while the other transmits by
convection, the stochastic dependence may not be pro-
nounced. It is neglected in the present analysis; but if
there are adequate data, it may be taken into account
by modifying the distributions in Table 1. Transport in
geological media is complex and beyond the scope of
this article.

In case (b), any one barrier is a rogue, transmitting
the contaminant rapidly. Again, the calculations follow
the pattern of Table 2, but the probabilities for the bar-
rier in question in columns (3) and (6) of Table 1 are
replaced by unity and zero, respectively. Column (4) in
Table 3 shows the vulnerabilities if process failure is
defined in this way.

DISCUSSION

Quantitative definition of vulnerability makes it
possible to specify a minimum tolerable or allowable
value in a code, standard, or regulation. It would also
allow setting target values and acceptable values for
good design of particular classes of systems. The cost
of reducing vulnerability may be high, and resources
may be better spent on other objectives. There may be
an optimum balance between reliability and vulner-
ability of a system.

Notice that the initial inventory m cancels out in the
vulnerability in the example. The reason is that it is a
common factor of the harm function, assumed linear in
the flux of contaminant from biosphere to recipient, as
follows from the conventional assumption of linearity
in the dose—harm relationship. The assumption would
be valid for most isotopes but is likely inaccurate for
1291, 1291 is only slightly radioactive; it is a slow beta
emitter with a half-life of about 15.7 million years.
The human thyroid gland concentrates iodine but can
hold only a few milligrams, which imposes an absolute
upper limit on the dose to the thyroid. The rest of the
body maintains a much lower concentration of iodine
in proportion to the concentration in the thyroid. This
limits the probability of cancer at high exposure, so
harm is not linearly related to efflux. Although dose—
response linearity is a fundamental postulate in

radiation protection and regulatory practice, it is seri-
ously in doubt as a scientific hypothesis for risk analy--
sis purposes for very low exposures. Limited by thy-
roid capacity, the radiation risk to an individual from
1297 may well be negligible. If the risk from other iso-
topes is smaller yet, the individual dose criterion of
harm becomes less tenable as a surrogate for total
harm to the population. Then the contaminant flux rate
used in the example should be replaced by the total
contaminant released, F(¢); the calculations of vulner-
ability would be similar.

Case (a) in the example casts some light on cases
that may be unlikely but still of concern. A conditional
vulnerability greater than 100 (if the geological barri-
ers fail) may or may not be acceptable. It is certainly a
signal that almost “all the eggs are in one basket.”

Quantifying vulnerability as in case (b) in the ex-
ample indicates which barriers are relatively impor-
tant. Table 3 would suggest that the containers and the
filler are unimportant. Such a conclusion should be
tempered with consideration of possible alternatives;
for example, long-lived containers (e.g., copper) or a
different filler may be substituted, which would drasti-
cally reduce the probability of harm. The vulnerability
would simultaneously increase and point to the impor-
tance of these barriers.

Distribution assumptions must be documented in
detail and justified according to accepted protocol. In
practice, it will not be adequate merely to assume that
all distributions are a mixture of two Gaussian compo-
nents. Several Gaussian distributions can be mixed for
a better representation if justified by the data; the con-
volutions can be done in closed form as in the ex-
ample. Generally, the calculations would require nu-
merical convolution with a large computer.

Approximations as simple as in the example can be
useful if done with caution. Multiple-sum processes
tend toward a Gaussian distribution by the Central
Limit Theorem. If the output can be modeled as
Gaussian, it is not necessary to assume distribution
type for the components. Also, errors in a distribution
appear analogously in numerator and denominator of
the vulnerability and so tend to cancel out.

CONCLUSIONS

A quantitative measure of vulnerability can be use-
ful in the assessment of the adequacy of a proposed or
existing system. The measure must be probabilistic
because deterministic measures fail to capture an
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essential feature of vulnerability: the reduction in reli-
ability of a system that is damaged but has not failed.
The vulnerability of a system is a function of the
state or trajectory of the system and the loading. To
calculate vulnerability, the probability of failure is
compared in two sets of states: the reference state
(null, original, pristine, or initial) and the alternative
state (rogue, damaged, deteriorated, or modified),
which form a spectrum. Conditional vulnerability is
defined for panicﬁlar alternative states and prospective
input as the ratio of the failure probability in that state
to the failure probability in the reference state; for a
spectrum of alternative states and prospective inputs,
vulnerability is calculated by the total probability rule.
The example, though simplified, shows that the vulner-
ability concept is objective and can be calculated.
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A Study of Wet Catalytic Oxidation of Radioactive
Spent lon Exchange Resin by Hydrogen Peroxide

By Xingchao Jian,? Tianbao Wu,? and Guichun Yun?

Abstract: The decomposition behavior of cationic, anionic,
and mixed ion-exchange resins was investigated in the
H,0,-Ni2*/Cu?*, H,0,-Mn?*/Cu?*, H,0,-Fe?t, H,0-
Cu?*, and Hy,0,—Fe®*/Cu?* systems for volume reduction
and improvement in the capacity of the cemented product.
The effects on reaction processes and the consequences of
many other factors were analyzed. No radioactivity was de-
tected in the off-gas. The cementation process of encapsula-
tion of the concentrated decomposition residue could pro-
duce qualified cemented products with excellent properties
for long-term storage in a volume-reduced state.

Radioactive spent ion-exchange resin (IER) is one of
the main kinds of solid wastes produced by nuclear
installations. Direct solidification of spent IER by ce-
mentation is currently the main immobilization process.
The cost of transportation and ultimate disposal of
spent IER increases considerably when directly solidi-
fied because the volume increases more than 80%.
Therefore volume reduction technology has been stud-
ied. The research results reported by the U.S. Electric
Power Research Institute (EPRI) showed that all the
volume reduction processes had clear economical ef-
fects compared with the nonvolume reduction pro-
cesses.! Spent IER volume reduction processes, such as
incineration, pyrolysis, acid degradation, and high-
temperature wet oxidation, have some disadvantages,
such as the need for high operating temperatures and

“Institute of Nuclear Energy Technology, Tsinghua University,
100084 Beijing, People’s Republic of China.

the production of radioactive off-gases. It is well known
that the decomposition of hydrogen peroxide by cataly-
sis with Fe* is a chain-free radical reaction that yields
highly reactive hydroxyl radicals. The process has been
widely investigated as a prospective option for the
treatment of spent resin. Catalytic low-temperature wet
oxidation has evident advantages in radioactive waste
treatment because of its moderate operating conditions
and sufficient volume reduction effect. Calculated re-
sults by B. G. Place indicate that ultimate disposal by
hydrogen peroxide oxidation of spent IER costs about
50% less than disposal by direct solidification.?

A BRIEF INTRODUCTION TO THE
DECOMPOSITION PROCESS

The resins used in this study were cross-linked
polystyrene strong acidic and basic resins. The struc-
tures of such IERs are shown in Fig. 1. The mesh
structure of the IERs made them stable.

Wet catalytic oxidation of IER is a chain reaction
initiated by the hydroxyl radical (HOs). The reaction
between hydrogen peroxide and ferrous sulfate is the
typical free radical reaction discovered by Fenton in
1894 and described by Harber and Weiss as follows:3

Fe?*+ H,0, » Fe>* + OH + HOe 1
HOe +H,0, - H,O + HOQe (2)
HOQe +H,0, - O, + H,O + HOe (3)
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Fig. 1(a) Structures of strong acid polystyrene cation resin and (b) structures of strong base
polystyrene anion resin. [Black benzene means it is connected by two carbon chains (this kind
of connection makes the resin into a mesh). Blank benzene means it is connected with one
carbon chain.]

HOe + Fe2+ — Fe3* + OH- 4 hydrogen abstraction or by addition to an unsaturated
hydrocarbon.# The oxidation of organic substrates by
Fe3* + H,0, — H* + Fe?* + HOOe S the hydroxyl radical, which involve reactions with or-
ganic free radicals (Re), can be represented as the fol-

Fe3* + HOOe — Fe2+ + O, + H* (6) lowing reactions:

The hydroxyl radical, which is a highly reactive
radical, can react with organic substances either by RH + HOe — H,0 + Re (7a)
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R-C = C— + HO» - R-C-C-OH (7b)
Re + O, >ROOe (8)

ROOe — R’ +CO, 9)

2Re — R-R (10)

These organic free radicals (Re), which are in-
volved in the preceding equations, can be oxidized by
high valence tons such as Fe** and Cu?*, as shown in
the following reactions:3

Re + Fe3* — R+ + Fe2+ an

Re +Cu?* - R++ Cu+ (12)

In these reactions, Cu?* is a more effective oxidant
than Fe3+ for simple alkyl radicals, and the produced

Cu* (in Eq. 12) can increase the concentration of Fe2*
because of the existence of the following reaction:>

Cu+ + Fe3* — Fe2+ + Cu2* 13)
During the dissolution of IER, the polymer is dis-
solved gradually by hydroxyl radicals, as described in

the following reactions:

HOe + IER — linear polystyrene (soluble)
+CO, + SO /NH} + H,O (14)

Linear polystyrene + HOe —
simple organic substrates + CO, + H,0  (15)

The results of the resin decomposition are as follows:
C4H,SO, + 20H,0, — 8CO, + 23H,0+H,SO, (16)
C,H(NO+31H,0, — 12C0O, + NH,OH + 38H,0 (17)

C,,H,, +25H,0, - 10CO, + 30H,0 18)
C4H,; + H,0, »8CO, + 24H,0 19)

Equations 16 and 17 represent the dissolution reac-
tions of functional groups, while Eqgs. 18 and 19 stand
for the reactions of the cross-linking agent (C;oH,,)
and the styrene unit (CgHg), respectively.

EXPERIMENTS AND RESULTS

Material and Equipment

The strong acidic and basic polystyrene resins (in
granular form) chosen for this study (labeled as 732
and 711, respectively) were made in China and con-
tained 45% water. 30% (vol.) hydrogen peroxide
(C.P.) was used as an oxidant and 0.1M Ni(NO;),,
MnSO,, Cu(NO,),, and FeSO, (A.R.) solutions were
used as catalysts. Moreover, NaOH (5%, C.P.) and
antifoaming agent (XP-1, C.P.) and other instru-
ments were needed. Normal Portland cement (la-
beled 525) made by the Sichuan JiangYou cement
factory and sulfate resistance cement (labeled 525)
made by the TianJin special cement factory were
chosen for the cementation of the anion and cation
resins, respectively.

All decomposition experiments were conducted in a
500-mL four-necked glass flask equipped with a water
condenser, a mechanical agitator, and a thermometer. The
flask was heated by an electric plate. A sketch of the
laboratory resin oxidation system is shown in Fig. 2.

Process Description

A series of H,0,-MnZ*/Cu?*, H,0,-NiZ*/Cu?*,
H,0,-Fe?*/Cu?*, H,0,-Cu?*, and H,0,-Mn2*/Fe2*
decomposition systems was studied. Fifteen grams of
wet resins and a portion of the catalyst solution (about
one-fourth of the total) were added to the flask first.
When the temperature of the reaction system reached
90° C, 30 vol% hydrogen peroxide and the remaining
catalyst were added to the flask, and the reaction time
began to be recorded. Hydrogen peroxide was added at
a rate of about 30 mL/min, and the catalyst was added
at about 15 mL/min (total amount of 50 mL) consecu-
tively. The total reaction time was 2.5 to 3.5 h.

(1) Anion resin could be decomposed in one of four
systems: Ni2*/Cu?*, Mn?*/Cu?*, Fe2*/Cu?*, and Cu?*
systems. These four systems had almost the same reac-
tion effect: at the beginning of the reaction, the dissolu-
tion of resins was violent, and a large amount of CO,
was emitted. An hour later, all the resin beads turned
into black liquid. Antifoaming agents were added, and
a yellowish solid substance appeared and increased
gradually in 1.5 to 2.0 h. The antifoaming agent clearly
assisted these solids in binding together. These yellow
solids floated on the surface of the liquid and bonded
together when the foaming process ended in about
2.5h. The amount of the produced CO, decreased,
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Fig. 2 Sketch of laboratory resin oxidation system.

whereas O,, which was the direct decomposition prod-
uct of hydrogen peroxide, increased gradually; the reac-
tion ended with the formation of a reddish solution in
about 3.5 h. A typical gas releasing process over time is
given in Fig. 3. When a small amount of NaOH solu-
tion (5%) is added, the solid beads stuck on the surface
of the flask were dissolved, and NH; was released si-
muitaneously. If sufficient NaOH was added, the solu-
tion became basic and was no longer beneficial to the
decomposition of resin because of the violent direct
decomposition of hydrogen peroxide.

(2) Cation-exchange resin can be dissolved thor-
oughly when the oxidation process is catalyzed by Fe?*,
Ni2+/Cu?*, Mn2*/Cu2*, and Cu?*. [Cu?* was the most
effective catalyst for anion resins. In addition, Cu?* can
also change cation resins from a solid to a liquid state;
however, it cannot thoroughly decompose the cation
resin.] The best catalyst was the FeZ* system because of
the higher efficiency of hydrogen peroxide and fast dis-
solution of resin when the reaction began; about 20 min
later, all resins turned into a black solution. With the
addition of hydrogen peroxide and catalyst, the color of
the solution became lighter, and the final color was
yellow. For the other systems, the residual liquid was
almost colorless, but the chemical oxygen demand
(COD) values were higher than those in the Fe?* sys-
tem. The system of Ni** and Mn?* alone could not
decompose the cation resin completely but could only
change resins to a liquid state.

(3) For mixed resins, decomposition catalyzed by
Fe2*/Cu?* was most efficient, and the results were simi-
lar to those of the anion-exchange resin with more solid
residuals formed.
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Fig. 3 CO; and O, release history in decomposition reaction of
anion resin.

Factor Analysis

Temperature. The desired mixing temperature for
the wet catalytic oxidation exchange process is gener-
ally from 97 to 99 °C, just less than the initial boiling
point of water. Direct decomposition of hydrogen per-
oxide is comparatively violent when the temperature is
lower, whereas excessively high temperatures cause
such problems as foaming and diffusing of nuclides to
the gas phase. Figure 4 shows the reactions between
two temperature ranges.

Amount of Hydrogen Peroxide. As an oxidant,
hydrogen peroxide plays a key role in the decomposi-
tion reaction. Adding more hydrogen peroxide results
in more resins being completely decomposed, thereby
increasing the cost of the treatment. It would be better
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to add hydrogen peroxide continuously to raise its effi-
ciency. Figure 5 shows the relationship between the
dosage of hydrogen peroxide and the total organic car-
bon (TOC) value of the reaction residual liquid for
anion resins.

Catalyst. Catalysis plays an important role in the de-
composition reaction and obviously influences the
course of the reaction. Table 1 indicates that Fe2*
alone is an effective catalyst in the degradation of
cation-exchange resin, while Cu?* is effective for an-
ion resin, and Fe?*/Cu?* is preferable for mixed resins.
During the reaction process, some oxidation products
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Fig. 5 Relationship between amount of dosing hydrogen perox-
ide and total organic carbon (TOC) value of reaction residual
liquid for anion resin.

Table 1 Experimental Results of Different Catalytic Systems

Amount of
Amount of  hydrogen COD value of Total COD of Weight of
Weight of wet resin, catalyst,” peroxide, residual liquid,  residual liquid,? residual solid,
Number g mmol mol mg/L mg g
1 15 (anion) A: 1.50 1.20 1 000 to 1 500 150 to 190 03 t00.7
C: 1.50
2 15 (anion) B: 1.50 1.20 1 000 to 1 500 150 1o 190 0.3 to 0.7
C: 1.50
3 15 (anion) D: 1.50 1.20 800 to 1 300 130 to 170 0.3 t00.7
C: 1.50
4 15 (anion) C: 1.50 1.20 800 to 1 300 130 to 170 0.3 t0 0.7
5 15 (cation) A: 1.50 0.90 13 000 to 17 000 1 500 to 1 900 0
6 15 (cation) B: 1.50 0.90 12 000 to 16 000 1400 to 1 800 0
7 15 (cation) C: 1.50 0.90 2 000 to 4 000 280 to 360 0.01 to0 0.02
8 15 (cation) D: 1.50 0.90 <100 1210 20 0
9 25 (cation: anion = 2:1) C:2.50 1.70 2 000 to 4 000 300 to 700 0.5 t0 1.0
10 25 (cation: anion = 2:1) D: 2.50 1.70 1 000 to 2 000 150 to 450 05 tl1.0
C:2.50

A, Ni(NOy),; B, Mn(SO,); C, Cu(NO,),; D, FeSO,,.

#Total COD = Chemical oxygen demand (COD) value of the residual liquid times the volume of the residual liquid.
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such as aromatic acids and organic amines could react
with the catalyst and produce some complex com-
pounds simultaneously. To avoid these reactions,
which consumed catalyst and thereby hindered the
hydroxyl radical chain reactions, the catalyst was
fed continuously. The more the catalyst was fed, the
more complete the decomposition of resins.

Agitation. Agitation has three functions: (1) mix-
ing the reactants to form a homogeneous solution
and improving the reaction rate, (2) preventing
foaming, and (3) resisting producing sticky sub-
stances or crushing these sticky substances to en-
hance the degradation reaction continuously.

Soaking Resin by Catalyst. Experimental results
showed that using parts of the catalyst to presoak the
resin for some time (20 h was sufficient) could bring
about a faster initial and more complete degradation
reaction. The utility of soaking was more obvious for
cation resin. The COD value of the residual liquid was
less than 100 mg/L. for soaked cation resins; it was
more than 250 mg/L for nonsoaked ones.

NaOH Solution. During the decomposition of
anion resin, adding some NaOH solution will reduce
the amount of the solid residuals and raise the pH
value of the system and thus simultaneously acceler-
ate the direct decomposition of hydrogen peroxide
and decrease its efficiency. According to the or-
thogonal tests, the addition of 0.7 g NaOH was suit-
able for 15 g wet anion resin, and the pH value of
the reaction liquid was about 5.

Orthogonal Tests

Orthogonal tests investigated the influence on the
experimental results of the dosage of hydrogen perox-
ide, catalyst, and NaOH. Here TCOD (total COD of the
liquid residual = COD value X the volume of residual
liquid) and TORG (= TCOD x weight of solid residual)
were chosen as compressive assessment indexes (CAIA
and CAIB). The less the index, the better the experi-
mental result—for example, a smaller TCOD value in-
dicates less solid residue. A factor analysis (a math-
ematical method to perform orthogonal tests) was
performed to determine which factor influences the re-
sult the strongest. This showed that the amount of Cu?*
and hydrogen peroxide were the most important fac-
tors; this point was also confirmed by the experimental
phenomenon. Increasing the amount of catalyst can de-
crease the amount of hydrogen peroxide required,
which is expensive. In this study, the ratio of the
amount of hydrogen peroxide to catalyst was kept as
small as practical in order to save on treatment costs;
however, if the concentration of the catalyst was too
large, the reaction became so violent that it produced
more solid residue and influenced the solidification.

The operating conditions and results of resin de-
composition are listed in Table 2.

The radioactivity analysis results obtained during
the spent resin decomposition process indicated that the
radioactive nuclides loaded in the spent resins remained
in the decomposition solution and solid residues—no
radioactivity was detected in the off-gas.

Table 2 Operating Condition and Results of Resin Decomposition

Cation Anion

Item 732y 711y Mixed®
Pure H,0,/dried resin, kg/kg 35 45 3.7
Catalyst/resin reaction time, kg/kg-min A:1.67x10% A0 A:1.52x 107

B:149x10*  B:1.52x 107

Antifoaming agent/resin, L/kg 0 0.01 0.01
Temperature, °C 971099 97 to 99 97t0 99
Reaction time, h 2.5 3.5 251030
COD value of liquid residual, mg/L <300 <3000 3000 to 4000
pH value of liquid residual 10to0 1.5 4.0 2.0
Decomposition ratio,” % ~100 >90 >85
H,0, efficiency, % 75t0 85 851090 >80

4A, FeSO,; B, Cu(NOs),. The resins 732 and 711 are strong acidic and basic polystyrene

resins, respectively.
bWeight ratio of cation:anion was 2:1.

‘Decomposition ratio = weight of solid residue in dried state/weight of dissolved resin in

dried state.
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For the preparation of these decomposition residues
for cementation, it was necessary to neutralize them to
pH values of 8 to 10 by NaOH solution and then reduce
the volume by evaporating it at 99 °C until the salt
content of evaporated residue is up to 40 wt %, which
is the highest salt content for cementation. These prepa-
rations must be made because of the limitation of salt
content required for cementation. Three cement matri-
ces in solidification were chosen for immobilization of
decomposition residues. These were sulfate-resistant ce-
ment (SRC), acrylate copolymer (ACP-SRC), and ep-
oxide plastic-polyamide—styrene (EPPAS-SRC). The
parameters and product properties are listed in Table 3.

In this study, the amount of solid residuals varied
from 0.2 to 0.7 g per 15 g wet anion resins, and the
performance of cementation product was good even if
it contained 0.7 g solid. The experimental results
showed that if the total COD value of residual liquid
was less than 0.6 g for 15 g wet anion resin and 0.06 g
for 15 g wet cation resin, the cement solidification pro-
cess was not affected and the ratio of TCOD to cement
was less than 0.04 for anion resin.

The initial evaluation shows that the total treatment
and disposal cost of direct cementation is about

155

170000 ¥ (= $2 050 U.S.) per cubic meter of spent
resin. By wet catalytic oxidation, however, treatment
and disposal costs are only about 80 000 ¥
(=$960 U.S.) per cubic meter of spent resin. The re-
sult is comparable with that of Place.?

HYPOTHESIS ON THE MECHANISM
OF WET CATALYTIC OXIDATION
OF IER BY HYDROGEN PEROXIDE

Because all the metal ions used as catalysts in this
study have different valences, it can be initially inferred
that the mechanism of catalysis is as follows:

M= + H,0, — M®+b+ + OH- + HOe 20)
HOe + M+ — M@+b+ + QH- 2D

Mo+ +H,0, - M +HOOe + H*  (22)

M@e++ + HOOe - M + 0, + H+ (23)
Re + Cu?* — Cu+* + R+ (24)
Cu* + Mr++ — Cu2+ + M+ (25)

Table 3 Solidification Parameters and Product Properties

Cement matrices

Sulfate-
resistant Acrylate Epoxide plastic—
cement copolymer polyamide—styrene
Cement polymer (SRC) (ACP-SRC) (EPPAS-SRC)
Polymer content 0 4% 8%
Water/cement (in weight) 0.5 0.5 0.5
Salt/cement (in weight) 0.35 0.35 0.35
Bleed No No No
Set time, h
Initial 2.0 1.6 19
Final 2.2 2.1 23
Compressive strength (MPa)* maintained for 28 d 40.0 30.8 41.3
irradiated® 35.0 29.4 387
High-temperature stability® Fine Fine Fine
Accumulative leaching ratio of total B for 42 d,? cm 9.98x1072  7.45x 1072 7.17 x 1072
Density, g-cm™ 2.06 2.03 1.92
Volume reduction factor (VRF)¢ 0.39 0.37 0.34

“Tested according to National Standard GB-177-62 “Physical Test for Cement.”

bTotal irradiated y dosage: 2.8 x 10° Gy.
“Tested according to ASTM D63-74.
Tested according to National Standard 7023-86.

¢VRF = (original volume of dissolved resin — volume of final cemented product)/original volume of

dissolved resin.
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(In these equations, n equals 2 for iron, nickel, and
manganese; whereas for copper, n equals 1 except in
Eq. 25.)

Because the oxidation potential between Mn?*
and Mn3* is the largest among these ions, if the total
amount of catalyst added to the system is the same,
the concentration of Mn2* will be the largest,
whereas FeZ* will be the smallest for two-valence
ions. Fe3* will be the largest for three-valence ions,
whereas the concentration of Mn3* and Ni3* will be
very small (they are very unstable in aqueous solu-
tion). The ions can effectively catalyze the reaction
until they are absorbed onto the exchange site. For
cation resins, the higher the valence of the ion, the
more easily they can be absorbed. Because the con-
centration of Fe3* is the highest, the reaction is fast-
est, the decomposition is the most complete, and the
medium products are easy to oxidize continuously.
For Mn?* and Ni2* systems, some medium products,
such as acetone and acetic acid, hindered the chain
reactions. Adding Cu?* oxidizes these substances
and produces some sediment complex compounds of
copper.

Equation 20 benefits the decomposition process,
and Eq. 21 hinders that process because the former
produces the hydroxyl radical and the latter consumes
it. One of the practical methods is to continuously add
hydrogen peroxide.

Because the -CH,—’s p orbital can conjugate with
benzene’s T orbital and becomes a delocalized n-bond,
thereby dispersing electrons, the benzyl of anion resin
is a stable free radical. Conversely, the N* attracts elec-
trons, whereas the —CH,~ group releases electrons,
which causes the electron cloud, including the delocal-
ized m-bond, to move toward N*. The quaternary-amine
group separates from the benzene at first and then is
oxidized by the hydroxyl radical, releasing some
amine, which benefits foam producing and forms
NH;. Some NH; copolymerizes to solid residue and
releases NH; when reacting with NaOH. The rest reacts
with organic acid, which is the oxidation product of the
resin and is soluble and thus emits NH; when NaOH is
added to the liquid residue.

Infrared and ultraviolet spectra of anion and cation
resins and their decomposition residues show that there
are more than ten kinds of aromatic compounds in the
reaction liquid and solid residue of anion resin, whereas
none were formed from the cation resin except simple
organic ones. This can also be proved by the COD
values of liquid residues. It is more difficult to oxidize
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anion and mixed resins than cation resins. The reasons
are as follows: (1) The S atom releases electrons,
whereas the hydroxyl radicals want electrons; thus it
makes the S atom and hydroxyl radicals approach and
react easily. The SO;H group separates from benzene
and becomes sulfuric acid, and the benzene goes on
decomposing, which results in no aromatic compounds
remaining in the liquid residue for cation resins. The N*
attracts electrons, and the benzyl radical of the anion is
stable, which makes it difficult to react with the hy-
‘droxyl radical. (2) These compounds produced in the
decomposition of anion resin are strong, complex
agents for metal ions, which can impair the efficiency
of the catalysts. (3) Quaternary-amine substances are
oxidized slowly and will decompose with difficulty.
(4) Copolymerization accompanies the decomposition
of resins.’ These sticky substances and floating solids
produced at the later stage of reaction are relevant to
points 3 and 4.

CONCLUSIONS

1. Radioactive spent ion-exchange resin can be suc-
cessfully treated and dissolved by H,0,—Fe2*/Cu?*,
H202—Mn2+/Cu2+, H202—Ni2+/Cu2+, and H202-Cu2+
systems. Fe2* is the most effective catalyst for the de-
composition of cation resin, and Cu?* is the most ef-
fective catalyst for anion resin. The best decomposi-
tion results are obtained from the Fe2*/Cu?* system for
mixed resins. The resins transform from a solid phase
consisting of an organic matrix into a liquid phase con-
taining a small amount of organic components, and the
decomposition ratio is approximately 100% for cation
resin, more than 90% for anion resin, and more than
85% for mixed resin.

2. The radioactive nuclides loaded in the spent resin
during the period of decomposition are concentrated
completely in the decomposition solution and solid
residue. No radioactive contamination is associated
with the off-gas, so it can be vented directly to the
atmosphere without any further treatment.

3. The concentrated decomposition residue can be
successfully immobilized in cement, and the ce-
mented products in terms of quality meet regulatory
requirements stipulated by the International Atomic
Energy Agency for long-term storage. The total dis-
posal cost will run about 50% less than that for
direct solidification.

4. The volume reduction percentage of the H,0,
oxidation process is up to 30 to 40% compared with
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the volume of directly cemented ion-exchange resin,
which has a volume increment of 80% (Ref. 6).
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A Comparison Study and Resolution of Differences
Between Emergency Response and Safety Analysis
Codes Used at the Savannah River Site

By A. A. Simpkins?

Abstract: The Savannah River Site uses different dose as-
sessment codes for safety analysis and emergency response.
Both models contain a Gaussian plume dispersion model,
but there are several inherent differences between the codes.
Comparisons using the same input show that the two codes
produce doses that differ by less than 3%; however, condi-
tions exist in which the codes give significantly different
results.

Savannah River Site (SRS) has many characteristics
that make it unique in such areas as safety analysis and
emergency preparedness. One such characteristic is the
large area of the site, almost 300 square miles, which
greatly reduces the potential effects on off-site indi-
viduals from atmospheric releases that could occur
near the center of the site. Also, the site has been in
operation for more than 40 years, and a wealth of site-
specific data is available for use in the dose assessment
methodologies.

“Environmental Technology Section, Savannah River Technol-
ogy Center, Westinghouse Savannah River Company, Savannah
River Site, Aiken, SC 29808.

Different codes have been developed at the SRS to
address real and hypothetical accidents. For incidents
that involve releases to the atmosphere, PUFF-
PLUME (Ref. 1) was developed to make decisions re-
garding evacuation or sheltering of on-site and off-site
individuals by accessing real-time meteorology from
seven different on-site meteorological towers. PUFF-
PLUME aliows a choice between a Gaussian plume
model and a Gaussian puff model. Both wet and dry
depositions may be considered. Only the inhalation ex-
posure pathway is used.

Currently, during the preparation of a Hazards As-
sessment Document (HAD), PUFF-PLUME is used to
determine the dose to the maximally exposed indi-
vidual. An Emergency Management Guide? (EMG),
which provides guidance for complying with Depart-
ment of Energy (DOE) Order 5500.3A, states that
“...consequence assessment models used for emergency
planning and response purposes at the facility should be
used to conduct this hazards assessment.” Another sec-
tion of the EMG specifies the use of dose that is not
exceeded 95% of the time on the basis of historical
meteorological conditions (when a 5-year joint fre-
quency distribution of meteorological conditions is
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used, the dose reported is expected to be exceeded only
5% of the time); however, PUFF-PLUME was de-
signed to access real-time meteorology or use a spe-
cific stability class and wind speed combination.
Therefore the code cannot determine a dose that is
exceeded 95% of the time on the basis of a historical
meteorological frequency distribution. Because the
guidance requires the use of PUFF-PLUME and the
determination of doses that are not exceeded 95% of
the time on the basis of historical meteorological con-
ditions for hazards assessment, a specific stability class
and wind speed combination was originally assigned to
represent these conditions.

The computer code AXAIR89Q (Refs. 3 and 4) is
primarily used to produce documentation for safety
analysis and predictive purposes and accesses a 5-year,
historical meteorological database. AXAIR89Q strictly
follows the guidance in U.S. Nuclear Regulatory Com-
mission (USNRC) Regulatory Guide 1.145 (Ref. 5).
AXAIR89Q contains a Gaussian plume model with
both inhalation and plume shine exposure pathways.
Deposition is not incorporated into the code. The code
can calculate doses that are not exceeded either 99.5%
or 50% of the time on the basis of historical meteoro-
logical conditions.

When AXAIR89Q was compared with PUFF-
PLUME, doses that were not exceeded 95% of the time

on the basis of historical meteorological conditions cal-
culated by PUFF-PLUME were sometimes higher than
the doses that were not exceeded 99.5% of the time
calculated by AXAIR89Q. A study was initiated to de-
termine the differences between the two codes.

MODEL DIFFERENCES

The computer codes AXAIR89Q and PUFF-
PLUME differ in many areas because of different
equations that are used to determine various param-
eters within each of the two codes. Each of the differ-
ences is discussed in detail in the following text.

Diffusion Coefficient Relationships

PUFF-PLUME and AXAIR89Q apply different dif-
fusion coefficients. PUFF-PLUME uses Pasquill-
Briggs coefficients,5” whereas AXAIR89Q uses
Pasquill-Gifford coefficients? as depicted in the Turner
Workbook? curves. The use of different diffusion coef-
ficients can result in considerable differences, depend-
ing on the stability class and wind speed combination.
Figure 1 shows the ratio of relative air concentrations
(x/Q), using Pasquill-Briggs diffusion coefficients vs.
Pasquill-Gifford diffusion coefficients for a release
height of 10 m (Ref. 10). The use of Pasquill-Briggs

10

T
Stability

Ratio of X/Q (PB/PG)

1 L]

1 L

10 20 50 100

Downwind distance (km)

Fig. 1 Ratio of relative air concentrations (%/Q) using Pasquill-Briggs (PB) vs. Pasquill-Gifford
(PG) diffusion coefficients (o, unlimited). The atmospheric stability classes are the Pasquill cat-
egories defined in USNRC Regulatory Guide 1.23 (Ref. 11).
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diffusion coefficients can cause as much as a factor
of 2 increase in relative air concentration at 10 km when
compared with Pasquill-Gifford diffusion coefficients.

Correction of Release Height
for Terrain Effects

PUFF-PLUME does not consider terrain effects.
AXAIRS89Q takes into account the terrain height in
determining the effective height of the release using
Eq. L.

(H, <Hy)

o
(H, 2H))

where H, is the effective release height, H; is the stack
release height, and H, is the terrain height for the given
receptor location.

The terrain height at the receptor location is defined
as the maximum height difference between the recep-
tor and the release location.® In AXAIR89Q, depend-
ing on which sector is selected, the terrain can vary by
as much as 40 m at 15 km (approximate site boundary
distance) from the source. As the vertical diffusion co-
efficient decreases and the terrain height increases, the
differences become more significant.

Treatment of Fumigation Conditions

On a clear morning shortly after the sun rises, the
inversion present just above the top of the stack acts as
a lid to the shallow unstable layer next to the ground.
This condition is known as fumigation. Fumigation oc-
curs in stable conditions, and vertical spreading is
more prominent on the lower side of the plume rather
than on the upper. PUFF-PLUME does not implicitly
include fumigation, but the user is expected to choose
the appropriate stability class and wind speed class to
analyze these effects. AXAIR89Q follows the guid-
ance of USNRC Regulatory Guide 1.145, which states
that, for inland sites such as SRS, fumigation is al-
lowed to occur 25% of the time for the 2-h release
period.> For SRS, the following conditions must be
met for fumigation to occur:

1. Atmospheric conditions are stable (stability cat-
egories E, F, or G).

2. Wind speed at the release height is less than 4 m/s.

3. “...[E]lquation 2 (see below) should be used in-
stead of equation 3 (see below) at distances greater
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than the distance at which the y%/Q values determined
using equation 2 with H, = 0 and equation 3 are equal”
(Ref. 5).

Only when all three of these conditions are met will
the fumigation algorithm be invoked. Equation 2 is
used for nonfumigation conditions.’

X e(—h3/20§ ) 2
o no,0.U, (

where %/Q = relative air concentration—ratio of con-

centration of released material in air to
the release rate of the material, s/m?>

h, = effective stack height (stack height—
terrain height), m

o, = lateral plume spread, m

dz = vertical plume spread, m

U, = wind speed representing conditions at the
release height, m/s

Equation 3 is used for fumigation (Ref. 5).

X 1
Ao - 3
[ij (2m)% o,hU, 4
where U, is the wind speed representative of the fumi-
gation layer of depth h, (m/s). The fumigation x/Q is
used only when it exceeds the nonfumigation /Q.

Interpolation of Results

Because PUFF-PLUME dose calculations are per-
formed on the basis of a specific stability class and
wind speed combination, no interpolation is needed.
AXAIR89Q determines the dose not exceeded 99.5%
of the time on the basis of historical meteorological
conditions for each of the 16 sectors and selects the
highest as the dose for the given distance. In each sec-
tor the 42 doses determined by the 7 stability classes
(A-G) and 6 wind speed classes are ranked from high-
est to lowest along with their frequency of occurrence.
Wind speed classes 1-6 correspond to the following
ranges: 0-2, 24, 4-6, 6-8, 8-12, and >12 m/s. A cu-
mulative frequency is associated with each of the 42
doses. When the cumulative frequency exceeds 0.5%,
interpolation of dose is performed. The wind speed and
stability class combinations used for the interpolation
are not likely to have the same stability class or wind
speed. The interpolation will contribute some error.
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Table 1 is a sample of the ranking of dose along
with corresponding cumulative frequency, stability
class, and wind speed for a particular sector. For the
case shown, the interpolation occurs between the two
marked cases (*), which correspond to stability class F
with wind speed class 4 and stability class E with wind
speed class 2. Interpolating between these two doses to
determine the 0.5% cumulative frequency results in a
dose of 958 mrem.

The doses cannot be determined correctly by choos-
ing an intermediate class; for example, an incorrect
comparison would be to choose an intermediate class
for comparison of either stability E or F with a wind
speed class of 3. Notice that one of these two combina-
tions of stability and wind speed classes results in a
dose with a cumulative frequency of less than 0.5%.
The other combination corresponds to a dose represen-
tative of 97.75% meteorological conditions. For these
reasons, an intermediate class cannot be chosen to be
representative of doses not exceeded 99.5% of the time
on the basis of historical meteorological conditions.

Table 1 Sample Ranking of AXAIR89Q Dose

Cumulative
frequency, Stability Wind speed
Dose, mrem % class category
8.93 x 10%? 0.007 G 1
3.65 x 10*3 0.014 G 2
3.06 x 10*3 0.021 F 1
2,78 x 10*3 0.041 G 3
1.67 x 10+ 0.148 F 2
1.20x 10+ 0.370 F 3
1.10x 10*3 0.386 E 1
*1.01 x 10" 0.404 F 4%
*6.27 x 10%2 1.077 E 2%
4.45x 10%2 2.261 E 3
424 %107 2.316 D 1
3.54 x 10*2 2.359 F 4
2.96x 10*2 2.428 C 1
229 x 10*2 2.505 B 1
224 % 10%2 3.430 D 2
1.84 x 10*2 3.788 A 1
1.52 x 10*2 5.239 D 3

Initial Source Size

In PUFF-PLUME, the user is allowed to enter the
initial plume size. The initial dimensions of the plume
are input as 6,, by G,, (in meters), and the value of o,
is determined by Eq. 4.

)’ @)

— 2
o, = (cypB +02,
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where O,pg value is determined by using the Pasquill-
Briggs equations.

The value for 6, is determined in the same manner.
The default values of initial plume size in PUFF-
PLUME are 3 m (o,,) by 3 m (6,,). In AXAIR89Q,
the initial source size is assumed to be infinitesimally
small. For relatively unstable categories with large val-
ues of ¢, and G,, the initial plume size becomes negli-
gible. In the classes that are more stable where o, can
be as low as 10 m, the initial plume size affects the
results.

Treatment of Inversion Height

In PUFF-PLUME, the user has the option of enter-
ing the inversion height (H;,,). In AXAIR89Q, the in-
version or lid height is set to a constant value of
200 m. In both codes, the value of the vertical diffu-
sion coefficient (6,) is allowed to be no greater than
the product of 0.8 H;,,. Therefore, even though H,, is
not directly used to determine the relative air concen-
tration, it can have an impact on the resulting doses.
The limitation of vertical diffusion coefficients would
have the greatest effect for the unstable classes (A and
B) and possibly at greater distances (d > 3 km) for the
intermediate classes (C and D). Stability classes E and
F should not be affected.

Consideration of Inhalation
and Shine Doses

PUFF-PLUME considers only inhalation dose,
whereas AXAIR89Q considers both inhalation and
plume shine doses. Depending on the isotopes consid-
ered, this can have an effect on the differences in doses
produced by the two models.

MODEL COMPARISONS

The two codes were compared with three degrees of
rigor to determine the differences. In Case 1, a standard
AXAIRS89Q calculation was compared with a wind
speed and stability combination within PUFF-PLUME
that was thought to correspond to a dose not exceeded
95% of the time on the basis of historical meteorologi-
cal conditions. In Case 2, the dose for 99.5% meteoro-
logical conditions from AXAIR89Q was compared
with the PUFF-PLUME dose resulting from the same
stability and wind speed combinations as used for inter-
polation within AXAIR89Q. Finally, in Case 3, internal
modifications were made to AXAIR89Q and to certain
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data files to allow an extremely rigorous comparison.
For each of the comparisons, the deposition model in
PUFF-PLUME was not invoked.

Case 1

The dose not exceeded 95% of the time on the basis
of historical meteorological conditions was needed for
hazard assessment documentation. Because PUFF-
PLUME does not have this capability, a stability and
wind speed combination “typical” of 95% meteorology
was assigned. This selection was F stability class and
1 m/s wind speed. Although this may be representative
of 95th percentile doses, there is not a unique combi-
nation that will always result in the dose not exceeded
95% of the time on the basis of historical meteorologi-
cal conditions. AXAIR89Q was executed to determine
the dose for meteorological conditions not exceeded
99.5% of the time. Table 2 shows the input values used
for the comparison.

The results of the comparison of effective dose
equivalents (EDEs) at the site boundary (11.9 km from
release point) are shown in Table 3. The differences
are remarkable; the results from PUFF-PLUME are
actually higher than those from AXAIR89Q because
stability class F at 1 m/s does not correspond to 95%
meteorology for this particular case. Table 1 shows the
actual values and stability class and wind speed combi-
nations used for the interpolation. Stability class F
with a wind speed of 1 m/s (wind speed category 1)
actually corresponds to a cumulative frequency of
99.98%. These results demonstrate that no specific sta-
bility and wind speed combination can be selected be-
fore running AXAIR89Q for the comparison.

Case 2

Case 2 uses Table 1 data to select 99.5% probabil-
ity. As part of the output, AXAIR89Q shows the two
sets of stability class and wind speed combinations
whose corresponding doses were interpolated between
stabilities to determine the dose not exceeded 99.5% of
the time on the basis of historical meteorological con-
ditions. The dose at the site boundary was determined
by interpolating between F stability with 6 to 8 m/s
wind speed and E stability with wind speed between 2
and 4 m/s (see Table 1). These doses correspond to
conditions not exceeded 99.6 and 98.92% of the time,
respectively. This bracketing combination was used for
the PUFF-PLUME comparison. These resulting doses
at the site boundary are depicted in Table 4.

Table2 Input Parameters for AXAIR89Q
and PUFF-PLUME Comparison
Parameter AXAIRS89Q PUFF-PLUME

Release area H H

Vent height, m 0 0

Dose factor library ICRP30 ICRP30

Isotope 238py 238py

Amount of release, Ci 1.00 1.00 entered as

1.390 x 107* Ci/s
Duration of release, min 120 120
Inversion height, m 200 200

Table3 Case 1 EDE? Comparison from
AXAIR89Q and PUFF-PLUME

EDE, rem Percent
difference
Distance AXAIR89Q PUFF-PLUME (AX-PFyAX
100 m 641 8170 -1175
Site boundary 0.958 7.5 -683

“Effective dose equivalent.

Table4 Comparison of PUFF-PLUME and
AXAIRS9Q at the Site Boundary

Stability class EDE?, rem
at wind Percent
speed AXAIR89Q PUFF-PLUME  difference
Fat7 m/s 1.01 1.08 -7
E at 3 m/s 0.627 0.670 -7

“Effective dose equivalent.

Small differences in dose results still exist. One
contributing factor was the wind speed values used in
each of the codes. AXAIR89Q applies a historical av-
erage wind speed (based on actual data), whereas the
Case 2 comparison applies the midpoint of the range
for input into PUFF-PLUME. Another contributing
factor is different diffusion coefficients applied within
each of the codes; however, this case shows that
AXAIR89Q and PUFF-PLUME were in much closer
agreement.

Case 3

Case 3 compared the two models under identical
conditions. The parameters used for the comparison
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were carefully chosen so that differences in input be-
tween the two models could be minimized. Internal
modifications also were necessary to conduct a true
comparison.

The most obvious difference, the meteorology, was
examined first. Input to PUFF-PLUME is in the form
of specific values of the standard deviation of the hori-
zontal (Ggorc,) and vertical (¢,) wind direction and
the wind speed. In contrast to PUFF-PLUME,
AXAIR89Q does not have the option of entering a
specific stability class and wind speed combination.
Instead, dose calculations are automatically made for a
range of stability and wind classes and an exceedance
probability (either 99.5% or 50%) is selected. Thus, in
general, a rigorous comparison is not possible.

For a comparison with PUFF-PLUME, the meteo-
rological joint frequency distribution accessed by
AXAIR89Q was modified to set the frequency to zero
for the entire distribution except for the category with
the desired wind speed, direction, and stability class,
which is set to 0.5%. This is the category the model
will then select as the 99.5% meteorological conditions
for the selected sector. AXAIR89Q prints the frequen-
cies as a function of wind speed, direction, and stabil-
ity class as part of the output, so the correct category
was easily verified. Data concerning the wind speeds
corresponding to the specific category were also
changed to agree with the input wind speed to PUFF-
PLUME.

Another minor adjustment made in the AXAIR89Q
input is to select a stack release height equal to that
used by PUFF-PLUME. In AXAIR89Q, an adjustment
is automatically made to the stack release height to
account for the terrain, as per USNRC Regulatory
Guide 1.145 (Ref. 5). The effective stack height is the
release height minus the maximum terrain height be-
tween the release point and the receptor. For the Case
2 comparison, the difference was 2.74 m. For Case 3,
the stack release height in AXAIR89Q was increased
3 m (AXAIR89Q will accept only whole numbers for
release height), so the effective stack height is similar
to the value used in the PUFF-PLUME case.

Diffusion coefficients in the current operational ver-
sion of AXAIR89Q are different from those in PUFF—
PLUME. A test version of AXAIR89Q was created
with the diffusion coefficients changed to Pasquill” for
o, and Briggs® for ,. PUFF-PLUME assumes six sta-
bility classes (A-F), and AXAIR89Q assumes seven
(A-G). AXAIR89Q is modified to use the same equa-
tions for the diffusion coefficients for stability classes
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F and G. This did not add much error because both are
stable categories.

Tables 5 to 7 show the comparisons among doses
determined by AXAIR89Q and PUFF-PLUME for the
following stability class and wind speed combinations:
class A at 6 m/s, class C at 4 m/s, and class E at 8 m/s.
One curie of 3! was used for the release amount for
each of the Case 3 comparisons with the release height
of 65 m for AXAIR89Q and 62 m for PUFF-PLUME.
All other inputs are those listed in Table 2. These com-
binations were arbitrarily chosen from stability and
wind speed combinations for which the fumigation al-
gorithm is not invoked. All doses shown are 50-year
committed EDEs.

Table 5 Dose Comparison of AXAIRS89Q
vs. PUFF-PLUME (Stability Class A,
Wind Speed 6 m/s)

Distance, Dose, mrem Percent

km AXAIR89Q PUFF-PLUME difference

1.8 9.96 x 1073 9.78 x 1073 1.8
7.6 3.35x1073 3.28x 1073 2.1
10.8 2.56 x 107 251%x 1073 2.0
14.1 225% 1073 220 % 1073 22

Table 6 Dose Comparison of AXAIRS89Q
vs. PUFF-PLUME (Stability Class C,

Wind Speed 4 m/s)

Distance, Dose, mrem Percent
km AXAIR89Q PUFF-PLUME difference
1.4 4.10x 1072 407 %1072 0.7
72 8.55x 1073 8.51x 107 0.5
9.4 6.96 % 107 694 x 1073 0.3

14.4 545x 1073 543x 107 0.4

Table 7 Dose Comparison of AXAIR89Q
vs. PUFF-PLUME (Stability Class E,

Wind Speed 8 m/s)

Distance, Dose, mrem Percent
km AXAIR89Q PUFF-PLUME difference
1.4 3.11x 1072 3.19x 1072 26
76 2.15x 1072 2.16 x 1072 05

10.1 1.60 x 1072 1.61 x 1072 -0.6
14.4 1.30x 1072 1.30 x 102 0.0
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Although the models were in close agreement, the
differences can still be attributed to minor differences
within each of the models (i.e., terrain height and unit
conversions).

CONCLUSIONS

The methodologies in AXAIR89Q and PUFF-
PLUME are similar when consistent meteorological
conditions are applied to both codes; however, in most
cases the two models should not be compared directly.
The differences result from the different functions of
the two models and the invocation of special algo-
rithms in AXAIR89Q.

In the future, no specific wind speed and stability
class combination should be chosen for a comparison
unless AXAIR89Q is executed first for the given set of
input parameters and then PUFF-PLUME is executed
with the correct combination. AXAIR89Q could be
modified for use with HADs.
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Reactor Shutdown Experience

Compiled by J. W. Cletcher?

This section presents a regular report of summary statis-
tics relating to recent reactor shutdown experience. The
information includes both numbers of events and rates of
occurrence. It was compiled from data about operating
events entered into the SCSS data system by the Nuclear
Operations Analysis Center at the Oak Ridge National
Laboratory and covers the six-month period of July 1-
December 31, 1995. Cumulative information, starting
from January 1, 1984, is also shown. Updates on shut-
down events included in earlier reports are excluded.

Table 1 lists information on shutdowns as
a function of reactor power at the time of the
shutdown for both boiling-water reactors (BWRs) and
pressurized-water reactors (PWRs). Only reactors in
commercial operation at the start of the reporting pe-
riod (July 1, 1995) are included. The second column for
each reactor type shows the annualized shutdown rate
for the reporting period. The third and fourth columns
list cumulative data (numbers and rates) starting as of
January 1, 1984.

Table 1 Reactor Shutdowns by Reactor Type and Percent Power at Shutdown”
(Period Covered is the Second Half of 1995)

BWRs (37) PWRs (75)
Cumulative Cumulative
Shutdown shutdown Shutdown shutdown
rate rate per rate rate per
Reactor power (annualized Cumulative reactor (annualized Cumulative reactor
P), % Number for period) number year” Number for period) number year®
0 7 0.38 706 1.71 15 0.40 490 0.60
0<P<10 2 0.11 140 0.34 2 0.05 175 0.21
10<P<40 7 0.38 173 0.42 4 0.11 330 0.40
40<P<70 4 0.21 161 0.39 7 0.19 187 0.23
70<P <99 4 0.21 390 0.94 4 0.11 523 0.64
99 <P <100 22 1.18 522 1.26 37 0.98 1247 1.52
Total 46 247 2092 5.06 69 1.83 2952 3.59

“Data include shutdowns for all reactors of the designated type while in commercial service during ail or part of the period covered. The cumulative

data are based on the experience while in commercial service since the starting date of Jan. 1, 1984, through the end of the reporting period; it includes the
commercial service of reactors now permanently or indefinitely shut down.

®Based on cumulative BWR operating experience of 413.40 reactor years.

“Based on cumulative PWR operating experience of 822.35 reactor years.

“Qak Ridge National Laboratory.
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Table 2 shows data on shutdowns by shutdown
type: Shutdowns required by Technical Specifica-
tions are automatic scrams under circumstances
where such a shutdown was required; Intentional or
required manual reactor protection system actua-
tions are manual shutdowns in which the operators,
for reasons that appeared valid to them, took manual
actions to actuate features of the reactor protection
system; Required automatic reactor protection sys-
tem actuations are actuations that the human opera-
tors did not initiate but were required; Unintentional
or unrequired manual reactor protection system ac-
tuations are essentially operator errors in which the
human operators took action not really called for;
and Unintentional or unrequired automatic reactor
protection system actuations are instrumentation
and control failures in which uncalled-for protective

actuations occurred. Only reactors in commercial
operation are included. The second column for each
type of reactor shows the annualized rate of shut-
downs for the reporting period. Cumulative informa-
tion is shown in the third and fourth columns for
each reactor type.

Table 3 lists information about shutdowns by reac-
tor age category, both total numbers and rates in that
category; it also shows cumulative results. Note that
the age groups are not cohorts; rather reactors move
into and out of the specified age groups as they age.
The reactor age as used in this table is the number of
full years between the start of commercial operation
and the beginning of the reporting period (January 1,
1995, for this issue). The first line of this table gives
the information for reactors licensed for full power but
not yet in commercial operation on that date.

Table 2 Reactor Shutdowns by Reactor Type and Shutdown Type”
(Period Covered is the Second Half of 1995)

BWRs (37) PWRs (75)
Cumulative Cumulative
Shutdown shutdown Shutdown shutdown
rate rate per rate rate per
Shutdown ( lized C lative reactor [¢ lized C lative reactor
(SD) type Number for period) number year’ Number for period) number year®
SDs required
by Technical
Specifications 9 0.48 277 0.67 12 0.32 426 0.52
Intentional or
required manual
reactor protec-
tion system
actuations 7 0.38 215 0.52 22 0.58 417 0.51
Required auto-
matic reactor
protection
system actuations 26 1.39 974 2.36 31 0.82 1653 2.01
Unintentional or
unrequired
manual reactor
protection sys-
tem actuations 0 0.00 9 0.02 2 0.05 22 0.03
Unintentional or
unrequired
automatic reac-
tor protection
system actuations 4 0.21 617 1.49 2 0.05 434 0.53
Total 46 247 2092 5.06 69 1.83 2952 3.59

“Data include shutdowns for all reactors of the designated type while in commercial service during all or part of the period covered.
The cumulative data are based on the experience while in commercial service since the starting date of Jan. 1, 1984, through the end of
the reporting period; it includes the commercial service of reactors now permanently or indefinitely shut down.

bBased on cumulative BWR operating experience of 413.40 reactor years.

“Based on cumulative PWR operating experience of 822.35 reactor years.
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Table 3 Reactor Shutdowns by Reactor Type and Reactor Age?
(Period Covered is the Second Half of 1995)

BWRs (37) PWRs (75)
Exposure Shutdown Exposure Shutdown
Years in during the rate Cumulative  during the rate Cumulative
commercial period (in Number (annualized shutdown period (in Number (annualized shutdown
operation reactor for the Cumulative rate per reactor for the Cumulative rate per
(C.0) years) Reactors Shutdowns period) number reactor year years) Reactors  Shutdowns period) number reactor year

Not in C.0. 0.500 0 0.00 330 20.65 0.000 0 0 0.00 336 3424
First year of C.O. 0.000 0 0.00 121 9.00 0.000 0 0 0.00 281 9.96
Second through

fourth year

of C.O. 0.000 0 0.00 264 6.29 0.500 1 t 1.99 530 5.53
Fifth through

seventh year

of C.O. 0.500 2 3.97 187 425 2.540 7 3 1.18 335 3.12
Eighth through

tenth year

of C.O. 3.530 10 2.84 233 4.79 6.640 16 19 2.86 411 3.45
Eleventh through

thirteenth year

of C.O. 3.020 11 3.64 293 5.44 4.920 11 6 1.22 514 3.99
Fourteenth through

sixteenth year

of C.O. 0.180 1 553 401 6.16 3.530 7 10 2.84 387 3.20
Seventeenth through

nineteenth year

of C.O. 1.330 5 3.76 287 4.45 4.420 10 8 1.81 282 2.55
Twentieth through

twenty-second

year of C.O. 4530 7 1.54 183 3.81 8.860 21 15 1.69 135 1.86
Twenty-third

through twenty-

fifth year of C.O. 3.530 8 227 71 3.04 4.830 12 5 1.04 49 1.95
Twenty-sixth

through twenty-

eighth year of C.O. 1.510 1 0.66 10 1.75 1.540 4 2 1.30 19 1.99
Twenty-ninth

through thirty-first

year of C.O. 0.000 0 0.00 9 3.00 0.000 0 0 0.00 5 1.67
Thirty-second

through ninety-

ninth year of C.O. 0.500 1 1.99 6 341 0.500 1 0 0.00 0 0.00

Total 19.140 46 2.40 2395 5.58 38.290 69 1.80 3284 3.93

“Age is defined to be the time (in years) from the start of commercial operation to the time of the shutdown event, except for the first line, which lists reactors not yet in commercial service

(see b below).

bThis category includes reactors licensed for full-power operation but not yet in commercial operation. During this reporting period reactors in this category included 1 BWR (Shoreham)

and no PWRs.
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Reports, Standards, and Safety Guides

By D. S. Queener

This article contains four lists of various documents
relevant to nuclear safety as compiled by the editor.
These lists are: (1) reactor operations-related reports of
U.S. origin, (2) other books and reports, (3) regulatory
guides, and (4) nuclear standards. Each list contains the
documents in its category which were published (or
became available) during the October 1995 through
March 1996 reporting period. The availability and cost
of the documents are noted in most instances.

OPERATIONS REPORTS

This category is listed separately because of the in-
creasing interest in the safety implications of informa-
tion obtainable from both normal and off-normal oper-
ating experience with licensed power reactors. The
reports fall into several categories shown, with infor-
mation about the availability of the reports given where
possible. The NRC reports are available from the
Nuclear Regulatory Commission (NRC) Public Docu-
ment Room (PDR), 2120 L Street, NW, Washington,
DC 20555.

NRC Office of Nuclear Reactor Regulation

The NRC Office of Nuclear Reactor Regulation
(NRR) issues reports regarding operating experience at
licensed reactors. These reports, previously published
by the NRC Office of Inspection and Enforcement (IE),
fall into two categories of urgency: (1) NRC Bulletins
and Generic Letters, which require remedial actions

and/or responses from affected licensees, and (2) NRC
Information Notices and Administrative Letters, which
are for general information and do not require any re-
sponse from the licensee. The Administrative Letters,
which contain information of an administrative or in-
formational nature, were previously distributed under
the generic letter category. No specific action is re-
quired in response to these Administrative Letters. The
Generic Letters, Bulletins, and Information Notices are
included in this issue.

NRC Generic Letters

NRC GL 95-08 10 CFR 50.54(p) Process for Changes to
Security Plans Without Prior NRC Approval, October 31,
1995, 3 pages plus 25 pages of attachments.

NRC GL 95-09 Monitoring and Training of Shippers and
Carriers of Radioactive Materials, November 3, 1995, 4
pages plus 2 pages of attachments.

NRC GL 95-10  Relocation of Selected Technical Specifica-
tions Requirements Related to Instrumentation, December
15, 1995, 5 pages plus 6 pages of attachments.

NRC GL 96-02 Reconsideration of Nuclear Power Plant
Security Requirements Associated with an Internal Threat,
February 13, 1996, 5 pages plus one-page attachment.

NRC GL 96-03  Relocation of the Pressure Temperature
Limit Curves and Low Temperature Overpressure Protec-
tion System Limits, January 31, 1996, 5 pages plus 7 pages
of attachments.

NRC Bulletins

NRCB 95-02  Unexpected Clogging of a Residual Heat
Removal (RHR) Pump Strainer While Operating in
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Suppression Pool Cooling Mode, October 17, 1995, 7
pages plus one-page attachment.

NRC B 96-01 Control Rod Insertion Problems, March 8,
1996, 6 pages plus one-page attachment.

NRC Information Notices

NRC IN 95-45  American Power Service Falsification of
American Society for Nondestructive Testing (ASNT)
Certificates, October 4, 1995, 2 pages plus one-page at-
tachment.

NRC IN 95-46  Unplanned, Undetected Release of Radio-
activity from the Exhaust Ventilation System of a Boiling
Water Reactor, October 6, 1995, 3 pages plus one-page
attachment.

NRC IN 95-47, Revision | Unexpected Opening of a
Safety/Relief Valve and Complications Involving Sup-
pression Pool Cooling Strainer Blockage, November 30,
1995, 5 pages plus one-page attachment.

NRC IN 95-48  Results of Shift Staffing Study, October 10,
1995, 3 pages plus one-age attachment.

NRC IN 95-49  Seismic Adequacy of Thermo-Lag Panels,
4 pages plus one-page attachment.

NRCIN 95-50  Safety Defect in GammaMed 12i Bron-
chial Catheter Clamping Adapters, October 30, 1995, 2
pages plus 5 pages of attachments.

NRC IN 95-51  Recent Incidents Involving Potential Loss
of Control of Licensed Material, October 27, 1995, 5
pages plus 3 pages of attachments.

NRC IN 95-52  Fire Endurance Test Results for Electrical
Raceway Fire Barrier Systems Constructed from 3IM
Company Interam Fire Barrier Materials, November 14,
1995, 4 pages plus 4 pages of attachments.

NRC IN 95-53  Failures of Main Steam Isolation Valves
as a Result of Sticking Solenoid Pilot Valves, December
1, 1995, 4 pages plus 2 pages of attachments.

NRCIN 95-54 Decay Heat Management Practices Dur-
ing Refueling Outages, December 1, 1995, 4 pages plus 2
pages of attachments.

NRCIN 95-55 Handling Uncontained Yellowcake Out-
side of a Facility Processing Circuit, December 6, 1995.

NRC IN 95-56  Shielding Deficiency in Spent Fuel Trans-
fer Canal at a Boiling-Water Reactor, December 11,
1995, 3 pages plus 2 pages of attachments.

NRC IN 95-57  Risk Impact Study Regarding Maintenance
During Low-Power Operation and Shutdown, December
13, 1995, 2 pages plus one-page attachment.

NRC IN 95-58 10CFR34.20—Final Effective Date, De-
cember 18, 1995, 4 pages plus one-page attachment.

NRC IN 96-01  Potential for High Post-Accident Closed-
Cycle Cooling Water Temperatures to Disable Equip-
ment Important to Safety, January 3, 1996.

NRCIN 96-02  [Inoperability of Power-Operated Relief
Valves Masked by Down-Stream Indications During Test-
ing, January 5, 1996, 4 pages plus 2 pages of attachments.
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NRC IN 96-03 Main Steam Safety Valve Setpoint Varia-
tion as a Result of Thermal Effects, January 5, 1996, 3
pages plus one-page attachment.

NRC IN 96-04 Incident Reporting Requirements for Ra-
diography Licensees, January 10, 1996, 4 pages plus 4
pages of attachments.

NRC IN 96-05 Partial Bypass of Shutdown Cooling
Flow from the Reactor Vessel, January 18, 1996, 3 pages
plus 2 pages of attachments.

NRC IN 96-06 Design and Testing Deficiencies of Tor-
nado Dampers at Nuclear Power Plants, January 25,
1996, 3 pages plus one-page attachment.

NRC IN 96-07 Slow Five Percent Scram Insertion
Times Caused by Viton Diaphragms in Scram Solenoid
Pilot Valves, January 26, 1996, 3 pages plus one-page
attachment.

NRC IN 96-08 Thermally Induced Pressure Locking of
a High Pressure Coolant Injection Gate Valve, Febru-
ary 5, 1996, 4 pages plus one-page attachment.

NRC IN 96-09 Damage in Foreign Steam Generator
Internals, February 12, 1996, 4 pages plus one-page
attachment.

NRC IN 96-10 Potential Blockage by Debris of Safety
System Piping Which is Not Used During Normal Op-
eration or Testing During Surveillances, February 13,
1996, 4 pages plus 2 pages of attachments.

NRC IN 96-11 Ingress of Demineralizer Resins In-
creases Potential for Stress Corrosion Cracking of
Control Rod Drive Mechanism Penetrations, February 14,
1996, 4 pages plus one-page attachment.

NRC IN 96-12  Control Rod Insertion Problems, Febru-
ary 15, 1996, 3 pages plus one-page attachment.

NRCIN 96-13 Potential Containment Leak Paths
Through Hydrogen Analyzers, February 26, 1996, 3
pages plus one-page attachment.

NRC IN 96-14 Degradation of Radwaste Facility
Equipment at Millstone Nuclear Power Station, Unit |,
March 1, 1996, 2 pages plus one-page attachment.

NRC IN 96-15 Unexpected Plant Performance During
Performance of New Surveillance Tests, March 8,
1996, 2 pages plus one-page attachment.

NRC IN 96-16 BWR Operation with Indicated Flow
Less Than Natural Circulation, March 14, 1996, 4
pages plus one-page attachment.

NRC IN 96-17 Reactor Operation Inconsistent with the
Updated Final Safety Analysis Report, March 18,
1996, 2 pages plus 15 pages of attachments.

NRC IN 96-18 Compliance with 10 CFR Part 20 for
Airborne Thorium, March 25, 1996, 5 pages plus one-
page attachment.

Other Operations Reports

These are other reports issued by various organi-
zations in the United States dealing with power-
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reactor operations activities. Most of the NRC pub-
lications (NUREG series documents) can be ordered
from the Superintendent of Documents, U.S. Gov-
ernment Printing Office (GPO), P.O. Box 37082,
Washington, DC 20013. NRC draft copies of reports
are available free of charge by writing the NRC
Office of Administration (ADM), Distribution
and Mail Services Section, Washington, DC 20555.
A number of these reports can also be obtained from
the NRC Public Document Room. Specify the report
number when ordering. Telephone orders can be
made by contacting the PDR at (202) 634-3273.

Many other reports prepared by U.S. Government
laboratories and contractor organizations are available
from the U.S. Department of Commerce, Technology
Administration, National Technical Information Ser-
vice, Springfield, VA 22161, and/or DOE Office of
Scientific and Technical Information (OSTI), P.O. Box
62, Oak Ridge, TN 37831. Reports available through
one or more of these organizations are designated with
the appropriate information (i.e., GPO, PDR, NTIS,
and OSTI) in parentheses at the end of the listing, fol-
lowed by the price, when available.

NUREG-0090, Vol. 18, No. 2 Report to Congress on
Abnormal Occurrences for April-June 1995, October
1995, 18 pages (GPO).

NUREG-0090, Vol. 18, No. 3 Report to Congress on
Abnormal Occurrences for July—September 1995, Feb-
ruary 1996, 14 pages (GPO).

NUREG-0713, Vol. 16  Occupational Radiation Expo-
sure at Commercial Nuclear Power Reactors and
Other Facilities, 1994, Twenty-Seventh Annual Re-
port, M. L. Thomas and D. Hagemeyer, January 1996,
300 pages (GPO).

NUREG/CR-2850, Vol. 14  Dose Commitments Due to
Radioactive Releases from Nuclear Power Plant Sites
in 1992, R. L. Aaberg and D. A. Baker, Pacific North-
west Lab., WA, March 1996, 183 pages (GPO).

NUREG/CR-2907, Vol. 14  Radioactive Materials Re-
leased from Nuclear Power Plants, Annual Report
1993, J. Tichler et al., Brookhaven National Lab., NY,
December 1995, 320 pages (GPO).

NUREG/CR-2850, Vol. 13 Dose Commitments Due to
Radioactive Releases from Nuclear Power Plant Sites
in 1991, D. A. Baker, Pacific Northwest Lab., WA,
April 1995, 175 pages (GPO).

NUREG/CR-6339  Aging Assessment of Westinghouse
PWR and General Electric BWR Containment Isola-
tion Functions, B. S. Lee et al., Brookhaven National
Lab., NY, March 1996, 135 pages (GPO).

NUREG/CR-6442  Evidence of Aging Effects on Cer-
tain Safety-Related Components, H. L. Magleby et al.,

Idaho National Engineering Lab., ID, January 1996, 65
pages (GPO).

NRC Office for Analysis and Evaluation
of Operational Data

The NRC Office for Analysis and Evaluation of
Operational Data (AEOD) is responsible for the re-
view and assessment of commercial nuclear power
plant operating experience. AEOD publishes a num-
ber of reports, including case studies, special stud-
ies, engineering evaluations, and technical reviews.
Individual copies of these reports may be obtained
from the NRC Public Document Room or from the
GPO.

AEOD/E96-01 Motor-Operated Valve Key Failures,
C. Hsu, March 1996, 45 pages (GPO).

AEOD/T96-01 AEOD Technical Reports by Category,
S. Israel, March 1996, 45 pages (GPO).

Special Report—Emergency Diesel Generator Power Sys-
tem Reliability 1987—-1993 INEL-95-0035, G. M. Grant
et al., February 1996, 185 pages (GPO).

DOE- and NRC-Related Items

NUREG-1530 Reassessment of NRC’s Dollar Per
Person-Rem Conversion Factor Policy, December 1995,
15 pages (GPO).

NUREG/CR-5884, Vols. 1&2 Revised Analyses of
Decommissioning for the Reference Pressurized Water
Reactor Power Station. Effects of Current Regulatory
and Other Considerations on the Financial Assurance
Requirements of the Decommissioning Rule and on Es-
timates of Occupational Radiation Exposure, Main Re-
port and Appendices, G. J. Konzek et al., Pacific
Northwest Lab., WA, November 1995, 425 pages
(GPO).

NUREG/CR-6054 Estimating Pressurized Water Reac-
tor Decommissioning Costs. A User’s Manual for the
PWR Cost Estimating Computer Program (CECP)
Software, Final Report, M. C. Bierschbach, Pacific
Northwest Lab., WA, November 1995, 140 pages
(GPO).

NUREG/CR-6239, Vols. 1&2 Survey of Strong Mo-
tion Earthquake Effects on Thermal Power Plants in
California with Emphasis on Piping Systems, Main Re-
port and Appendices, J. D. Stevenson, Oak Ridge Na-
tional Lab., TN, November 1995, 225 pages (GPO).

NUREG/CR-6340 Aging Assessment of Surge Protec-
tive Devices in Nuclear Power Plants, J. F. Davis
et al., Brookhaven National Lab., NY, January 1996,
165 pages (GPO).

NUREG/CR-6343  On-Line Testing of Calibration of
Process Instrumentation Channels in Nuclear Power
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Plants, Phase II Final Report, H. M. Hashemian,
Analysis and Measurement Services Corp., TN, No-
vember 1995, 305 pages (GPO).

NUREG/CR-6349 Cost-Benefit Considerations in Regu-
latory Analysis, V. Mubayi et al., Brookhaven Na-
tional Lab., NY, October 1995, 130 pages (GPO).

NUREG/CR-6353 Comments Received on Proposed
Rule on Radiological Criteria for Decommissioning
and Related Documents, G. Page et al., Advanced Sys-
tems Technology Inc., MD, March 1996, 155 pages
(GPO).

NUREG/CR-6382 Comparisons of ASTM Standards
Cited in the NRC Standard Review Plan, NUREG-
0800, and Related Documents, A. R. Ankrum et al.,
Pacific Northwest Lab., WA, October 1995, 100 pages
(GPO).

NUREG/CR-6358, Vols. 1&2 Assessment of United
States Industry Structural Codes and Standards for
Application to Advanced Nuclear Power Reactors, Fi-
nal Report and Appendices, T. M. Adams and J. D.
Stevenson, Stevenson and Associates, OH, October
1995, 300 pages (GPO).

NUREG/CR-6385 Comparison of ANS, ASME, AWS and
NFPA Standards Cited in the NRC Standard Review
Plan, NUREG-0800, and Related Documents, A. R.
Ankrum et al., Pacific Northwest Lab., WA, Novem-
ber 1995, 115 pages (GPO).

NUREG/CR-6386 Comparison of ANSI Standards Cited
in the NRC Standard Review Plan, NUREG-0800, and
Related Documents, A. R. Ankrum, Pacific Northwest
Lab., WA, November 1995, 100 pages (GPO).

NUREG/CR-6396 Examples, Clarifications, and Guid-
ance on Preparing Requests for Relief from Pump and
Valve Inservice Testing Requirements, C. B. Ranson
and R. S. Hartley, Idaho National Engineering Lab.,
ID, February 1996, 168 pages (GPO).

NUREG/CR-6422 Power Excursion Analysis for High
Burnup Cores, D. J. Diamond et al., Brookhaven Na-
tional Lab., NY, February 1996, 69 pages (GPO).

NUREG/CR-6424 Report on Aging of Nuclear Power
Plant Reinforced Concrete Structures, D. J. Naus
et al., Oak Ridge National Lab., TN, March 1996, 271
pages (GPO).

NUREG/CR-6425 Impact of Structural Aging on Seis-
mic Risk Assessment of Reinforced Concrete Struc-
tures in Nuclear Power Plants, B. Ellingwood and
J. Song, Oak Ridge National Lab., TN, March 1996,
70 pages (GPO).

NUREG/CR-6430 Software Safety Hazard Analysis,
J. D. Lawrence, Lawrence Livermore Lab., CA, Febru-
ary 1996, 80 pages (GPO).

NUREG/CR-6435 An Analysis of the Impacts of Eco-
nomic Incentive Programs on Commercial Nuclear
Power Plant Operations and Maintenance Costs, D. C.

NUCLEAR SAFETY, Vol. 37, No. 2, April-June 1996

Kavanaugh et al., Pacific Northwest Lab., WA, Febru-
ary 1996, 31 pages (GPO).

Other Items

IAEA-RDS-1/15  Energy, Electricity and Nuclear Power
Estimates for the Period up to 2015—July 1995 Edition,
International Atomic Energy Agency (IAEA), November
1995, 53 pages (available from UNIPUB, 4611-F Assem-
bly Drive, Lanham, MD 20706-4391).

IAEA-RDS-3/9 Nuclear Research Reactors in the World—
December 1995 Edition, IAEA, January 1996, 132 pages
(available from UNIPUB).

STI/PUB/971  Environmental Impact of Radioactive Re-
leases, IAEA, January 1996, 874 pages (available from
UNIPUB).

STI/PUB/984  External Man-Induced Events in Relation to
Nuclear Power Plants: A Safety Guide, 1AEA, January
1996, 70 pages (available from UNIPUB).

STI/PUB/993  Direct Methods for Measuring Radionuclides
in the Human Body: A Safety Practice, IAEA, March
1996, 110 pages (available from UNIPUB).

STI/PUB/994 Human Reliability Analysis in Probabilistic
Safety Assessment for Nuclear Power Plants, IAEA, Janu-
ary 1996, 99 pages (available from UNIPUB).

STI/PUB/999 Operating Experience with Nuclear Power
Stations in Member States in 1994, IAEA, January 1996,
864 pages (available from UNIPUB).

STI/PUB/1000  Radiation Protection and the Safety of Ra-
diation Sources: A Safety Fundamental, IAEA, February
1996, 24 pages (available from UNIPUB).

NCRP Report 122 Use of Personnel Monitors to Estimate
Effective Dose Equivalent and Effective Dose to Workers
for External Exposure to Low-LET Radiation, National
Council on Radiation Protection and Measurements
(NCRP), MD, December 1995, 64 pages (available from
NCRP Publications, 7910 Woodmont Ave., Suite 800,
Bethesda, MD 20814-3095).

NCRP Report 1231  Screening Models for Releases of Ra-
dionuclides to Atmosphere, Surface Water, and Ground,
NCRP, January 1996, 316 pages (available from NCRP).

NCRP Report 12311 Screening Models for Releases of Ra-
dionuclides to Atmosphere, Surface Water, and Ground—
Work Sheets, NCRP, January 1996, 204 pages (available
from NCRP).

EPRI-TR-105909 Generic Framework for Application of
Revised Accident Source Term to Operating Plants, D. E.
Leaver and J. Metcalf, Electric Power Research Inst.
(EPRI), CA, November 1995, available from NRC/PDR.

REGULATORY GUIDES

To expedite the role and function of the NRC, its
Office of Nuclear Regulatory Research prepares and
maintains a file of Regulatory Guides that define much
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of the basis for the licensing of nuclear facilities.
These Regulatory Guides are divided into 10 divisions
as shown in Table 1.

Table 1 Regulatory Guides

Division 1 Power Reactor Guides

Division 2 Research and Test Reactor Guides
Division 3 Fuels and Materials Facilities Guides
Division 4 Environmental and Siting Guides
Division 5 Materials and Plant Protection Guides
Division 6 Product Guides

Division 7 Transportation Guides

Division 8 Occupational Health Guides

Division 9 Antitrust and Financial Review Guides
Division 10 General Guides

Single copies of the draft guides may be obtained
from NRC Distribution Section, Division of Informa-
tion Support Services, Washington, DC 20555. Draft
guides are issued free (for comment) and licensees re-
ceive both draft and final copies free; others can pur-
chase single copies of active guides by contacting the
U.S. Government Printing Office (GPO), Superinten-
dent of Documents, P.O. Box 37082, Washington, DC
20013. Costs vary according to length of the guide. Of
course, draft and active copies will be available from
the NRC Public Document Room, 1717 H Street, NW,
Washington, DC, for inspection and copying for a fee.

Revisions in these rates will be announced as appro-
priate. Subscription requests should be sent to the Na-
tional Technical Information Service, Subscription De-
partment, Springfield, VA 22161. Any questions or
comments about the sale of regulatory guides should
be directed to the Chief, Document Management
Branch, Division of Technical Information and Docu-
ment Control, Nuclear Regulatory Commission, Wash-
ington, DC 20555.

Actions pertaining to specific guides (such as
issuance of new guides, issuance for comment, or

withdrawal), which occurred during the reporting pe-
riod, are listed.

Division 1 Power Reactor Guides

1.152 (Rev. 1) Criteria for Digital Computers in Safety
Systems of Nuclear Power Plants, January 1996.

1.153 (Draft, Proposed Rev. 1)  Criteria for Safety Systems,
November 1995.

Division 5 Materials and Plant Protection Guides

5.015 (Draft, Proposed Rev. 1) Tamper-Indicating Seals
for Protection and Control of Special Nuclear Materials,
January 1996.

Division 8 Occupational Health Guides

8.29 (Rev. 1)  Instruction Regarding Risks from Occupa-
tional Radiation Exposure, February 1996.

8.37 (Proposed Rev. 1)  Constraints for Air Effluents for
Licensees Other Than Power Reactors, December 1995.

NUCLEAR STANDARDS

Standards pertaining to nuclear materials and facili-
ties are prepared by many technical societies, interna-
tional organizations, the U.S. Department of Energy,
etc. When standards prepared by a technical society
are submitted to the American National Standards In-
stitute (ANSI), they are assigned ANSI standard num-
bers, although they may also contain the identification
of the originating organization and be sold by that or-
ganization as well as by ANSIL

Editor's Note: Normally, we would list here the
most significant nuclear standards actions taken by or-
ganizations from October 1995 through March 1996.
Regrettably, this list was unavailable at the time this
issue was sent to the printer. We regret any inconve-
nience this may cause.
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Proposed Rule Changes as of Dec. 31, 19952*

(Changes Since the Previous Issue of Nuclear Safety Are Indicated by Shaded Areas)

Date Date Date Current action and/or
Number of published comment published; comment, Federal |
part to be for period date Register volumes
changed comment expired effective Topic or proposed effect and page numbers
10CFR 2 9-29-93 11-15-93 Informal hearing procedures Published for comment in
for materials licensing 58:187 (50858)
adjudications
10CFR 2 8-23-94; 10-24-94; Reexamination of the NRC Published for comment in
9-27-94; 12-28-94 enforcement policy 59:162 (43298); correction
11-28-94 in 59:171 (46004); expanded
scope in 59:186 (49215);
revised in 59:227 (60697)
10CFR 2 3-28-95 6-12-95 Petition for rulemaking; Published for comment in
procedure for submission 60:059 (15878)

10 CFR 20 6-18-93 8-15-93; Radiological criteria for Published for comment in
9-20-93 decommissioning of NRC- 58:116 (33570); comment
licensed facilities; generic period extended in
environmental impact 58:154(42882)
statement (GEIS) for

rulemaking, notice of intent to
prepare a GEIS and to conduct
a scoping process

10 CFR 20 2-2-94 3-11-94 Radiological criteria for Published for comment in
decommissioning of NRC- 59:022 (4868)
licensed facilities; enhanced
participatory rulemaking,
availability of the staff’s draft
of the rule

10 CFR 20 2-25-94 5-26-94 Disposal of radioactive Advanced notice of proposed
material by release into rulemaking published in
sanitary sewer systems 59:038 (9146)

10 CFR 20, 8-22-94 12-20-94; Radiological criteria for Published for comment in

30,40,50, 1-20-95 decommissioning 59:161, Part II (43200);
51,70,72 comment period extended in

59:236 (63733);
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RECENT DEVELOPMENTS
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Date Date Date Current action and/or
Number of published comment published; comment, Federal
part to be for period date Register volumes
changed comment expired effective Topic or proposed effect and page numbers
10 CFR 20, 12-28-94 3-28-95 Termination or transfer of Published for comment in
30,40,61, licensed activities: 59:248 (66814)
70,72 recordkeeping requirements
10 CFR 20 6-15-94 8-29-94 Criteria for the release of Published for comment in
10 CFR 35 patients administered 59:114 (30724)
radioactive material
10CFR 20 ~ 9-20-95; Medical administration of - Published for commentin
10CFR 33 7 10-20-95 radiation and radioactive -60:016 (4872); final mile in -~
materials 60:182 (48623)
10 CFR 21 19-19:95; Procurement of commercial | Published for comment in
10-19795 grade items by nuckcar power | 59:204.(53372), final rule i in.
E plant licensees =~ '60:181 (48369) -
10 CFR 26 5-11-94 9-9-94 Consideration of changes to Published for comment in
fitness-for-duty (FFD) 59:090 (24373)
requirements
10CFR 30, 40, 9-8-95 10-10-95 One-time extension of certain ‘ Published for comment in
70 . : z : : byproduct; source, and spécial - | 60:174 (46784}
nuclear materials licenses
10 CFR 30, 40, 7-26-95; Clarification of Published for comment in
70,72 11-24-95 decommxss:omng fundmg 59:119 (32138); final rule in
requirements : | 60:143 (38235) ‘ &
10 CFR 34 2-28-94 5-31-94 Licenses for radiography and Published for comment in
10 CFR 150 radiation safety requirements 59:039 (9429)
for radiographic operations
10 CFR 35 11-3-94 3-3-95 Request for comments Published for comment in
regarding potential 59:212 (55068)
modifications of NRC’s
therapy regulations
10 CFR 50 6-28-93; 9-13-93; Production and utilization Published for comment in
4-14-95 7-13-95 facilities; emergency planning 58:122 (34539); published for
and preparedness-exercise comment in 60:072 (19002)
requirements
10 CFR 50 1-7-94 3-24-94; Codes and standards for Published for comment in
4-25-94 nuclear power plants; 59:005 (979); comment period
subsection IWE and subsection extended in 59:059 (4373)
IWL
10 CFR 50 9-19-94 12-5-94 Steam generator tube integrity Published for comment in

for operating nuclear power
plants

59:180 (47817)

(Table continues on the next page.)
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174 RECENT DEVELOPMENTS
Proposed Rule Changes as of Dec. 31, 1995 (Continued)
Date Date Date Current action and/or
Number of published comment published; comment, Federal
part to be for period date Register volumes
changed comment expired effective and page numbers

Topic or proposed effect

10 CFR 50

10 CFR 50, 52,
100

10-19-94;
10-25-94;
1-18-95

1-3-95;
2-3-95

10-20-92

2-17-93;
3-24-93;
6-1-93;
2-14-95;
5-12-95

Shutdown and low-power
operations for nuclear power
reactors

Reactor site criteria, including
seismic and earthquake
engineering criteria for nuclear
power plants and proposed
denial of petition for
rulemaking from Free
Environment, Inc., et al.

Published for comment in
59:201 (52707); correction in
59:205 (53613); comment
period extended in 60:011
(3579)

Published for comment in
57:203 (47802); comment
period extended in 58:002
(271); extended again in 58:057
(16377); extended again in
59:199 (52255); extended again
in 60:026 (7467); extension
deadline set 60:039 (10810)

10 CFR 51 9-17-91 12-16-91; Environmental review for Published for comment in
3-16-92; renewal of operating licenses 56:180 (47016); comment
9-8-94 period extended in 56:228
(59898); supplemental
proposed rulemaking in 59:141
(37724)
10 CFR 52 11-3-93 1-3-94 Rulemakings to grant standard Advance notice of proposed

design certification for
evolutionary light water reactor
designs

rulemaking published in 58:211
(58664)
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Date Date Date Current action and/or
Number of published comment published; comment, Federal
part to be for period date Register volumes
changed comment expired effective Topic or proposed effect and page numbers

10 CFR 52 4-7-95 8-7-95 Standard design certification Published for comment in
for the U.S. Advanced Boiling 60:067 (17902)

Water Reactor design

10 CFR 52 4-7-95 §-7-95 Standard design certification Published for comment in
for the System 80+ design 60:067 (17924)

10 CFR 60 7-9-93 10-7-93 Disposal of high-level Published for comment in
radioactive wastes in geologic 58:130 (36902)
repositories; investigation and
evaluation of potentially
adverse conditions

10 CFR 60 3-22-95 6-20-95 Disposal of high-level Published for comment in

radioactive wastes in geologic
repositories; design basis
events

60:055 (15180)

10CFR 61

Land ownership requirements
for low-level waste sites

Published for comment in
59:148 (39485); comment

“NRC petitions for rulemaking are not included here, but quarterly listings of such petitions can be obtained by writing to Division of Rules
and Records, Office of Administration, U.S. Nuclear Regulatory Commission, Washington, DC 20555. Quarterly listings of the status of

proposed rules are also available from the same address.

*Proposed rules for which the comment period expired more than 2 years prior to the start of the period currently covered without any
subsequent action are dropped from this table. Effective rules are removed from this listing in the issue after their effective date is announced.
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The Authors

The Nuclear Community and the Public:
Cognitive and Cultural Influences on
Thinking About Nuclear Risk

Mary Meyer is a cognitive scientist at Los Alamos
National Laboratory (LANL). She received her Ph.D.
in Ethnology from the University of New Mexico in
1985 for her research into scientists’ work-related
thinking. During her 15 years at LANL, she has devel-
oped methods for eliciting, documenting, and analyz-
ing expert judgment. She has served as consultant to
the U.S. Nuclear Regulatory Commission on expert
judgment for Probabilistic Risk Assessment, notably
the NUREG-1150 effort; she has also written a book
on expert judgment. Her current research focuses on
combining probabilistic and anthropological tech-
niques to elicit expert judgment for reliability assess-
ments. Current address: TSA-1, Statistics Group, MS
F600, LANL, Los Alamos, NM 87545.

Twenty-Third Water Reactor Safety
Information Meeting

D. A. Copinger: Current address: Oak Ridge Na-
tional Laboratory.

Analysis of a PWR LBLOCA
Without SCRAM

Trevor Negal Tyler, a submarine division officer in
the U.S. Navy, obtained a B.S. degree in marine engi-
neering from the U.S. Naval Academy and an M.S.
degree in nuclear engineering from The Pennsylvania
State University. He later graduated top of his class at
the Naval Nuclear Power School in Orlando, Florida.
He is currently the sonar officer of his submarine, a
qualified Engineering Officer of the Watch, and an En-
gineering Duty Officer. Current address: 46 Teal Lane,
Groton, CT 06340.

Rafael Macian-Juan is completing a Ph.D. degree
in nuclear engineering at The Pennsylvania State Uni-
versity. In 1989 he graduated from Valencia Polytech-
nic University in Spain with a degree in industrial en-
gineering, specializing in energy generation, conserva-
tion, and distribution. In 1993 he earned an M.S.
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degree in nuclear engineering from Penn State, work-
ing on critical heat flux modeling. His current research
includes higher order numerical methods for accurate
tracking of solute fields, thermal-hydraulic analysis
with system codes, and studies with fully coupled
three-dimensional thermal-hydraulic and neutronic
codes. Current address: Department of Nuclear Engi-
neering, The Pennsylvania State University, University
Park, PA 16802. :

John Mahaffy is an assistant professor of nuclear
engineering at The Pennsylvania State University.
He obtained a B.S. degree in physics from the Uni-
versity of Nebraska, Lincoln, and a Ph.D. degree in
astrophysics from the University of Colorado, Boul-
der. Working at Los Alamos National Laboratory
from 1976 to 1985, he was one of the original au-
thors of the nuclear safety code TRAC. From 1985
to 1992, he was engaged in theoretical and experi-
mental work on closed-cycle chemical power sys-
tems for underwater propulsion at Penn State’s Ap-
plied Research Laboratory. Current address: 231
Sackett Bldg., The Pennsylvania State University,
University Park, PA 16802.

Vulnerability of Multiple-Barrier Systems

Niels Lind is a Distinguished Professor Emeritus
at the University of Waterloo, Canada. He obtained
an M.Sc. in civil and structural engineering at the
Technical University of Denmark in 1953 and a
Ph.D. degree in theoretical and applied mechanics at
the University of Illinois in 1959. After working as
a designer and field engineer in Denmark and
Canada, he taught mechanics and related subjects at
the University of Illinois and University of Water-
loo, where he was founding director of the Institute
for Risk Research. He has served on many national
and international standards committees, on the Ad-
visory Committee on Nuclear Safety of the Atomic
Energy Control Board of Canada, and the Scientific
Review Group for Canadian high-level nuclear
waste disposal. He is a Fellow of the Royal Society
of Canada and the American Academy of Mechan-
ics. Current address: 504-640 Montreal Street,
Victoria, British Columbia, Canada V8V 1Z8.




THE AUTHORS 177

A Study of Wet Catalytic Oxidation
of Radioactive Spent Ion Exchange
Resin by Hydrogen Peroxide

Xingchao Jian graduated from the Department of
Environmental Engineering, Tsinghua University, in
the summer of 1994 and then became an assistant
teacher at Tsinghua University. He has published sev-
eral science research papers in different fields (treat-
" ment and disposal of radioactive waste, the pollution
of polycyclic aromatic hydrocarbons, water reuse, and
sustainable development). He is the second author of a
postgraduate students’ textbook on sustainable devel-
opment, which was published in September 1996. In
1995 he became involved in wastewater treatment and
reuse. Now, as a guest scientist of the Technical Uni-
versity of Berlin, he is continuing research work on
water reuse. Current address: Department of Water
Quality Control, Technical University of Berlin,
Secr.KF4, Strasse des 17 Juni 135, D-10623 Berlin.

Tianbao Wu is the head of the Division of Environ-
mental Technology, Institute of Nuclear Energy Tech-
nology (INET), Tsinghua University, and Manager of
the Technology Development Division of the National
Training and Technology Transfer Center for Hazard-
ous Waste Management and Disposal. He graduated
from the Department of Environmental Engineering,
Tsinghua University, in 1970. He has spent 20 years
working in the fields of radioactive waste treatment
and disposal and hazardous waste management and has
done research in wastewater treatment and reuse tech-
nologies. He has published papers and several books in
China and abroad. Current address: INET, Tsinghua
University, 100084, Beijing.

Guichun Yun graduated from the Department of
Civil Engineering in 1959, specializing in water treat-
ment and sewage disposal. During 1959 to 1962, she
continued her study at the Department of Atomic En-
ergy, specializing in radioactive chemistry. She was a
visiting professor at the Nuclear Research Center in
Karlsruhe from 1983 to 1984, where she studied the
chemical oxidation of wastewater. From 1962 until the
present, she has been engaged in research on radioac-
tive waste management. Current address: Institute of
Nuclear Energy Technology, Tsinghua University,
100084, Beijing.

A Comparison Study and Resolution of
Differences Between Emergency Response
and Safety Analysis Codes Used

at the Savannah River Site

Ali A. Simpkins earned B.S. and M.S. degrees in
nuclear engineering from the University of Missouri at
Rolla. She began her career with Westinghouse Savan-
nah River Company in the Reactor Safety Research
Section and then transferred to her current position as
senior engineer in the Environmental Dosimetry
Group. Primary job responsibilities include maintain-
ing and improving atmospheric dose assessment codes
used for routine and hypothetical accidental releases.
Her significant accomplishments include the incorpo-
ration of a deposition/ground shine model into an acute
dose assessment model and the transfer of dose assess-
ment models to a spreadsheet. Current address:
Westinghouse Savannah River Company, P.O. Box
616, Aiken, SC 29802.
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CALL FOR PAPERS

AMERICAN NUCLEAR SOCIETY
1997 ANNUAL MEETING

Orlando, Florida, June 1-5, 1997

ANS is looking for papers describing work that is new, significant, and relevant to the nuclear industry. To facilitate an
adequate review, a summary of your paper must be in the mail to ANS headquarters by January 3, 1997. The National Program
Committee will then review your summary and will notify you of their decision to accept or reject it by February 19, 1997. ANS
will publish all accepted summaries in the Transactions. You will present your paper orally at the meeting and are expected to
register for the meeting. You may publish the completed paper elsewhere if you wish, but your summary becomes the property
of ANS. Under no circumstances should your summary or full paper be published in any other publication prior to presentation
at the ANS meeting. It is your responsibility to protect classified or proprietary information.

Send the original along with three copies of your summary to William G. Vernetson, Technical Program Chair, Attn:
Transactions Office, American Nuclear Society, 555 North Kensington Avenue, La Grange Park, IL 60526 USA.

AMERICAN NUCLEAR SOCIETY
NUCLEAR CRITICALITY AND SAFETY DIVISION TOPICAL MEETING

Chelan, Washington, September 7-11, 1997

The meeting will focus on criticality safety challenges in the next decade. Plenary and tutorials are being planned on such
subjects as KENO, VI, MCNP, MONK?7, and Emergency Response.
Questions on the technical program should be directed to one of the following:

Chuck Rogers Denelle Friar Valerie Putman  Cecil Parks
509/372-3532 509/372-2891 208/526-9529 423/574-5280

General questions on the conference may be directed to:

Scott Finfrock by mail

Criticality Safety Challenges or 509/376-4078 (telephone)
ANS-EWS 509/372-3777 (fax)
P.O. Box 941 scott_h_finfrock @rl.gov (email)

Richland, WA 99352

For up-to-the-minute meeting information, visit the web page at: http://revolution.3-cities.com/~finfrock/cs97home.html
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DISCLAIMER

This journal was prepared under the sponsorship of an agency of the United States Government.
Neither the United States Government nor any agency thereof, including the Nuclear Regulatory Com-
mission, nor any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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